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Editorial Sote 

la preparing this material for press, the editors have compiled and paginated the 
original manuscripts as submitted by the authors. Some of the papers which didn't 
meet the requirements stated in the 2a(i announcement have been accepted after re-typing 
and editor proof. 
Authors are themselves responsible for obtaining necessary permissions to reproduce 
copyright material from other sources. 



III 

Dear Colleagues, 

Oa the behalf of the Sector of the Technical University Dresden and as the chairman of 
the Organizing Committee I welcome you at the 

xu 

XVII International Symposium on Nuclear Physics 

in the castle Gaussig. 
In this year our Symposium is mainly dealing with different aspects of the nuclear 
reaction mechanism including the mechanism of nuclear fission. 
Nuclear reaction mechanism was the main topic of our Gaussig meetings also 17 years ago, 
when we started the first small symposia of this series here in the same building. 
Especially, pre-equilibrium reactions have been discussed in Gaussig since the very 
beginning of this specific topic with great enthusiasm. And, as the present meeting 
will show, there is no end of this interesting subject. The same holds for the physics 
of nuclear fission, which seems to have a renaissance during the last years - but not 
only at Gaussig. There are many other new aspects and directions in the investigations 
of nuclear reactions. A few of them are mentioned here: The influence of weak inter-
actions on nuclear processes, the quark structure of nucléons inside the nuclei and the 
use of heavy-ion and high-energy electron beams for experimental investigations. 
Altogether, this results in a continuing interest of many laboratories in the world to 
this field, as it is demonstrated by the participation of so many distinguished 
scientists at the present meeting. 

I hope you will have an interesting scientific event within the old castle of Gaussig 
and a pleasant stay in the surroundings of Dresden. 

D. Seeliger 
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SEARCH FOR P-ODD AND P-EVEN CORRELATIONS IN NUCLEAR REACTIONS 
N.A. Titov 

I n s t i t u t e f o r N u c l e a r R e s e a r c h , Academy o f S c i e n c e s o f t h e USSR 

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

n u c l e a r r e a c t i o n s p e r f o r m e d by t h e INR - L I N P g r o u p . 

I . I n t r o d u c t i o n . 

T h e s p a c i a l p a r i t y v i o l a t i o n n u c l e a r s y s t e m s i s due t o i n t e r f e r e n c e o f s t r o n g a n d weak 

n u c l e o n - n u c l e o n i n t e r a c t i o n / 1 , 2 / . The s p a c i a l p a r i t y v i o l a t i o n e f f e c t s s e r v e as a t e s t 

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

n u c l e a r p h y s i c s . O v e r t h e p a s t t e n y e a r s t h e r e w e r e f o u n d t h e P - o d d e s c a p e a s y m m e t r y o f 

t h e h e a v y n u c l e i f i s s i o n f r a g m e n t s / 3 / and t h e s p a c i a l p a r i t y - v i o l a t i n g r o t a t i o n o f a 
117 

n e u t r o n p o l a r i z a t i o n u p o n t h e i r p a s s a g e t h r o u g h Sn / 4 / . Our i n v e s t i g a t i o n s o f t hem 

r e s u l t e d i n f i n d i n g t h e P - e v e n l e f t - r i g h t a s y m m e t r y i n h e a v y n u c l e i f i s s i o n a n d t h e P - o d d 

d i f f e r e n c e i n t o t a l c r o s s - s e c t i o n s o f i n t e r a c t i o n o f l o n g i t u d i n a l l y p o l a r i z e d n e u t r o n s 

w i t h some n u c l e i . The a n a l y s i s o f t h e s e a n d some o t h e r r e s u l t s makes i t p o s s i b l e t o c l a r i f y 

t h e m e c h a n i s m o f n e u t r o n r e a c t i o n s , s t r u c t u r e o f h i g h l y e x c i t e d n u c l e a r s t a t e s , f i s s i o n 

p h y s i c s i n more d e t a i l . 

I I . H e a v y n u c l e i f i s s i o n 

I n 1 9 7 7 t h e g r o u p l e d by G . V . D a n e l y a n f o u n d t h e s p a c i a l p a r i t y n o n c o n s e r v a t i o n i n 

h e a v y n u c l e a r f i s s i o n by p o l a r i z e d t h e r m a l n e u t r o n s . The f r a g m e n t e s c a p e p r o b a b i l i t y 

d e p e n d e d o n c o r r e l a t i o n : 

W «V 1 + a p ( S , "P) 

S a n d P b e i n g t h e u n i t v e c t o r s i n t h e d i r e c t i o n o f n e u t r o n p o l a r i z a t i o n a n d l i g h t f r a g m e n t 

momen tum. 

The m a g n i t u d e o f l i g h t ( h e a v y ) f r a g m e n t e s c a p e a s y m m e t r y w i t h r e s p e c t t o c a p t u r e d n e u t r o n s 

s p i n a p p e a r e d t o be o f t h e o r d e r o f 10 4 , w h i c h i s e s s e n t i a l l y g r e a t e r t h a n t h e c h a r a c -

t e r i s t i c v a l u e F = ( 2 4- 6 ) . 1 0 ~ 7 . S u c h a m a g n i t u d e o f a s y m m e t r y was i n c o n s i s t e n t w i t h t h e 
6 Ô 

e x i s t i n g k n o w l e d g e a c c o r d i n g t o w h i c h i t was s u p p o s e d t h a t a t g r e a t ( 1 0 4- 10 ) number o f 

f i n a l s t a t e s t h e a s y m m e t r y w h i c h c o u l d e x i s t f o r a s i n g l e f i n a l s t a t e w o u l d h a v e t o be 

m u t u a l l y c o m p e n s a t e d o n d e t e c t i n g t h e w h o l e s p e c t r u m o f l i g h t ( o r h e a v y ) f r a g m e n t s . I t 

was n o t c l e a r how a weak i n t e r a c t i o n w h i c h a f f e c t s on t h e s t a t e o f o n e n u c l e ó n c a n d e f i n e 

t h e movement o f a f r a g m e n t c o n s i s t i n g o f 1 0 0 + 140 n u c l é o n s . So i t was d e c i d e d t o e x a m i n e 

a new p h e n o m e n o n i n d e t a i l t o s t u d y i t s n a t u r e a n d s e a r c h f o r p o s s i b l e f a l s e e f f e c t s . I t 

was i n t e r e s t i n g t o c o m p a r e t h e n u c l e a r f i s s i o n w i t h efc-decay o f p o l a r i z e d n u c l e i - a n o t h e r 

p r o c e s s i n w h i c h one c a n o b s e r v e P - o d d e s c a p e a s y m m e t r y o f a h e a v y c h a r g e d p a r t i c l e , I n 

l i g h t n u c l e i t h e m a g n i t u d e o f R - o d d a s y m m e t r y c a n be c a l c u l a t e d i n d e t a i l a n d s e r v e as a 

s o u r c e o f i n f o r m a t i o n o f a weak o p p o s i t e p a r i t y s t a t e m i x i n g m a t r i x - e l e m e n t as w e l l a n u -

c l e a r e n h a n c e m e n t f a c t o r . The e x p e r i m e n t w i t h l i g h t p o l a r i z e d n u c l e i i s a n a l o g o u s i f t h e y 

a r e p r o d u c e d t h r o u g h t h e c a p t u r e o f p o l a r i z e d n e u t r o n s . B u t a s m a l l s i z e o f t h e e x p e c t e d 

e f f e c t s became a b a r r i e r t o p e r f o r m a n c e o f s u c h i n v e s t i g a t i o n s . S t o r a g e o f a l a r g e amoun t 
o f e v e n t s t o g e t s t a t i s t i c a l l y s i g n i f i c a n t r e s u l t s i s p o s s i b l e o n l y a t a c o u n t i n g r a t e o f 

6 8 
10 - 10 e v e n t s p e r s e c o n d . So t h e r e c o r d i n g f a c i l i t i e s w i t h a n e c e s s a r y o p e r a t i n g r a t e 

w e r e t o be d e v e l o p e d . 

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

e x a m i n e d i n t h e d i r e c t i o n t o w a r d s t h e d e t e c t o r w h i l e t h e n e u t r o n beam p o l a r i z a t i o n p o i n t -

i n g t o w a r d s t h e d e t e c t o r , was r e v e r s e d . I n r e s t i o n s ( n , p ) , ( n , a ) , ( n , f ) o n p o l a r i z e d t h e r -237 2 зц 
m a l n e u t r o n s t h e p r o d u c e d p a r t i c l e s h a v e f i x e d e n e r g i e s ( i n ( n , f ) o n U , U , i n s p i t e 

o f e n e r g y f l u c t u a t i o n s b o t h f r a g m e n t s c a n be i d e n t i f i e d ) a n d a r e e m i t t e d i n o p p o s i t e 

d i r e c t i o n s . The l a t t e r means t h a t d e s i r e d a s y m m e t r y h a s a n o p p o s i t e s i g n f o r l i g h t a n d 
+ L e n i n g r a d I n s t i t u t e o f N u c l e a r P h y s i c s 



1b 

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

a s y m m e t r y w i l l be m u t u a l l y c o m p o e n s a t e d . T h i s t a s k i s u s u a l l y r e a l i z e d ba means o f t h e 

a m p l i t u d e a n a l y s i s o f d e t e c t o r s s i g n a l b u t h e r e r e s t r i c t i o n s a r i s e o n a c o u n t r a t e , i . e . 

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

r e s t r i c t i o n s / 5 / . To d e t e c t r e a c t i o n p r o d u c t s i n i n t e g r a t i n g mode t h e g a s p r o p o r t i o n a l 

c h a m b e r was u s e d w i t h s e p a r a t i o n o f l i g h t p r o d u c t s f r o m h e a v y o n e s b a s e d o n t h e d i f f e r e n c e 

i n t h e i r r a n g e s . 

F i g . 1 s h o w s t h e t r a n s v e r s a l c r o s s - s e c t i o n o f t h e 

c h a m b e r . T a r g e t ( 1 ) a n d d e t e c t o r s a r e p u t i n t h e 

same f r a m e ( 6 ) . T h e h i g h p o t e n t i a l s o l i d ( 4 ) a n d 

w i r e ( 3 ) e l e c t r o d e s a r e l o c a t e d a r o u n d t h e s i g n a l 

one ( 5 ) . The gas p r e s s u r e i n s i d e t h e c h a m b e r i s 

c h o s e n i n a s u c h way so as t o a l l o w t h e h e a v y 

p r o d u c t s h a v i n g l e s s r a n g e t o s t o p i n gas o u t o f 

t h e s e n s i t i v e v o l u m e , and t h e l i g h t o n e s t o p a s s 

t h r o u g h t h e w i r e e l e c t r o d e ( 3 ) . The s h i e l d i n g 

a c t i o n o f t h i s e l e c t r o d e a n d p u r i f y i n g f i e l d p r o d u -

c e d by t h e e a r t h e l e c t r o d e ( 2 ) make t h e d e t e c t o r 

i n s e n s i t i v e t o i o n i z a t i o n , i s o l a t e d o u t s i d e t h e 

s e n s i t i v e v o l u m e b e t w e e n e l e c t r o d e s ( 3 ) a n d ( 4 ) . 

A c u r r e n t t a p p e d o f f f r o m t h e s i g n a l e l e c t r o d e i s o n l y p r o d u c e d by l i g h t r e a c t i o n 

p r o d u c t s . On r e v e r s i n g t h e n e u t r o n p o l a r i z a t i o n d i r e c t i o n t o w a r d s t h e d e t e c t o r , t h e c u r -

r e n t v a r i e s i n p r o p o r t i o n t o c o r r e s p o n d i n g c h a n g e o f a number o f p a r t i c l e s d e t e c t e d . 

D e t e c t o r s c u r r e n t v a r i a t i o n was m e a s u r e d by t h e s y n c h r o n o u s d e t e c t i o n m e t h o d w i t h u s i n g 

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

To c h o o s e p r o p e r p r e s s u r e o f a gas m i x t u r e i n t h e c h a m b e r t h e r e was e x a m i n e d e i t h e r 

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

d e t e c t o r s p n p r e s s u r e ( s e e F i g . 1 ) o r a s i g n c o r r e l a t i o n o f t h e i r c u r r e n t s i g n a l s . S i n c e 

f o r t h i n t a r g e t s o n d e t e c t i n g a h e a v y f r a g m e n t t h e t w i n l i g h t o n e , w h i c h has a l o n g e r 

r a n g e , h a d t o be r e g i s t r a t e d by t h e s e c o n d d e t e c t o r , t i m e c o i n c i d e n c e d i s a p p e a r a n c e mean t 

t h a t s u c h a p r e s s u r e was o b t a i n e d a w h i c h a h e a v y f r a g m e n t was n o t d e t e c t e d . 

The e x p e r i m e n t s w e r e c a r r i e d o u t a t t h e B . P . K o n s t a n t i n o v I n s t i t u t e o f N u c l e a r P h y s i c s , 

u s i n g a p o l a r i z e d t h e r m a l - n e u t r o n beam w i t h an i n t e n s i t y o f 6 . 10 n e u t r o n s / s e c o f t h e 

VVR-M r e a c t o r , a d e g r e e o f p o l a r i z a t i o n b e i n g 95 + 97 The n e u t r o n s p i n was f l i p p e d w i t h 

r e s p e c t t o t h e g u i d i n g m a g n e t i c f i e l d d i r e c t i o n by a h i g h f r e q u e n c y a d i a b a t i c s p i n f l i p p e r . 

T h e s i g n o f t h e s o u g h t - f o r e f f e c t c h a n g e d i n d e p e n d e n t l y o n r e v e r s i n g t h e d i r e c t i o n o f a 

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

t h e s i g n o f t h e e f f e c t e n a b l e d us t o c o n t r o l a n d c a n c e l a p o s s i b l e f a l s e e f f e c t a n d t o 

o b t a i n a r e s u l t w i t h an a c c u r a c y t h a t was t w i c e as g r e a t e r as t h a t i n t h e c a s e o f m e a s u r e -

m e n t s w i t h d e p o l a r i z e d beam as a c o n t r o l o n e . 

To s u p p r e s s t h e e f f e c t o f n e u t r o n beam i n t e n s i t y f l u c t u a t i o n s c a u s e d by t h a t o f t h e 

r e a c t o r p o w e r a з о - c a l l e d " d i f f e r e n t i a l m e t h o d " was u s e d : t h e p o w e r f l u c t u a t i o n s c o n t r i b u -

t i o n t o t h e d i f f e r e n c e o f s i g n a l s f r o m t w o o p p o s i t e d e t e c t o r s c a n c e l e d , a n d t h e 3 o u g h t - f o r 

e f f e c t was s u m m a r i z e d . S U b s t r a c t i o n was made e i t h e r i n a n a l o g f o r m a t t h e d i f f e r e n t i a l 

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

d e t e c t o r s . 
23R 

The f i r s t m e a s u r e m e n t s p e r f o r m e d w i t h a ^ U - t a r g e t c o r r o b o r a t e d t h e o c c u r e n c e o f t h e 

e f f e c t a n d i t s d e p e n d e n c e n e i t h e r o n c h e m i c a l c o m p o s i t i o n o f t h e t a r g e t ( U ^ O g ) n o r o n 

s u b s t r a t e i n f l u e n c e . The f r a g m e n t ß - d e c a y b a c k g r o u n d i n f l u e n c e has a l s o b e e n e s t i m a t e d 

/6/. 
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Table 1 
T a r g e t ( m g / c m ) D e t e c t i o n c o n d i t i o n s ( a p ) . 10 

-4 

0 . 3 u 3 0 8 - 1 4 0 A l - 0 . 3 u 3 o 8 < ( s , p ) > = 0.91 0 . 6 2 + 0 . 1 4 

- " - - b a c k g r o u n d , I / 1 ^ 0 . 0 5 0 . 0 7 + 0 . 1 4 

0 . 2 U 3 0 8 - 0 . 1 5 T i - u 3 ° 8 < ( S , P ) > = 0 . 8 8 O.93 + 0 . 2 6 

0 . 2 5 T i - 0 . 5 U F 4 - 0 . 2 5 T i < ( S . P ) > = 0 . 8 8 0 . 8 3 + 0 . 1 4 
< ( ? , ? ) > = 0 . B 8 

i n t e n s i t y b e i n g i n c r e a s e d 0 . 8 4 0.11 

N o t e : The m a g n i t u d e 4 ( S , P ) / i s d e t e r m i n e d by a s o l i d a n g l e i n w h i c h f r a g m e n t s a r e d e -

t e c t e d a n d d e p e n d e n c e o f t h e i r e n e r g y r e l e a s e w i t h i n t h i s s o l i d a n g l e o n an a n g l e b e t w e e n 

S a n d F^. 

I n t h e s u b s e q u e n t p a p e r / 7 / a new p h e n o m e n o n was o b s e r v e d - t h e P - e v e n l e f t r i g h t 

f i s s i o n f r a g m e n t e s c a p e a s y m m e t r y d u e t o i n t e r f e r e n c e o f t h e S - a n d P - w a v e n e u t r o n c a p t u r e 

s t a t e s . A d d i t i o n o f P - o d d a s y m m e t r y w i t h a c o e f f i c i e n t a p a n d P - e v e n o n e w i t h a c o e f f i -

c i e n t a R L g i v e s t h e same k i n d o f t o t a l a s y m m e t r y , b u t i t i s d i r e c t e d a l o n g t h e a x i s n : 

1 + a p ( S . P ) + a R L S ( P n , P ) = 1 + ( n , P ) 

w h e r e n = a p S + a R L L s « p n i ' P n ' P b e i n g t h e u n i t v e c t o r s i n d i r e c t i o n o f n e u t r o n 

p o l a r i z a t i o n , momenta o f a n e u t r o n a n d a l i g h t f r a g m e n t , r e s p e c t i v e l y . 

P r o j e c t i o n o f t h e t o t a l a s y m m e t r y on t h e p l a n e p e r p e n d i c u l a r t o t h e beam a x i s i s g i v e n 
2 3 5 i n F i g . 2 f o r t h e ^U f i s s i o n 

H e r e a n g l e s 0 ° a n d 1 8 0 ° c o r r e s p o n d t o P - o d d a s y m -

m e t r y , 9 0 ° a n d 2 7 0 ° - t o P - e v e n o n e . 

As a r e s u l t o f d a t a p r o c e s s i n g p r e s e n t e d i n F i g . 2 , 

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

h a v e b e e n o b t a i n e d : 

a = ( 0 . 7 8 - 0 . 1 0 ) 10 - 4 

RL = ( 1 . 7 5 i 0 . 1 0 ) 10 - 4 

F i g . 2 C i r c l e s d e n o t e t h e r e s u l t s o f 

o u r p a p e r / 7 / , t r i a n g l e s - t h e d a t a 

o b t a i n e d by t h e O a n i e l y a n g r o u p i n 

t h e i r p r e v i o u s w o r k when t h e l e f t -

- r i g h t a s y m m e t r y was n o t f o u n d . 

I t was s h o w n t h a t t h e o b s e r v e d p h e n o m e n o n o f t h e 

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

i n s t r u m e n t a l d i s t o r s i o n o f t h e P - o d d a s y m m e t r y 

w h i c h c a n a r i s e due t o a m i s a l i g m e n t o f t h e p o l a -

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

mass o f t h e " g l o w i n g r e g i o n " o f t h e t a r g e t r e l a -

t i v e t o i t s g e o m e t r i c a l c e n t e r ; a n d d e p e n d s n e i t h e r 

on e x t e r n a l m a g n e t i c f i e l d a t t h e t a r g e t n o r o n 

c h e m i c a l c o m p o s i t i o n o f t h i s t a r g e t ( s e e T a b l e 2 ) . 

The l e f t - r i g h t a s y m m e t r y h a s a l s o b e e n f o u n d i n 
2 3 3 

t h e U f i s s i o n , i n s t r u m e n t a l e r r o r s a n d m a g n e t i c 

f i e l d i n f l u e n c e b e i n g a b s e n t . 

T h e g r o u p l e d by G . A . P e t r o v , w h i c h a l s o p e r -

f o r m e d i n v e s t i g a t i o n s o f P - p a r i t y v i o l a t i n g e f -

f e c t s i n f i s s i o n a t t h e VVR-M r e a c t o r , c o n f i r m e d 

t h e o c c u r e n c e o f l e f t - r i g h t a s y m m e t r y i n t h e 2 3 3 2 3 9 U - f i s s i o n a n d f o u n d i t i n t h e P u - o n e / 8 / . 

a R L ( 2 3 3 U ) = - ( 6 . 4 3 - 0 . 5 1 ) • 1 0 " 4 

a R L ( 2 3 9 P u ) = ( 1 . 2 5 ± 0 . 2 9 ) * Ю - 4 
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I n 1 9 8 2 t h e same g r o u p made t h e d i f f i c u l t e x p e r i m e n t o n s t u d y i n g t h e d e p e n d e n c e o f a R L o n 

n e u t r o n e n e r g y w i t h i n t h e r e g i o n 0 . 0 2 5 + 0 . 2 9 eV / 9 / a n d d i d n o t f i n d a n y r e s o n a n c e e n -

h a n c e m e n t e f f e c t f o r t h e r m a l n e u t r o n s . T h u s , t h e e x p e r i m e n t a l d a t a s h o w t h a t t h e l e f t -

- r i g h t a s y m m e t r y i s a t y p i c a l p h e n o m e n o n f o r n u c l e a r f i s s i o n w i t h a c h a r a c t e r i s t i c v a l u e 

~ 1 • 1 0 " 4 . 

T a b l e 2 

T a r g e t a p < ( S > . P ) > P n . l o " 4 a R L < " ( S , P ) > P p . 1 0 " 4 a r c t g ( a p / a R L ) N o t e s 

2 3 5 u f 
4 0 . 6 5 + 0.11 1 . 5 5 

+ 0 . 1 4 2 2 . 9 ° + 3 . 3 ° d e t e c t o r I 

2 3 5 U F . 4 0 . 6 3 + 0 . 1 0 1 . 3 5 
+ 0 . 1 2 2 5 . 0 ° + 3 . 3 ° d e t e c t o r I I 

2 3 ! 4 0 . 6 5 + 0 . 0 7 1 . 4 6 + 0 . 0 8 2 4 . 1 ° + 2 . 1 ° d e t e c t o r I + I I 

2 3 5 u 3 ° 8 0 . 3 3 + 0.11 1 . 0 1 + 0 . 0 9 1 8 . 0 ° + 
5 . 5 ° d e t e c t o r I 

2 3 5 u 3 ° 8 0 . 5 6 + 0 . 1 0 0 . 9 6 
+ 0 . 1 0 3 0 . 2 ° + 

5 . 6 ° d e t e c t o r I I 

2 3 4 ° 8 0 . 4 1 + 0 . 0 8 0 . 9 7 
+ 0 . 0 7 2 2 . 9 ° + 3 . 8 ° d e t e c t o r I + I I 

2 3 V 8 
1 . 0 4 + 0 . 0 8 m a g . f i e l d 2 . 3 2 3 V 8 

t i m e s g r e a t e r 

2 3 3 U F 4 4 2 . 3 8 + 
0 . 3 5 - 2 . 8 8 + 0 . 3 6 - 3 9 . 6 ° + 

4 . 9 ° d e t e c t o r I 

2 3 3 U F 4 3 . 1 0 + 0 . 2 8 - 2 . 4 8 + 0 . 2 7 - 5 1 . 3 ° + 4 . 4 ° d e t e c t o r I I 

2 3 3 U F 4 2 . 8 1 + 0 . 2 5 - 2 . 6 7 + 
0 . 2 5 - 4 6 . 5 ° 

+ 3 . 3 ° d e t e c t o r I + I I 

2 3 3 U F 4 2.50 + 0 . 4 9 - 3 . 1 0 + 0 . 4 3 - 3 8 . 9 ° 
+ 6 . 7 ° d e t e c t o r I + I I 

m a g . f i e l d 2 . 3 

t i m e s g r e a t e r 

T h e m a g n i t u d e o f t h e l e f t - r i g h t a s y m m e t r y d e p e n d s o n t h r e e f a c t o r s : t h e r e l a t i v e v a l u e 

o f t h e P - w a v e c a p t u r e a m p l i t u d e , t h e d e g r e e o f " s u r v i v i n g " d u r i n g c o o l i n g o f a c o m p o u n d 

n u c l e u s a n d t h e d e g r e e o f a v e r a g i n g a f t e r s u m m a t i o n o v e r f i n a l s t a t e s . S i n c e t h e e x p e r i -

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

o n d a n d t h i r d o n e s h a v e t o be o f a b o u t 1 . T h u s , t h e O . P . S u s h k o v - V . V . P l a m b a u m h y p o t h e -

s i s was s u b s t a n t i a t e d w h i c h s u p p o s e d t h e c o n n e c t i o n b e t w e e n t h e P - o d d f r a g m e n t e m i s s i o n 

a s y m m e t r y a n d t h e " d y n a m i c a l " m i x i n g o f h o t c o m p o u n d n u c l e u s s t a t e s , p r o d u c e d t h r o u g h t h e 

n e u t r o n c a p t u r e . I n t h i s m o d e l / 1 0 , 1 1 / a t t h e f i x e d n u c l e u s e n e r g y ( Д Е 0 ) t h e m i x t u r e 

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

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

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

n e c e s s a r y f o r f i s s i o n c h a n n e l s o f d i f f e r e n t p a r i t y a n d moment t o b e l o n g t o t h e r o t a t i o n 

b a n d a r i s i n g f r o m o n e a n d t h e same i n t r i n s i c s t a t e o f a c o l d p e a r - s h a p e d n e c l e u s , w h i c h i s 

f i x e d b y K . 

T h e l e f t - r i g h t a s y m m e t r y i n t h e O . P . S u s h k o v - V . V . F l a m b a u m m o d e l i s d e s c r i b e d a n a l o -

g o u s l y . 

I l l . S p a c i a l p a r i t y v i o l a t i o n i n t h e l i g h t n u c l e i 

T h e s e a r c h f o r a P - o d d e s c a p e a s y m m e t r y o f a - p a r t i c l e s i n t h e r e a c t i o n s ^ L i ( n , a ) 3 H a n d 
1 0 B ( n , a ) 7 L i , w h i c h w e r e p r o p o s e d i n R e f . / 1 2 / a s w e l l a s p r o t o n s i n t h e r e a c t i o n " ^ H e i n . p J ^ H 

was c a r r i e d o u t a t t h e i n s t a l l a t i o n d e s c r i b e d a b o v e . T h e r e s u l t s a r e g i v e n i n T a b l e 3 . 

O n l y t h e d i f f e r e n c e s i g n a l o f b o t h d e t e c t o r s was m o n i t o r e d , b e c a u s e t h e l e v e l o f s t a t i s -

t i c a l f l u c t u a t i o n s was 2 - 3 t i m e s l o w e r t h a n t h a t , a s s o c i a t e d w i t h n e u t r o n f l u x i n t e n s i t y 

v a r i a t i o n s . T h e l e f t - r i g h t a s y m m e t r y was f o u n d i n t h e r e a c t i o n ^ L i ( n , a ) ^ H . T h e a d d i t i o n a l 

e x p e r i m e n t s h o w e d i t s d e p e n d e n c e o n n e u t r o n m o m e n t u m , w h i c h c o n f i r m s t h a t i t c a n be i n t e r -

p r e t e d a s t h e i n t e r f e r e n c e o f t h e S - P - w a v e n e u t r o n c a p t u r e . 
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T a b l e 3 

R e a c t i o n 2 
T a r g e t (mg /cm ) a R L ' 1 0 " 5 V 1 0 - 5 N o t e s 

6 L i ( n , a ) 3 H 0 . 1 T i - 0 . 8 8 + 0 . 2 9 6 L i - 0 . 1 T i - 1 0 . 6 - 0 . 4 + 0 . 3 0 ± 0 . 5 1 > n = 2 . 7 A 

- " - 1 . 5 A l - 2 . 6 6 L i F - 1 . 5 A l - 8.9 Í 0 . 3 0 . 1 6 - 0 . 2 3 я 2 . 7 A 

- " - - " - - 5 . 6 - 0 . 4 - " - « 4 . 7 A 
1П 7 
А B ( n , a Q + a 1 ) / L i 

10 
O . l T i - O . 3 B ( 8 1 % ) - 0 . 1 T i - 0 . 4 0 Í 0 . 6 0 - 0 . 1 3 - 0 . 2 4 > n = 2 . 7 A 

1 0 B ( n , a o ) 7 L i 0 . 1 T i - 0 . 5 1 0 B ( 8 1 % ) - 0 . 1 T i . 7 . 7 i 0 . 6 < 1 . 8 ( 9 0 %) = 2 . 7 A 

1 0 В ( п , а 1 ) \ 1 + - " - < 1 . 2 ( 9 0 % c . l . ) < 0 . 3 7 ( 9 0 %) - " -

3 H e ( n , p ) 3 H 3 He + 2 % C 0 2 0 . 0 6 ± 0 . 0 8 0 0 . 0 3 6 - 0 . 0 4 8 - " -

6 L i ( n , a ) 3 H 1 . 5 A l - 3 . 5 6 L i F - 1 . 5 A l - 0 . 0 0 7 Í 0 . 0 8 0 ? IIPJIP 
1 0 B ( n , a o ) 7 L i 0 . 2 T i - 0 . 3 2 1 0 B ( 8 1 % ) - 0 . 2 T i - 0 . 2 1 - 0 . 3 4 • " -

1 0 B ( n . a i ) 7 L i + - " - - 0 . 0 3 5 - 0 . 0 6 8 • " -

The r e a c t i o n * 0 в ( п , а ) 7 1 Л ' l a s t w o c h a n n e l s , w h i c h c o r r e s p o n d t o t h e 7 L i - n u c l e u s p r o -

d u c t i o n i n t h e g r o u n d and t h e f i r s t e x c i t e d ( 0 . 4 8 MeV) s t a t e s . I n t h e f i r s t e x p e r i m e n t s 

t h e m i x t u r e o f b o t h l i n e s o f a - p a r t i c l e s was d e t e c t e d . I n t h e s e c o n d one a - p a r t i c l e s o f 

t h e a Q - l i n e w e r e d e t e c t e d s e p a r a t e l y i n t h e a d d i t i o n a l s e n s i t i v e v o l u m e , w h a t y i e l d e d 

s i m u t a n e o u s m e a s u r e m e n t o f t h e e f f e c t s a t b o t h l i n e s . The l e f t - r i g h t a s y m m e t r y was f o u n d 

a t t h e a - l i n e . 
о • 3 3 

The p e r c u l a r i t y o f t h e e x p e r i m e n t w i t h t h e r e a c t i o n H e ( n , p ) H was u s i n g as a t a r g e t 
a p a r t o f t h e chamber v o l u m e f i l l e d w i t h a m i x t u r e 3 He + 2 % CO2 w h i c h was i n t e r s e c t e d 

by t h e beam. 

The beam i n t h e s e e x p e r i m e n t s was t r a n s v e r e l y p o l a r i z e d . I f t h e p o l a r i z a t i o n a x i s d e v i -

a t e s f r o m t h e d i r e c t i o n t o w a r d t h e d e t e c t o r , t h e p r o j e c t i o n o f a l e f t - r i g h t a s y m m e t r y 

c o u l d i m i t a t e a P - o d d a s y m m e t r y . The u n c e r t a i n t y i n t h e o r i e n t a t i o n o f t h e p o l a r i z a t i o n 

a x i s , £ 3 ° , p l a c e s a l i m i t on t h e o r d e r o f on t h e s e n s i t i v i t y t o a P - o d d a s y m m e t r y . 

I n R e f . / 1 4 / t h e l e f t - r i g h t a s y m m e t r y b a c k g r o u n d was s u p p r e s s e d f u r t h e r by t a k i n g t h e 

m e a s u r e m e n t s w i t h a l o n g i t u d i n a l l y p o l a r i z e d beam, w i t h 10 t a r g e t s a n d 40 d e t e c t o r s a l o n g 

t h e beam a x i s ( s e e F i g . 3 ) . I n t h i s g e o m e t r y ( s U P n i ( P ) t h e d e t e c t o r s a r e r e l a t i v e l y i n -

s e n s i t i v e t o a l e f t - r i g h t a s y m m e t r y , and t h e m a g n i t u d e o f t h i s a s y m m e t r y was s u p p r e s s e d 

by o r i e n t i n t h e p o l a r i z a t i o n a x i s p a r a l l e l t o t h e beam a x i s w i t h i n an a n g l e o f l e s s t h a n 

1°. 
As i n t h e e a r l i e r e x p e r i m e n t s , t h e d e t e c t o r s w e r e g a s - f o i l e d p r o p o r t i o n a l c h a m b e r s 

w i t h w i r e e l e c t r o d e s . The d e t e c t o r s , o p e r a t e d i n an i n t e g r a t i n g r e g i m e d e t e c t e d o n l y t h e 

l i g h t r e a c t i o n p r o d u c t s . The s e n s i t i v e v o l u m e o f e a c h d e t e c t o r was d i v i d e d i n t o two p a r t s , 
10 

the outer part detected (in the study of the reaction В + n) only the a -line. The anal-
ogous results for a were obtained in Ref. /15/. 

P _6 
These r e s u l t s a r e q u i t e c l o s e t o t h e l o w e r l i m i t o f t h e e s t i m a t e в р ^ Ю J - 10 f o u n d 

i n R e f . / 1 2 / . The f u r t h e r i n c r e a s e i n a c c u r a c y was l i m i t e d by t h e i n t e n s i t y o f t h e n e u t r o n 
beam. I t i s w o r t h m e n t i o n i n g t h a t a v a l u e a ° = ( 0 . 8 + 3 . 8 ) « 1 0 ~ 6 was p r e d i c t e d i n R e f . 
/16/. 
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F i g . 3 . One o f t h e t e n d e t e c t i n g n o d u l e s i n a 

common h o u s i n g . T h e 1 0 B t a r g e t i s a t t h e c e n t e r . 

Open c i r c l e s - h i g h - v o l t a g e e l e c t r o d e s d e f i n i n g 

t h e s e n s i t i v e v o l u m e s ; p o i n t s - s i g n a l e l e c -

t r o d e s ( t h e c o r r e s p o n d i n g e l e c t r o d e s a r e c o n -

n e c t e d i n p a r a l l e l , a n d t h e r e s u l t a n t s i g n a l i s 

f e d t o a s i n g l e p r e a m p l i f i e r (ПУ); f i l l e d c i r -

c l e s - e l e c t r o d e s o f t h e p u r i f y i n g f i e l d . Shown 

a t t h e l e f t i s t h e d i r e c t i o n a l o n g w h i c h t n e 

n e u t r o n beam i s i n c i d e n t a n d t h e n e u t r o n p o l a -

r i z a t i o n d i r e c t i o n w i t h t h e e f f i e l d o f t h e 

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

o f t h e g u i d i n g m a g n e t i c f i e l d H . 

I V . S p a c l a l p a r i t y v i o l a t i o n i n n e u t r o n o p t i c s 

T h e a m p l i t u d e o f t h e n e u t r o n s c a t t e r i n g o n n u c l e u s f ( 0 ) d e t e r m i n e d t h e n e u t r o n wave 

r e f r a c t i v e i n d e x i n med ium n : 

n = l + ^ 3 f ( O ) 
k 2 

8 b e i n g a n u m b e r o f n u c l e i p e r 1 c m 3 , к - a wave n u m b e r . 
—» —• 

A P - o d d c o m p o n e n t o f t h e f ( О ) p r o p o r t i o n a l c o r r e l a t i o n ( S - P ^ ) r e s u l t s i n r o t a t i o n o f 

t h e n e u t r o n p o l a r i z a t i o n p l a n e i n t h e med ium ( ~ R e n ) a n d i n d i f f e r e n c e o f t o t a l i n t e r -

a c t i o n c r o s s - s e c t i o n s f o r l o n g i t u d i n a l l y p o l a r i z e d n e u t r o n s ( ~ I m n ) . I n some p a p e r s i t 

was s u g g e s t e d t o s e a r c h f o r t h e f i r s t e f f e c t as a s o u r c e o f i n f o r m a t i o n a b o u t a weak o d d -

- n e u t r o n - n u c l e u s i n t e r a c t i o n ( a p a r a m e t e r X^J f r o m R e f . / 1 / ) . To e n h a n c e t h e e f f e c t i t 

was p r o p o s e d t o u s e r e s o n a n c e s i n t h e n e u t r o n - p o i n t n u c l e u s s y s t e m ( r e f e r e t o / 4 / ) . 

T h e e x p e r i m e n t c a r r i e d o u t a t t h e L a u e - L a n g e v i n I n s t i t u t e , r e v e a l e d t h e u n e x p e c t e d l y 1 1 7 
l a r g e v a l u e o f t h e e f f e c t f o r t h e Sn s a m p l e / 4 / . I n t h e r e f e r e n c e s / 1 7 , 1 9 / t h e e f f e c t 

e n h a n c e m e n t was a s c r i b e d t o t h e v i c i n i t y o f t h e p—wave r e s o n a n c e . T o e x p l a i n t h e m a g n i t u d e 

o f t h e P - o d d m i x i n g a new weak i n t e r a c t i o n w i t h a c o n s t a n t ~ 1 0 0 G was s u p p o s e d t o o c c u r 

/ 1 7 / . I t was s h o w n i n R e f . / 1 8 / t h a t a weak m i x i n g o f o p p o s i t e p a r i t y s t a t e s i s d e t e r m i n e d 118 by a v i r t u a l e x c i t a t i o n o f a c o m p o u n d n u c l e u s ( e . g . S n ) w h e r e t h i s m i x i n g ( a s f o r t h e 
1 1 3 

P - o d d e f f e c t s i n f i s s i o n , C d ( n , yQ) i s " d y n a m i c a l l y " e n h a n c e d . T h e same a u t h o r s s u g -

g e s t e d s e a r c h i n g f o r a n a l o g o u s e f f e c t s i n n u c l e i w i t h l o w - l y i n g c o m p o u n d p - r e s o n a n c e s : 139 93 
L a , . N b . F o r t h e r m a l n e u t r o n s s u c h e f f e c t s ( »«Im n ) w e r e p r e d i c t e d t o be o f t h e o r d e r 

o f 1 0 " 5 - 1 0 " 6 . 
I n R e f . / 4 / t h e e f f e c t Im n ~ A = ( N + - N ~ ) / P ( N + + N - ) = - ( 9 . 8 - 4 . 0 ) • 1 0 - 6 was 

117 deD ~б m e a s u r e d f o r t h e Sn s a m p l e w i t h A t o £ = - ( 3 . 0 t 5 . 3 ) • Ю - as a " z e r o " e x p e r i m e n t . The 

r e s u l t s o b t a i n e d d i d n o t a l l o w t o make t h e d e f i n i t e c o n c l u s i o n s b e c a u s e t h e p r e c i s i o n o f 

m e a s u r e m e n t s p e r f o r m e d was s m a l l d u e t o l a r g e c o n t r i b u t i o n o f t h e n e u t r o n beam i n t e n s i t y 

f l u c t u a t i o n s t o an e r r o r . 

A " d i f f e r e n t i a l " m e t h o d was u s e d a t t h e i n s t a l l a t i o n w h i c h i s d e s c r i b e d i n F i g . 4 t o 

c a n c e l o u t t h e f l u c t u a t i o n s i n t h e i n t e n s i t y o f t h e n e u t r o n b e a m . 

A f t e r p a s s a g e t h r o u g h t h e a d i a b a t i c h i g h f r e q u e n c y f l i p p e r t h e beam was s p l i t i n t o t w o с 
p a r t s w i t h a L i F - c o l l i m a t o r . T h e beams e n t e r e d a d i a b a t i c a l l y t h e s o l e n o i d s w h i c h p r o -

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

p l a c e d i n t o t h e s o l e n o i d s . B o t h beams w e r e a d j u s t e d w i t h a h i g h a c c u r a c y . T h e s c a t t e r e d ne 

n e u t r o n s w e r e a b s o r b e d w i t h a d d i t i o n a l c o l l i m a t o r s . 

T h e n e u t r o n s w h i c h w e r e t r a n s m i t t e d t h r o u g h - t h e s a m p l e , w e r e d e t e c t e d by t w o m u l t i w i r e 
3 2 

p r o p o r t i o n a l c h a m b e r s f i l l e d w i t h a m i x t u r e H e ( o . 3 5 k g / c m o f p a r t i a l p r e s s u r e ) C0~ 
2 2 

( 0 . 5 k g / c m ) A r ( 1 . 4 5 k g / c m ) , w h i c h w e r e p l a c e d i n t h e same g a s v o l u m e . T h e n e u t r o n 

d e t e c t i o n e f f i c i e n c y o f t h e c h a m b e r s a p p e a r e d t o be a b o u t 8 0 %. 
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F i g . 4 . E x p e r i m e n t a l s e t - u p : 1 - n e u t r o n g u i d e t u b e s h i e l d i n g ; ¿ - p e r m a n e n t magne t ; 

3 - n e u t r o n g u i d e t u b e ; 4 - f l i p p e r m a g n e t i c f i e l d s c o i l s ; 5 - f l i p p e r HF c o i l ; 

6 , 7 8 s a m p l e s ; 8 - r e v e r s e d m a g n e t i c f i e l d s o l e n o i d s ; 9 - L i F d i a p h r a g m s - 1 0 , 1 1 - d e t e c -

t o r s ; t - h i g h f r e q u e n c y o n , $ - H F - o f f . 

T h u s , t h e p a r i t y v i o l a t i o n e f f e c t , as i n p r e v i o u s i n v e s t i g a t i o n s , had an o p p o s i t e 

s i g n i n b o t h d e t e c t o r s . A d i f f e r e n t i a l s i g n a l i n c l u d e d a d o u b l e p a r i t y n o n c o n s e r v a t i o n 

e f f e c t , a l l f l u c t u a t i o n s o f t h e beam i n t e n s i t y e x c e p t s t a t i s t i c a l o n e s b e i n g s u b s t r a c t e d . 

S u c h an a p p r o a c h made i t p o s s i b l e t o i n c r e a s e t h e s e n s t i v i t y o f t h e e x p e r i m e n t by 52 - 5 

t i m e s i n c o m p a r i s o n w i t h a c a s e when o n l y one beam was u s e d f o r m e a s u r e m e n t s and e n s u r e d 

m o n i t o r i n g o f t h e m a j o r i t y o f s p u r i o u s e f f e c t s . The t e s t e x p e r i m e n t s a n d s i g n a l p r o c e s -

s i n g p r o c e d u r e w e r e s i m i l a r t o t h a t d e s c r i b e d a b o v e . 

The r e s u l t s o f m e a s u r e m e n t s o f t h e P - p a r i t y n o n c o n s e r v a t i o n e f f e c t s t a k e n i n t h e t r a n s -

m i t t a n c e e x p e r i m e n t a r e l i s t e d i n t h e T a b l e 4 . The m e a s u r e d v a r i a b l e i s 
1 + — + — + — 

A t o t y = P~~ ~ N ^ ^ + N ) » w h e r e P p i s t h e d e g r e e o f beam p o l a r i z a t i o n , N and N 

a r e i n t e n s i t i e s o f t h e d e t e c t e d n e u t r o n s o r у ~ Ч и а п Г а » c o r r e s p o n d i n g t o p a r a l l e l ( + ) and 

a n t i p a r a l l e l ( - ) d i r e c t i o n s o f t h e s p i n a n d n e u t r o n momentum. The e x p e r i m e n t a l d a t a show 

t h e n e u t r o n h e l i c i t y d e p e n d e n t e f f e c t s f o r 1 3 - ^ L a , n a t 8 r . 

T a b l e 4 

N u c l e u s gtot G, V r e l Atot(10-6) Ат(10-6) 4 § W * ) R e f . 

n a t S n 2 . 9 ! . . 0 . 9 - 0 . 6 * 1 . 0 - - - 2 0 

1 1 7 S n 3 . 7 1 . 2 1 . 1 - 6 . 8 * 0 . 8 6 . 2 + 0 . 7 1 9 . 8 * 1 . 9 2 2 . 6 * 1 . 9 2 0 

1 3 \ a 1 9 . 6 9 . 4 1 . 0 - 9 . 0 ¿ 1 . 4 9 . 0 + 1 . 4 1 2 . 2 * 1 . 9 1 6 . 1 * 2 . 0 2 0 

n a t B r 1 5 . 5 9 . 8 1 . 2 7 - 1 2 . 5 * 1 . 2 9 . 8 + 1 . 0 1 0 . 5 * 1 . 4 1 5 . 5 * 1 . 5 2 1 

2 7 A 1 1 . 6 5 0 . 2 4 1 . 5 5 - 1 . 1 * 2 . 3 0 . 7 + 
1 . 5 3 . 1 * 4 . 2 3 . 5 * 5 . 1 -

9 3 N b 7 . 5 I . I 5 I.05 - 0 . 3 * 1 . 9 0 . 3 + 1 . 8 1 . 2 * 2 . 6 1 . 3 * 3 . 4 -

T h e e x p e r i m e n t f o r s t u d i n g t h e d e p e n d e n c e o f t h e r a d i a t i v e c a p t u r e c r o s s - s e c t i o n on 

n e u t r o n h e l i c i t y was as f o l l o w s . The n e u t r o n beam p a s s e d t h r o u g h a s a m p l e p l a c e d i n t h e 

s i n g l e s o l e n o i d w i t h a l o n g i t u d i n a l f i e l d , t w o s c i n t i l l a t i o n d e t e c t o r s w i t h N a O ( T l ) 

c r y s t a l s 0 1 5 0 x 1 0 0 mm a n d p h o t o m u l t i p l i e r ф Э У - 4 9 w e r e l o c a t e d o n b o t h s i d e s o f t h e 

e a m p l e a t t h e d i s t a n c e o f a b o u t 50 mm f r o m t h e n e u t r o n beam. 

T h e a u x i l i a r y i n t e g r a l c u r r e n t s i g n a l was r e c o r d e d w h i c h was p r o p o r t i o n a l t o t h e r e a c -

t o r p o w e r , t h a t i s t o t h e n e u t r o n beam i n t e n s i t y . S u b s t r a c t i o n o f t h i s s i g n a l f r o m t h e 

sum o f s i g n a l s o f т - d e t e c t o r s p e r m i t t e d t o c a n c e l o u t t h e n e u t r o n i n t e n s i t y f l u c t u a t i o n s 

a n d t o k e e p t h e m e a s u r e m e n t e r r o r o n t h e l e v e l o f c o u n t i n g s t a t i s t i c s . 
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T h e m e a s u r e m e n t s w e r e t a k e n l i k e i n p r e v i o u s e x p e r i m e n t s . T o t h e o b s e r v a b l e v a r i a b l e 

A^ t h e r e w e r e made t h e m e a s u r e d c o r r e c t i o n s f o r - [ - - b a c k g r o u n d i n t h e d e t e c t o r s a n d t h e 

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

c a p t u r e i n t h e s a m p l e . 

T h e r e s u l t s a r e p r e s e n t e d i n T a b l e 4 . When m e a s u r i n g i n t h e d e p o l a r i z e d b e a m , n o e f -

f e c t s w e r e o b s e r v e d . 

T h e r e f o r e we c a n make a c o n c l u s i o n t h a t b o t h t h e t o t a l c r o s s - s e c t i o n a n d t h e r a d i a t i v e 

c a p t u r e o n e d e p e n d o n a n n e u t r o n h e c i l i t y . T h e v a l u e s o f п а к е o n e a s s u m e t h a t 

t h e P - p a r i t y n o n c o n s e r v a t i o n i n t h e t o t a l c r o s s - s e c t i o n w i t h i n t h e e x p e r i m e n t e r r o r s i s 

d u e t o t h a t w h i c h o c c u r s t h r o u g h r a d i a t i o n c a p t u r e . 

T h e e x i s t e n c e o f a l a r g e P - o d d e f f e c t i n t h e t o t a l i n t e r a c t i o n c r o s s - s e c t i o n o f n e u -

t r o n s w i t h * 1 7 S n , n a t B r c o r r o b o r a t e d t h e r e s o n a n c e n a t u r e o f i t s e n h a n c e m e n t . O n l y 

t h e p r e s e n c e o f a r e s o n a n c e f a c t o r £ ( E - E q ) + i l " / ^ " ] " 1 i n t h e p a r i t y - v i o l a t i n g s c a t t e r i n g 

a m p l i t u d e b e s i d e s a p u r e l y r e a l v e r t e x o f t h e w e a k m i x i n g o f s t a t e s w i t h o p p o s i t e p a r i t y 

/ 1 7 - 1 9 / g i v e s u s a n i m a g i n a r y p a r t o f t h e n e u t r o n s c a t t e r i n g a m p l i t u d e , w h i c h i s r e s p o n -

s i b l e f o r t h e e f f e c t s o b s e r v e d . I t i s v e r y e a s y t o e x p l a i n t h e e q u a t i o n 

w i t h i n t h e s c o p e o f t h e r e s o n a n c e m o d e l b u t i n R e f . / 2 2 / i t i s s h o w n t o be a g e n e r a l 

c o n s e q u e n c e o f a t h r e s h o l d b e h a v i o u r o f t h e e l a s t i c s c a t t e r i n g a m p l i t u d e s a n d e x o t h e r m i c 

r e a c t i o n . 

T h e r e s o n a n c e n a t u r e o f o b s e r v a b l e e f f e c t s w e r e e x h i b i t e d i n t h e e x p e r i m e n t s p e r f o r m e d 

b y t h e OINR . T h e m a g n i t u d e A was m e a s u r e d f o r r e s o n a n c e n e u t r o n s a n d i t s r e s o n a n c e t o t 
b e h a v i o u r was s t u d i e d i n t h e v i c i n i t y o f P - w a v e r e s o n a n c e s 1 . 3 3 eV ( S n ) , 0 . 7 5 eV 

( 1 3 \ a ) , 0 . 8 8 eV ( 8 1 B r ) / 2 3 / . C o m p a r i n g t h e r e s u l t s / 2 0 , 2 1 , 2 3 / o n e c a n s e e , t h a t e n e r g y 

b e h a v i o u r o f t h e e f f e c t i s i n g o o d a g r e e m e n t w i t h t h e B r e i t - W i g n e r f o r m u l a a t / Е ~ Ю Р 
1 1 7 

( e x c e p t a s l i g h t d i s c r e p a n c y f o r S n ) , w h i c h i s a s u r p r i s i n g f a c t . 

T h e o b s e r v a t i o n o f t h e s p a c i a l p a r i t y v i o l a t i o n i n n e u t r o n o p t i c s o p e n s a new f i e l d 

f o r s t u d y i n g t h e w e a k i n t e r a c t i o n i n a t o m i c n u c l e i b e c a u s e , i n p r i n c i p l e , i t a l l o w s t o 

e x a m i n e a w i d e r a n g e o f n u c l e i a n d v a r i o u s s t a t e s o f t h e same n u c l e i . I n v e s t i g a t i o n o f a . 

p h e n o m e n o n k n o w n as " t h e d y n a m i c a l e n h a n c e m e n t " i s o f g r e a t e i n t e r e s t w h i c h , a s s h o w n i n 

R e f . / 2 4 / , h a s u n i v e r s a l n a t u r e a n d c a n e n h a n c e a n y w e a k , f o r e x a m p l e , C o r i o l i s , e f f e c t s 

i n h i g h l y e x c i t e d s t a t e s o f n u c l e i . 

V . P e r s p e c t i v e s 

R e v e l a t i o n o f a r e s o n a n c e n a t u r e o f t h e P - p a r i t y n o n c o n s e r v a t i o n s t i m u l a t e d t h e d e v e l -

o p m e n t o f some p r o p o s a l s o n s t u d i n g t h e e f f e c t s i n n e u t r o n r e s o n a n c e s w i t h 1 0 - 1 0 0 e V -

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

- s e c t i o n s / 1 8 / , t h e P - o d d a s y m m e t r i e s i n n e u t r o n s c a t t e r i n g / 1 7 / a n d n u c l e i f i s s i o n 

( a n a l o g o u s l y t o / 3 / ) , a s y m m e t r y o f c a p t u r e d Y ~ 4 u a n t a . 

A n o t h e r i m p o r t a n t l e a d f o r f u r t h e r r e s e a r c h i s a s s o c i a t e d w i t h s e a r c h f o r P - a n d T - o d d 

e f f e c t s , w h i c h a l s o h a v e t o u n d e r g o r e s o n a n c e e n h a n c e m e n t / 1 7 , 2 5 , 2 6 / . I t i s p r o p o s e d t o 

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

p o l a r i z e d t a r g e t ( c o r r e l a t i o n b e i n g P £ s n x S t " ] # w h e r e S , P a r e s p i n a n d momentum o f a 

n e u t r o n , S t i s s p i n o f a n u c l e u s o f t h e t a r g e t ) / 1 7 , 2 6 / a s w e l l a s i n b a c k w a r d s c a t t e r i n g 

/25/. 
I t w i l l be p o s s i b l e t o r e a l i z e a l l t h e s e p r o p o s a l s o n l y b y means o f a new g e n e r a t i o n 

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

a t o r s . A p u l s e d n e u t r o n s o u r c e b e i n g d e v e l o p e d a t t h e Moscow M e s o n F a c t o r y o f t h e I n s t i -

t u t e f o r N u c l e a r R e s e a r c h o f t h e A c a d e m y o f S c i e n c e s o f t h e USSR f a l l s i n t o t h i s c a t e g o r y , 

• h e beams u n d e r c o n s t r u c t i o n w i l l s u r p a s s t h e o n e s u s e d a t t h e 3 I N R i n q u a l i t y b y 

1 0 3 + 1 0 ^ t i m e s . T o d a y a p o l a r i z e d p r o t o n t a r g e t - a n e u t r o n p o l a r i z e r i s u n d e r c o n s t r u c -

t i o n . 

T h e r e i s a p r o b l e m w h i c h c a n be e x a m i n e d b e f o r e s t a r t i n g a p o l a r i z e d beam - a s e a r c h 

f o r c o r r e l a t i o n s ( P n # P f ) i n h e a v y n u c l e a r f i s s i o n / 2 8 / . I t was s h o w n t h a t t h e e f f e c t c a n 

be o b s e r v e d a t some r e s o n a n c e s u p t o 3 0 - 5 0 eV e v e n w i t h o u t u s i n g t h e p r o t o n c o m p r e s s i n g 
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s t o r a g e r i n g / 2 9 / . 

I n c o n c l u s i o n I w o u l d l i k e t o t h a n k V . M . L o b a s h e v who i s t h e l e a d e r o f t h e w o r k s 

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

c o l l a b o r a t i o n , Т . Е . G r e b e n j k o v a f o r t h e h e l p i n ' p r e p a r i n g t h i s m a n u s c r i p t , as w e l l as 

D r . 0 . S e e l i g e r a n d D r e s d e n T e c h n i c a l U n i v e r s i t y f o r t h e i n v i t a t i o n t o p a r t i c i p a t e i n 

t h e S y m p o s i u m . 
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MULTISTEP COMPOUND PROCESSES IN NUCLEAR REACTIONS 
P . E . H o d g s o n 

N u c l e a r P h y s i c s L a b o r a t o r y , O x f o r d 

A b s t r a c t 

The q u a n t u m - m e c h a n i c a l t h e o r y ' o f m u l t i s t e p c o m p o u n d r e a c t i o n s due t o F e s h b a c h , Ke rman 

and K o o n i n i s r e v i e w e d a n d a p p l i e d t o t h e a n a l y s i s o f r e a c t i o n s o f n e u t r o n s w i t h - ^ C o , 
q z 209 
J Nb a n d B i . A d e t a i l e d s t u d y i s made o f r e a c t i o n s a t 14 MeV, a n d i n a d d i t i o n t h e t o t a l 

c r o s s - s e c t i o n s i n s e v e r a l r e a c t i o n c h a n n e l s a r e p r e s e n t e d i n t h e r a n g e 1 0 - 2 0 M e V . C o n -

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

- e q u i l i b r i u m a n d c o m p o u n d n u c l e u s r e a c t i o n s . 

1 . I n t r o d u c t i o n 

D u r i n g t h e n i n t e e n s i x t i e s , e v i d e n c e a c c u m u l a t e d i n d i c a t i n g t h a t i t i s p o s s i b l e f o r 

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

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

a t t e m p t s h a v e b e e n made t o u n d e r s t a n d s u c h r e a c t i o n s i n t e r m s o f a s e r i e s o f n u c l e o n - n u -

c l e o n i n t e r a c t i o n s w i t h i n t h e t a r g e t n u c l e u s . S t a r t i n g w i t h t h e p i o n e e r w o r k o f G r i f f i n 

/ 1 / , a s e r i e s o f s e m i - c l a s s i c a l o r e x c i t o n m o d e l s o f v a r y i n g c o m p l e x i t y has b e e n d e v e l -

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

e n e r g y a n d a n g u l a r d i s t r i b u t i o n s o f t h e e m i t t e d p a r t i c l e s . M o r e r e c e n t l y , s e v e r a l q u a n t u m -

- m e c h a n i c a l t h e o r i e s h a v e b e e n p r o p o s e d , a n d t h e s e p r o v i d e i n p r i n c i p l e a way o f c a l c u l a t -

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

s e m i - c l a s s i c a l a p p r o x i m a t i o n s . T h i s makes i t p o s s i b l e t o a n a l y s e i n a u n i f i e d way t h e 

c r o s s - s e c t i o n s i n a l l t h e c o n t r i b u t i n g r e a c t i o n c h a n n e l s a t m o d e r a t e e n e r g i e s . 

P r e - e q u i l i b r i u m p r o c e s s e s make s u b s t a n t i a l a n d i n some c a s e s d o m i n a n t c o n t r i b u t i o n s t o 

t h e c r o s s - s e c t i o n s o f r e a c t i o n s i n i t i a t e d by n e u t r o n s f r o m 10 t o 2 0 MeV. The m u l t i s t e p 

c o m p o u n d (MSC) t h e o r y o f F e s h b a c h , K e r m a n a n d K o o n i n / 2 / i s d e s c r i b e d i n s e c t i o n 2 , a n d 
со 03 

a p p l i e d t o some n e u t r o n r e a c t i o n s o n - ^ C o a n d Nb i n s e c t i o n 3 . T h e s e m i - c l a s s i c a l a n d 

q u a n t u m - m e c h a n i c a l t h e o r i e s o f m u l t i s t e p p r o c e s s e s a r e d i s c u s s e d i n s e c t i o n 4 . 

T h i s r e v i e w i n c l u d e s some o f t h e m a t e r i a l s a l r e a d y p r e s e n t e d a t t h e I n t e r n a t i o n a l 

S y m p o s i u m o n P h y s i c s a t Tandem ( B e i j i n g 1 Э 8 6 ) a n d t h e n d e s c r i b e s i n more d e t a i l t h e w o r k 
c o m p l e t e d s i n c e t h e n . T h i s new w o r k i n c l u d e s a s t u d y o f t h e e n e r g y v a r i a t i o n s o f t h e 

9 3 c r o s s - s e c t i o n s i n s e v e r a l r e a c t i o n c h a n n e l s f o r t h e i n t e r a c t i o n s o f r e a c t i o n s w i t h ^ Nb 
2 0 9 

a n d B i . T h i s s h o w s t h e c o n t r i b u t i o n s o f t h e m u l t i s t e p p r o c e s s e s t o t h e c r o s s - s e c t i o n s 

as a f u n c t i o n o f n e u t r o n e n e r g y . P a r t i c u l a r a t t e n t i o n has b e e n g i v e n t o t h e c r o s s - s e c -

t i o n s o f a l p h a - e m i t t i n g r e a c t i o n s , a n d some new r e s u l t s a r e p r e s e n t e d . 

2 . T h e q u a n t u m - m e c h a n i c a l t h e o r y o f F e s h b a c h , K e r m a n a n d K o o n i n 

The b a s i c p h y s i c a l p i c t u r e u n d e r l y i n g t h e q u a n t u m - m e c h a n i c a l . m u l t i s t e p t h e o r y i s t h e 

same as f o r t h e e x c i t o n m o d e l . I t i s a s s u m e d t h a t t h e i n t e r a c t i o n b e t w e e n t h e i n c i d e n t 

n u c l e ó n a n d t h e t a r g e t n u c l e u s t a k e s p l a c e i n a n u m b e r o f s t a g e s o f i n c r e a s i n g c o m p l e x i t y . 

To e v a l u a t e t h e p r o b a b i l i t y o f e m i s s i o n a f t e r t h e f i r s t s t a g e b u t b e f o r e t h e a t t a i n m e n t 

o f s t a t i s t i c a l e q u i l i b r i u m i t i s n e c e s s a r y t o c o n s i d e r t h e m e c h a n i s m o f n u c l e a r e x c i t a t i o n 

i n d e t a i l . T h e n u c l e u s i s e x c i t e d b y a s e r i e s o f n u c l e o n - n u c l e o n c o l l i s i o n s b e t w e e n t h e 

p r o j e c t i l e a n d t h e t a r g e t n u c l é o n s . T h e s e t a k e p l a c e i n s t a g e s , o r d o o r w a y s t a t e s o f 

i n c r e a s i n g c o m p l e x i t y b e g i n n i n g w i t h t h e p r o j e c t i l e i n t h e c o n t i n u u m . The f i r s t i n t e r -

a c t i o n c r e a t e s a p a r t i c l e - h o l e p a i r , g i v i n g a 2 - p a r t i c l e 1 - h o l e ( 2 p l h ) s t a t e . T h e r e a r e a 

l a r g e n u m b e r o f p o s s i b l e 2 p l h s t a t e s . S u b s e q u e n t i n t e r a c t i o n s c r e a t e a d d i t i o n a l p a r t i c l e -
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- h o l e p a i r s , g i v i n g 3 p 2 h s t a t e s a n d o n c e a g a i n t h e r e a r e v e r y many 3 p - 2 h s t a t e s f o r e a c h 

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

p r o d u c e a f u l l y - e q u i l i b r a t e d n u c l e u s w h i c h t h e n d e c a y s s t a t i s t i c a l l y . 

A t e a c h s t a g e i t i s u s e f u l t o c o n s i d e r s e p a r a t e l y t h e s t a t e s w i t h a t l e a s t o n e p a r t i c l e 

i n t h e c o n t i n u u m a n d t h e s t a t e s w i t h a l l p a r t i c l e s b o u n d ; t h e s e s t a t e s may be f o r m a l l y 

d e s c r i b e d by t h e p r o j e c t i o n s P a n d Q a c t i n g o n t h e t o t a l w a v e f o r m Y , w i t h P + О = 1 . T h e 

s e t o f s t a t e s PÎ1 c o n t r i b u t e t o t h e m u l t i s t e p d i r e c t p r o c e s s a n d t h e c o m p l e m e n t a r y s e t o f 

s t a t e s Q 7 t o t h e m u l t i s t e p c o m p o u n d p r o c e s s . T h e s e s t a t e s a r e s h o w n i n F i g u r e 1, w i t h t h e 

a r r o w s i n d i c a t i n g t r a n s i t i o n s f r o m one c o n f i g u r a t i o n t o a n o t h e r . Of o n l y t w o - b o d y i n t e r -

a c t i o n s a r e p r e s e n t t h e s e t r a n s i t i o n s c a n o n l y t a k e p l a c e b e t w e e n n e i g h b o u r i n g s t a g e s ; 

t h i s i s t h e c h a i n i n g h y p o t h e s i s . . 

A t e a c h s t a g e t h e r e a r e t h r e e p o s s i b i l i t i e s : e x c i t a t i o n o f a n a d d i t i o n a l p a r t i c l e - h o l e 

p a i r , d e - e x c i t a t i o n o f a p a r t i c l e - h o l e p a i r , a n d e m i s s i o n i n t o t h e c o n t i n u u m . T h e t r a n s i -

t i o n m a t r i x f o r t h e d e - e x c i t a t i o n o f a p a r t i c l e - h o l e p a i r i s t h e same as t h e e o r r e s p o n d i n g 

m a t r i x f o r i t s e x c i t a t i o n , b u t b e c a u s e t h e d e n s i t y o f f i n a l s t a t e s i s s o much g r e a t e r f o r 

t h e s t a t e s w i t h m o r e p a r t i c l e - h o l e p a i r s t h e p r o b a b i l i t y o f e x c i t a t i o n o f an a d d i t i o n a l 

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

g r e a t e r c o m p l e x i t y a r e much m o r e p r o b a b l e t h a n transitions to states of l e s s e r c o m p l e x i t y . 

I t i s t h e r e f o r e g o o d a p p r o x i m a t i o n t o n e g l e c t t h e t r a n s i t i o n s g o i n g t o s t a t e s o f l o w e r 

e x c i t o n n u m b e r ; t h i s i s t h e n e v e r - c o m e - b a c k a s s u m p t i o n . 

" i - Е И З г щ р щ р 

д i -
F i g u r e 1 M u l t i s t e p d e s c r i p t i o n o f a n u c l e a r r e a c t i o n 

The p r e - e q u i l i b r i u m e m i s s i o n c a n t a k e p l a c e d i r e c t l y a j - e a c h s t a g e f r o m t h e P - c h a i n , 

o r i n d i r e c t l y f r o m t h e 0 c h a i n . I n t h e l a t t e r c a s e t h e e m i s s i o n p r o c e s s g o e s t h r o u g h 

s t a t e s i n t h e P - c h a i n ; t h i s c a n h a p p e n i n t h r e e d i f f e r e n t ways as s h o w n i n F i g . 1 . The 

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

f r o m t h e l a t e r s t a g e s . 

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

r e a c t i o n s t a k e p l a c e down t h e P - c h a i n , a n d t h e s e d i r e c t p r o c e s s e s t a k e p l a c e r a p i d l y . The 

t r a n s i t i o n s down t h e Q - c h a i n , on t h e o t h e r h a n d , t a k e p l a c e much more s l o w l y , a n d i n d e e d a 

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

c h a r a c t e r w i t h a s y m m e t r i c a n g u l a r d i s t r i b u t i o n . A l a r g e number o f i n d i v i d u a l i n t e r a c t i o n s 

t a k e p l a c e a t e a c h s t a g e , b u t n e a r l y a l l o f t hem l e a v e t h e number o f p a r t i c l e s a n d h o l e s 

u n c h a n g e d . I t i s o n l y v e r y o c c a s i o n a l l y t h a t a c o l l i s i o n r e s u l t s i n a t r a n s i t i o n t o a 

s t a t e o f g r e a t e r c o m p l e x i t y o r t o t h e P - c h a i n a n d h e n c e t o t h e c o n t i n u u m . To o b t a i n t h e 

e m i s s i o n p r o b a b i l i t i e s o n l y t h e s e e s c a p e p r o b a b i l i t i e s n e e d be c a l c u l a t e d , t o g e t h e r w i t h 

t h e p r o b a b i l i t i e s f o r e x c i t i n g a f u r t h e r p a r t i c l e - h o l e p a i r . The v a s t l y g r e a t e r number o f 

i n t e r a c t i o n s t a k i n g p l a c e w i t h i n e a c h s t a g e i n t h e 0 - c h a i n w i t h o u t c h a n g i n g t h e e x c i t o n 

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

s t a g e . 

T h e r e l a t i v e r e a c t i o n f l u x e s p a s s i n g down t h e P a n d Q c h a i n s d e p e n d s s t r o n g l y o n t h e 

i n c i d e n t e n e r g y . A t l o w e n e r g i e s t h e Q - c h a i n i n t e r a c t i o n s d o m i n a t e , giving s y m m e t r i c 

m u l t i s t e p c o m p o u n d a n g u l a r d i s t r i b u t i o n s . As t h e e n e r g y i n c r e a s e s t h e P c h a i n i n t e r a c t i o n s 

become i n c r e a s i n g i m p o r t a n t u n t i l f i n a l l y t h e y a r e r e s p o n s i b l e f o r a l m o s t a l l t h e c r o s s -

- s e c t i o n g i v i n g f o r w a r d - p e a k e d m u l t i s t e p d i r e c t angular d i s t r i b u t i o n s . The t r a n s i t i o n s 

b e t w e e n t h e P a n d Q c h a i n s a r e s m a l l a n d a v e r a g e o u t , s o t h a t t h e c o n t r i b u t i o n s o f t h e P 

a n d Q c h a i n s c a n be e v a l u a t e d s e p a r a t e l y , a n d t h e i r sum c o m p a r e d w i t h e x p e r i m e n t . 

T o d e s c r i b e t h e m u l t i s t e p c o m p o u n d p r o c e s s m a t h e m a t i c a l l y , l e t P I be t h e d a m p i n g 
t h t h î-^ i w i d t h c o r r e s p o n d i n g t o t h e t r a n s i t i o n f r o m t h e n t o t h e n + 1 s t a t e , a n d I n * t h e 

e s c a p e w i d t h f o r t h e t r a n s i t i o n f r o m t h e n 1 * 1 s t a t e i n t o t h e c o n t i n u u m . T h e t o t a l w i d t h 

f o r t h e d e c a y o f t h e n** 1 s t a t e i s t h e r e f o r e 
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\ Г„ - l > P„t (2.1, 

\ The t o t a l p r o b a b i l i t y f o r e m i s s i o n i n t o t h e c o n t i n u u m f r o m t h e n**1 s t a t e i s t h e n t h e 
p r o d u c t o f t h r e e f a c t o r s f o r e a c h v a l u e o f t h e t o t a l a n g u l a r momentum 0 : 

a ) t h e p r o b a b i l i t y o f f o r m a t i o n o f t h e compound s y s t e m , w h i c h i s g i v e n by t h e o p t i c a l 
m o d e l e x p r e s s i o n 

< DtJ > ( 2 . 2 ) 

w h e r e t h e l a s t f a c t o r i s t h e s t r e n g t h f u n c t i o n . 

b ) t h e p r o b a b i l i t y o f t h e s y s t e m a r r i v i n g t o t h e N 1 * 1 s t a g e w i t h o u t p a r t i c l e e m i s s i o n . T h i s 

i s g i v e n by t h e p r o d u c t o f t h e p r o b a b i l i t i e s o f s u r v i v i n g t h e m1^1 s t a g e , 

N-i N-г r i 

n ^ - n f f e f ( 2 - 3 ) fnsl msi 
w h e r e t l l e d a m p i n g w i d t h f o r t h e t r a n s i t i o n t o a s t a g e o f h i g h e r e x c i t o n 

number and / P _ \ i s t h e t o t a l w i d t h . л mj ' 
c ) t h e p r o b a b i l i t y t h a t a p a r t i c l e w i l l be e m i t t e d i n t o t h e c o n t i n u u m f r o m t h e N*^1 s t a g e . 

T h i s i s g i v e n by a sum o v e r a l l p o s s i b l e e m i s s i o n p r o c e s s e s d i v i d e d by t h e sum o v e r 

a l l p r o c e s s e s . E m i s s i o n c a n t a k e p l a c e i n t h r e e w a y s , so t h e e m i s s i o n p r o b a b i l i t y i s 

g i v e n by t h e sum o f p r o d u c t s o f e m i s s i o n w i d t h s Гид^С-О t h e l e v e l d e n s i t i e s 

3 j ( U ) o f t h e f i n a l s t a t e s o f t h e r e s i d u a l n u c l e u s a t e x c i t a t i o n e n e r g y U . T h i s g i v e s 

t h e f a c t o r 

( r K r W W ) ( 2 . 4 ) 
< TSj> 

C o l l e c t i n g t h e s e f a c t o r s t o g e t h e r g i v e s f o r t h e d o u b l e d i f f e r e n t i a l - s e c t i o n f o r p r e -

- e q u i l i b r i u m e m i s s i o n by t h e m u l t i s t e p compound p r o c e s s 

; . *A'£(27+ 1) [ ¿ £ < & , * ( « . » ) £ < >] x 
<Pa 

. . . . . . ( 2 < 5 ) 

2)г < > 
< Du > 

A l l t h e f a c t o r s i n t h e above e x p r e s s i o n s a r e c a l c u l a t e d q u a n t u m - m e c h a n i c a l l y o r , as i n 
t h e c a s e o f t h e l e v e l d e n s i t y f u n c t i o n , o b t a i n e d f r o m t h e known s y s t e m a t i c s o f n u c l e a r 
p r o p e r t i e s . The m e a s u r e d c r o s s - s e c t i o n f o r t h e f o r m a t i o n o f t h e compound n u c l e u s i s u s e d , 
and i f i t i s n o t a v a i l a b l e i t c a n be o b t a i n e d f r o m t h e o p t i c a l m o d e l . 

The p a r t i c l e - h o l e l e v e l d e n s i t i e s a r e c a l c u l a t e d u s i n g E r i c s o n ' s e x p r e s s i o n b a s e d o n 
t h e e q u i d i s t a n t s p a c i n g m o d e l , w i t h an a d d i t i o n a l f a c t o r g i v i n g t h e s p i n d i s t r i b u t i o n 

рУ(Е) = Pn(E)S? s p„(E)Sj V = 0J£)S1 (2-6) 

w h e r e n = 2N + 1 a n d 

л m - Я Ш " - 1 , 2 

i n w h i c h g i s t h e t o t a l s i n g l e - p a r t i c l e d e n s i t y and p , h t h e numbere o f p a r t i c l e s a n d 

h o l e s ( n • p + h ) . 

The s p i n - d e p e n d e n t f a c t o r S^ i s g i v e n by 

m 2J + 1 Г У + Ш ,o 
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The s p i n c u t - o f f p a r a m e t e r ß 2 i s r e l a t e d t o t h e n u c l e a r t e m p e r a t u r e b y t h e e x p r e s s i o n 

<r»=2Cr ( 2 . 9 ) 

w h e r e С ~ A 2 / 3 / 9 0 ( M e V - 1 ) and 

E = or* — t ( 2 - Ю ) 

and a = i r ' i / 6 . 

Each o f t h e w i d t h s c o r r e s p o n d i n g t o t h e t h r e e e m i s s i o n p r o c e s s e s may be e x p r e s s e d as a 

p r o d u c t o f t h r e e f a c t o r s , t h e f i r s t d e p e n d i n g o n t h e l e v e l d e n s i t i e s , t h e s e c o n d on a n g u -

l a r momentum c o u p l i n g a n d t h e t h i r d on t h e w a v e f u n c t i o n s o f t h e i n t e r a c t i n g p a r t i c l e s : 

< T]fy(U)pHU) >= х}гли)А»т(и). (2.11) 

The f u l l e x p r e s s i o n s f o r t h e f i r s t two o f t h e s e f u n c t i o n s a r e g i v e n by FKK and t h e t h i r d 

i s 

6(V) = Vo ( y r») ¿ j T M r b ^ H ' M M O - í r / r 2
 { г л г ) 

w h e r e V g i s t h e s t r e n g t h o f t h e r e s i d u a l t w o - b o d y i n t e r a c t i o n and t h e r a d i a l wave f u n c -

t i o n s u . 1 ( r ) and u 1 ? ( r ) r e f e r t o t h e b o u n d p a r t i c l e s b e f o r e t h e i n t e r a c t i o n , u . , ( r ) t o 

j х J^ JJ 
t h e b o u n d p a r t i c l e a f t e r t h e i n t e r a c t i o n and U j ^ ( r ) t o t h e p a r t i c l e e m i t t e d i n t o t h e 
c o n t i n u u m . 

A t l o w e r e n e r g i e s w h e r e t h e r e a r e few c o n t r i b u t i n g c h a n n e l s i t i s p o s s i b l e t o f i x t h e 
s t r e n g t h o f t h e e f f e c t i v e i n t e r a c t i o n VQ d i r e c t l y and a c c u r a t e l y by n o r m a l i s i n g t h e sum o f 
t h e c r o s s - s e c t i o n s i n a l l t h e r e a c t i o n c h a n n e l s t o t h e t o t a l r e a c t i o n c r o s s - s e c t i o n ( y R 

o b t a i n e d f r o m t h e o p t i c a l m o d e l p o t e n t i a l o r f r o m e x p e r i m e n t . Thus , a t a p a r t i c u l a r e n e r g y 

E V o /.(£) + 5 > ( ¿ ) = o* (2.13) 
i 

2 w h e r e i , J l a b e l t h e r e a c t i o n c h a n n e l s . V f . ( E ) i s t h e t o t a l r e a c t i o n c r o s s - s e c t i o n i n t h e 
t h t h i c h a n n e l and ( э ^ ( Е ) t h a t i n t h e j c h a n n e l . I n t h i s e x p r e s s i o n t h e c r o s s - s e c t i o n s i n 

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

j c h a n n e l s a r e e i t h e r c a l c u l a t e d by t h e W e i s s k o p f - E w i n g t h e o r y o r t a k e n f r o m e x p e r i m e n t a l 
d a t a . 

I n t h é c a l c u l a t i o n s r e p o r t e d h e r e we e v a l u a t e t h e m a t r i x e l e m e n t s u s i n g c o n s t a n t w a v e -
f u n c t i o n s i n s i d e t h e n u c l e u s and a t w o - b o d y i n t e r a c t i o n o f z e r o r a n g e as o r i g i n a l l y s u g -
g e s t e d by FKK. T h i s o f c o u r s e o v e r e s t i m a t e s t h e c r o s s - s e c t i o n s and so t h u s r e q u i r e s s m a l l 

v a l u e s o f t h e e f f e c t i v e i n t e r a c t i o n V . I n a s u b s e q u e n t c a l c u l a t i o n B o n e t t i and Co lombo о ^ 
/ 3 / r e p e a t e d t h e c a l c u l a t i o n w i t h r e a l i s t i c w a v e f u n t i o n s and a d e n s i t y - d e p e n d e n t Yukawa 
i n t e r a c t i o n and showed t h a t t h e c o r r e s p o n d i n g VQ i s c o n s i s t e n t w i t h t h a t f o u n d i n o t h e r 
a n a l y s i s . The m a i n e f f e c t o f u s i n g t h e s e a p p r o x i m a t e w a v e f u n t i o n s i s t h u s a b s o r b e d by t h e 
r e n o r m a l i s a t i o n o f t h e e f f e c t i v e i n t e r a c t i o n ; t h e e f f e c t on t h é e n e r g y s p e c t r a i s s m a l l . 
M a k i n g t h e c a l c u l a t i o n s i n t h i s way s u b s t a n t i a l l y r e d u c e d t h e c o m p u t a t i o n t i m e . 

F e s h b a c h , Kerman and K o o n i n a l s o d e r i v e d an e x p r e s s i o n f o r t h e d o u b l e d i f f e r e n t i a l 
c r o s s - s e c t i o n f o r p r e - e q u i l i b r i u m e m i s s i o n b y . t h e m u l t i s t e p d i r e c t p r o c e s s . 

3 . M u l t i s t e p a n a l y s i s o f n e u t r o n - i n d u c e d r e a c t i o n s 

The M i l a n g r o u p has a l r e a d y made many c a l c u l a t i o n s u s i n g t h e m u l t i s t e p compound and 

m u l t i s t e p d i r e c t t h e o r i e s / 3 / . M o r e r e c e n t l y , t h e m u l t i s t e p compound t h e o r y has been u s e d 

t o c a l c u l a t e t h e i n e l a s t i c s p e c t r u m o f n e u t r o n s e m i t t e d when 14 MeV n e u t r o n s i n t e r a c t 

w i t h 5 9 C o . 9 3 N b and y B i / 4 , 5 / . T h e s e r e a c t i o n s a r e p a r t i c u l a r l y s u i t a b l e t o t e s t t h e 

t h e o r y as much d a t a a r e a v a i l a b l e , and t h e y a r e a l s o o f p r a c t i c a l i m p o r t a n c e . 

A t t h e s e e n e r g i e s , t h e r e a r e r a t h e r . f e w o p e n r e a c t i o n c h a n n e l s a n d s o i t i s p o s s i b l e t o 

make a r e l a t i v e l y c o m p l e t e a n a l y s i s . I n p a r t i c u l a r , t h e e f f e c t i v e i n t e r a c t i o n s t r e n g t h c a n 

be f i x e d by t h e r e q u i r e m e n t t h a t t h e sum o f a l l the- n o n - e l a s t i c c r o s s - s e c t i o n s i s t h e 
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r e a c t i o n c r o s s - s e c t i o n . 

P r e l i m i n a r y c a l c u l a t i o n s of t h e t o t a l c r o s s - s e c t i o n s i n t h e v a r i o u s c h a n n e l s w e r e made 

u s i n g t h e W e i s s k o p f - E w i n g / 7 / t h e o r y , and t h e r e s u l t s a r e shown i n F i g . 2 . The o p t i c a l 

p o t e n t i a l s u s e d a r e g i v e n i n R e f . 4 . A t e n e r g i e s l e s s t h a n 9 MeV o n l y t h e ( n , n ' ) , ( n , y ) , 

( n , p ) and ( n , a ) c r o s s - s e c t i o n s a r e a p p r e c i a b l e , a n d o f t h e s e ( n , n ' ) a c c o u n t s f o r a b o u t ' 

97 % o f t h e t o t a l . The y a l u e o f t h e e f f e c t i v e i n t e r a c t i o n VQ may t h e r e f o r e be d e t e r m i n e d 

a c c u r a t e l y f r o m e q u a t i o n ( 2 . 1 3 ) u s i n g t h e W e i s s k o p f - E w i n g v a l u e s f o r t h e t h r e e s m a l l e r 

q 3 
F i g u r e 2 T o t a l c r o s s - s e c t i o n s o f a l l r e a c t i o n s o f n e u t r o n s on J J C о and 3 Nb as a f u n c t i o n 

o f n e u t r o n e n e r g y c a l c u l a t e d w i t h t h e W e i s s k o p f - E w i n g t h e o r y . 

r e a c t i o n c r o s s - s e c t i o n . A t 14 MeV t h e s i t u a t i o n i s q u i t e d i f f e r e n t ; t h e ( n , 2 n ) c r o s s - s e c -
t i o n d o m i n a t e s , ( n , n ' ) i s s t i l l l a r g e and ( n , n p ) and ( n , p n ) a r e q u i t e i m p o r t a n t . The 
m e a s u r e d n e u t r o n i n e l a t i c c r o s s - s e c t i o n i n c l u d e s t h e n e u t r o n s f r o m a l l t h e s e r e a c t i o n s , 
w h e r e a s t h e c a l c u l a t e d n e u t r o n i n e l a s t i c c r o s s - s e c t i o n r e f e r s o n l y t o t h e n e u t r o n s e m i t t e d 
f i r s t , i . e . i t g i v e s t h e ( n , n ' ) c r o s s - s e c t i o n t o g e t h e r w i t h h a l f t h e ( n , n p ) and ( n , 2 n ) 
c r o s s - s e c t i o n s b u t n o t t h o s e o f t h e n e u t r o n s f r o m ( n , p n ) o r t h e s e c o n d n e u t r o n s f r o m 
( n , 2 n ) . 

E x a m i n a t i o n o f t h e a n g u l a r d i s t r i b u t i o n s o f t h e e m i t t e d n e u t r o n s and p r o t o n s show t h a t 
t h e y a r e a l m o s t s y m m e t r i c , w i t h a s l i g h t f o r w a r d e x c e s s . T h i s i n d i c a t e s t h a t t h e r e a c t i o n 
m e c h a n i s m i s p r e d o m i n a n t l y c o m p o u n d , w i t h a s m a l l d i r e c t c o n t r i b u t i o n t h a t f o r - ^ C o c a n t>e 

e s t i m a t e d from t h e forward e x c e s s t o be a b o u t lQOmb f o r n e u t r o n s and a b o u t 20mb f o r p r o -
t o n s . T h i s d i r e c t c o n t r i b u t i o n has now been c a l c u l a t e d , and i s i n c l u d e d i n t h e 3 0 ° d i s t r i -
b u t i o n i n F i g . 3 . 

cq . 
The t o t a l r e a c t i o n c r o s s - s e c t i o n f o r 14 MeV n e u t r o n s on j y C o i s 1370 - 30mb ( M a c G r e g o r 

e t a l / 6 / ) and a l l o w i n g 120 - 40mb f o r d i r e c t p r o c e s s e s l e a v e s I25O * 50mb f o r compound 

n u c l e u s p r o c e s s e s . T h i s i s t h e r e f o r e t h e sum o f t h e c r o s s - s e c t i o n s o f t h e compound n u c l e u s 

c o n t r i b u t i o n s t o t h e c o n t r i b u t i n g r e a c t i o n s , p r o v i d e d t h e r e a r e no d i r e c t c o n t r i b u t i o n s t o 

t h e a l p h a e m i s s i o n r e a c t i o n s . T h i s l a t t e r q u a l i f i c a t i o n c a n be t e s t e d when t h e c o r r e s p o n d -

i n g a n g u l a r d i s t r i b u t i o n s a r e a v a i l a b l e b u t s i n c e t h e t o t a l c r o s s - s e c t i o n s i n t h e a l p h a 

c h a n n e l s a r e s m a l l t h i s w i l l n o t s i g n i f i c a n t l y a f f e c t t h e a n a l y s i s . 

The m u l t i s t e p compound t h e o r y was u s e d t o e v a l u a t e t h e n e u t r o n and p r o t o n e m i s s i o n 

c r o s s - s e c t i o n s , and t h e a l p h a - e m i s s i o n c r o s s - s e c t i o n s w e r e t a k e n t o h a v e t h e v a l u e o f 

45mb g i v e n by t h e W e i s s k o p f - E w i n g / 7 / t h e o r y . U s i n g t h e l e v e l - d e n s i t y p a r a m e t e r s o f 

B r a n c a z i o a n d Cameron / 8 / , a n d t a k i n g t h e t o t a l compound n u c l e u s c r o s s - s e c t i o n t o be 

1250mb t h e v a l u e o f VQ was d e t e r m i n e d t o be O.90. 
The e m i s s i o n o f t h e f i r s t p a r t i c l e l e a v e s t h e r e s i d u a l n u c l e u s i n a s p e c t r a l d i s t r i b u -

t i o n o f e x c i t a t i o n e n e r g i e s , and t h e t h e o r y may now be u s e d t o c a l c u l a t e t h e c r o s s - s e c t i o n 

c o r r e s p o n d i n g t o t h e e m i s s i o n o f a p r o t o n , n e u t r o n o r a l p h a p a r t i c l e as s e c o n d p a r t i c l e . 
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T h i s g i v e s t h e ( n , 2 n ) , (n,np), (n,pn) a n d n , a ) c r o s s - s e c t i o n s , and a l s o t h e ( n , n ' ) a n d 

( n , p ) i n c a s e s w h e r e t h e r e i s no s e c o n d p a r t i c l e e m i t t e d . T h e c r o s s - s e c t i o n s o f t h e t w o -

- p a r t i c l e e m i s s i o n r e a c t i o n s o b t a i n e d i n t h i s way a r e a p p r e c i a b l e s m a l l e r t h a n t h e v a l u e s 

o b t a i n e d f r o m t h e W e i s s k o p f - E w i n g t h e o r y a l o n e b e c a u s e t h e p o s s i b i l i t y o f 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 f i r s t p a r t i c l e i m p l i e s a l o w e r e x c i t a t i o n e n e r g y i n t h e r e s i d u a l n u c l e u s 

a n d h e n c e r e d u c e d p r o b a b i l i t y f o r t h e e m i s s i o n o f a s e c o n d p a r t i c l e . T h e s e c r o s s - s e c t i o n s 

a r e g i v e n i n T a b l e 1 a n d c o m p a r e d w i t h t h e e x p e r i m e n t a l v a l u e s . T h i s i s o n l y p o s s i b l e f o r 

t h e t o t a l ( n , 2 n ) , ( n , p ) a n d (n,a) c r o s s - s e c t i o n s o b t a i n e d from r a d i o c h e m i c a l a n a l y s e s ; i n 

o t h e r c a s e s c r o s s - s e c t i o n s o b t a i n e d m u s t be c o m b i n e d b e f o r e s u c h c o m p a r i s o n s a r e m a d e . 

T h u s o n l y t h e t o t a l o f t h e ( n , n p ) , ( n , p n ) a n d ( n , d ) r e a c t i o n s i s o b t a i n a b l e r a d i o c h e m i -

c a l l y , a n d p a r t i c l e e m i s s i o n c r o s s - s e c t i o n s , t h a t c a n be m e a s u r e d a s e n e r g y a n d a n g u l a r 

d i s t r i b u t i o n , r e f e r t o t h e sum o f s e v e r a l s e p a r a t e r e a c t i o n s . T h u s t h e t o t a l n e u t r o n e m i s -

s i o n c r o s s - s e c t i o n i s t h e sum o f t h e c r o s s - s e c t i o n f o r t h e e m i s s i o n o f a n e u t r o n a s f i r s t 

p a r t i c l e a n d t h a t f o r t h e e m i s s i o n o f a n e u t r o n as s e c o n d p a r t i c l e ( i . e . t h e sum o f ( n , 2 n ) , 

( n , p n ) a n d ( n , a n ) ) . U s i n g t h e v a l u e s f r o m T a b l e 1 g i v e s 1 7 5 8 m b a s t h e t o t a l c o m p o u n d 

n u c l e u s n e u t r o n e m i s s i o n c r o s s - s e c t i o n . A d d i n g t h e d i r e c t c o m p o n e n t o f lOOmb g i v e s 1 8 5 S m b , 

w h i c h may be c o m p a r e d w i t h t h e v a l u e 1 7 8 0 ¿ lOOmb o b t a i n e d f r o m t h e e x p e r i m e n t a l d a t a o f 

S a l ' n i k o v e t a l . / 9 / . 

T h e c a l c u l a t i o n s a l s o g i v e t h e d o u b l e d i f f e r e n t i a l c r o s s - s e c t i o n f o r n e u t r o n e m i s s i o n , 

a n d t h i s i s c o m p a r e d w i t h t h e e x p e r i m e n t a l d a t a o f S a l ' n i k o v e t a l . i n F i g . 3 . 

I n a s i m i l a r way t h e p r o t o n e m i s s i o n c r o s s - s e c t i o n may be o b t a i n e d a s t h e sum o f t h e 

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

a p r o t o n a s s e c o n d p a r t i c l e ( i . e . ( r a . n p ) ) . T h i s g i v e s 149mb as t h e t o t a l c o m p o u n d n u c l e u s 

p r o t o n e m i s s i o n c r o s s - s e c t i o n , w h i c h may be c o m p a r e d w i t h t h e v a l u e 9 7 - 12mb o b t a i n e d 

f r o m t h e e x p e r i m e n t a l d a t a o f C o l l i e t a l . / 1 / . T h e d o u b l e d i f f e r e n t i a l c r o s s - s e c t i o n f o r 

p r o t o n e m i s s i o n i s c o m p a r e d w i t h t h e d a t a i n F i g . 4 . 
о ч 

A s i m i l a r a n a l y s i s was made o f t h e r e a c t i o n s o f 1 4 MeV n e u t r o n s o n ^ N b , a n d t h e c a l c u -

l a t e d n e u t r o n e m i s s i o n s p e c t r u m i s c o m p a r e d w i t h t h e e x p e r i m e n t a l d a t a i n F i g . 5 a n d t h e o n e 
t o t a l c r o s s - s e c t i o n s i n T a b l e 2 . T h e c a l c u l a t e d n e u t r o n e m i s s i o n s p e c t r u m f o r ^ B i i s 

c o m p a r e d w i t h t h e d a t a i n F i g . 6 . 

T h e c a l c u l a t i o n h a v e now b e e n made o v e r a r a n g e o f e n e r g i e s a n d c o m p a r e d w i t h t h e e x p e -

r i m e n t a l e x c i t a t i o n f u n c t i o n s f o r t h e ( n , 2 n ) , ( n , 3 n ) , ( n , p ) a n d ( n , a ) c r o s s s e c t i o n s . 

Table 1 
Total cross-sections o f neutron reactions on 5 9 C o at 14 M e V 

Reaction Theory Experiment Reaction Theory Experiment 

(•».»') 475 -
Neutron 
Emission 1858 ± 90 1780 ± 100(9> 

(n,2n) 592 640 ± 0<15> Proton 
Emission 149 9 7 ± 1 2 ( i o ) . 1 0 8 ± 2 2 ( u > 

(n,pn) 72 

¿ 35 ' » ) 

Total 
Reaction - 1370 ± 30<6> 

(n,np) 25 

(n.p) 52 81±10<1 2>;75±15<1 3>;29±4<1 <> 

(n ,a ) 43 3 0 ± 4 ( 1 5 ) 

(n,cm) 2 -
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Table 2 
Total cross-sections of neutron reactions on 9 3 Nb at 14 MeV 

Reaction Theory Experiment Reaction Theory Experiment 

f n B n 347 Neutron 2 3 2 1 2500 ± 120<9> 
v ' ' Emission 

(n,2n) 1283 1279 ±88<ie> lroXo* 76 44 ± 2™; 51 ± 8<"> v ' Emission 

(n,pn) 35 S o n °-2* 8 ± 3 < I Í , t 

(n,n p) 3 £ 4 h a 26* 14±3<»)t v ' Emission 

<••'> 7 3 A c t i o n - 1 7 3 1 ¿ 3 0 

(n,a) - 11.1±2.7<17>; 9 ± 2<18>; 9.5 ±0.5<19\ 9.3 ± 3<20> 
(n,an) 2 

• Weisskopf-Ewing Theory t At 15 MeV. 

o u t g o i n g n e u t r o n e n e r g y (MeV) 

\ 

o u t g o i n g p r o t o n e n e r g y (MeV) 

F i g u r e 3 E n e r g y s p e c t r a o f n e u -

t r o n s e m i t t e d a t 3 0 ° and I 5 O 0 f r o m 
J Co a t an i n c i d e n t n e u t r o n e n e r g y 

o f 14 MeV. The e x p e r i m e n t a l d a t a 

o f S a l ' n i k o v / 9 / a r e c o m p a r e d w i t h 

s t a t i s t i c a l m u l t i s t e p compound 

(SMC) c a l c u l a t i o n s . The c u r v e s 

l a b e l l e d w i t h t h e v a l u e o f N show 

t h e c o n t r i b u t i o n s o f N - s t e p p r o -

c e s s e s and t h e b r o k e n and d o t t e d 

c u r v e s show t h o s e due t o t h e r e -

s i d u a l r - s t a g e p r o c e s s e s f o r t h e 

( n , n ' ) a n d t h e ( n , 2 n ) + ( n , p n ) 

r e a c t i o n s r e s p e c t i v e l y . The f u l l 

c u r v e g i v e s t h e sum o f t h e s e p r o -

c e s s e s ( F i e l d / 4 / ) . 

F i g u r e 4 E n e r g y s p e c t r u m o f p r o -
t o n s e m i t t e d a t I5 0 f r o m - ^ C o a t 
an i n c i d e n t e n e r g y o f 14 MeV. The 
experimental d a t a /10/ are c o m p a r -
ed w i t h t h e s t a t i s t i c a l m u l t i s t e p 
compound (SMC) c a l c u l a t i o n s . The 
c u r v e s l a b e l l e d w i t h t h e v a l u e s 
o f N show t h e c o n t r i b u t i o n s o f 
N - s t e p p r o c e s s e s and t h e b r o k e n 
and d o t t e d c u r v e s t h o s e due t o t h e 
r e s i d u a l r - s t a g e p r o c e s s e s f o r t h e 
( n , n p ) r e a c t i o n s r e s p e c t i v e l y . The 
f u l l c u r v e g i v e s t h e sum o f t h e s e 
p r o c e s s e s ( F i e l d / 4 / ) . 
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а i: o i в 
N e u t r o n e n e r g y (MeV) 

0 4 8 12 16 
N e u t r o n e n e r g y (MEV) 

F i g u r e , 5 E n e r g y s p e c t r a o f n e u t r o n s 

e m i t t e d a t 3 0 ° and 1 5 0 ° f r o m ^ 3 N b a t 

an i n c i d e n t n e u t r o n e n e r g y o f 14 MeV. 

The e x p e r i m e n t a l d a t a o f S a l ' n i k o v 

/ 9 / a r e c o m p a r e d w i t h s t a t i s t i c a l 

m u l t i s t e p compound (SMC) c a l c u l a t i o n s . 

The c u r v e s l a b e l l e d w i t h t h e v a l u e o f 

N show t h e c o n t r i b u t i o n s o f N - s t e p 

p r o c e s s e s a n d t h e b r o k e n a n d d o t t e d 

c u r v e s show t h o s e due t o t h e r e s i d u a l 

r - s t a g e p r o c e s s e s f o r t h e ( n , n ' ) and 

t h e ( n , 2 n ) + ( n , p n ) reactions r e s p e c -

t i v e l y . The f u l l c u r v e g i v e s t h e sum 

o f t h e s e p r o c e s s e s . 

F i g u r e 6 E n e r g y s p e c t r u m o f n e u t r o n s 

e m i t t e d a t I5O 0 f r o m 2 0 ^ B i a t an i n -

c i d e n t n e u t r o n e n e r g y o f 14 MeV. The 

e x p e r i m e n t a l d a t a o f S a l ' n i k o v /9/ 
a r e c o m p a r e d w i t h s t a t i s t i c a l m u l t i -

s t e p compound (SMC) c a l c u l a t i o n s . The 

c u r v e s l a b e l l e d w i t h t h e v a l u e s o f N 

show t h e c o n t r i b u t i o n s o f N - s t e p p r o -

c e s s e s and t h e b r o k e n c u r v e t h a t due 

t o t h e r e s i d u a l r - s t a g e p r o c e s s . The 

f u l l c u r v e g i v e s t h e sum o f t h e s e 

p r o c e s s e s ( F i e l d / 4 / ) . 

F i g u r e 7 E x c i t a t i o n f u n c t i o n s 

f o r t h e ( n , 2 n ) and ( n , 3 n ) r e -
59 93 a c t i o n s on C o , J Nb and 

2QQ 
J B i . The s o l i d c u r v e s w e r e 

c a l c u l a t e d u s i n g t h e SMCE r e -

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

s t a g e and t h e d a s h e d c u r v e s 

u s i n g t h e W e i s s k o p f - E w i n g 

t h e o r y f o r b o t h s t a g e s . R e f e r -59 
enees t ó t h e d a t a on - ^Co may 
be f o u n d i n W i l m o r e and 
Hodgson / 1 5 / and Hasan e t a l . 
/ 1 6 / , t h o s e on 9 3 N b i n 
S t r o h m a i e r / 2 4 / , and t h o s e on 
2 0 ^ B i i n V e e s e r e t a l . / 1 6 / . 
The d o t t e d c u r v e f o r 
shows t h e r e s u l t o f e x c i t o n 
m o d e l c a l c u l a t i o n s by 
S t r o h m a i e r / 2 4 / ( F i e l d / 4 / ) . 
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The ( n , 2 n ) and ( n , 3 n ) c r o s s - s e c t i o n s 

The W e i s s k o p f - E w i n g c a l c u l a t i o n g i v e s ( n , 2 n ) c r o s s s e c t i o n s t h a t a r e up t o 30 % g r e a t e r 

t h a n t h e m e a s u r e d v a l u e s i n t h e e n e r g y r a n g e f r o m t h r e s h o l d t o 2 0 MeV ( H o l u b e t a l . / 2 3 / . 

T h i s d i f f e r e n c e i s a t t r i b u t a b l e t o p r e - e q u i l i b r i u m e m i s s i o n , w h i c h g i v e s more n e u t r o n s o f 

h i g h e r e n e r g y , w h i c h i n t u r n r e d u c e s t h e e n e r g y o f t h e r e s i d u a l n u c l e u s and w i t h i t t h e 

p r o b a b i l i t y o f t h e e m i s s i o n o f a s e c o n d n e u t r o n , t h u s r e d u c i n g t h e ( n , 2 n ) c r o s s - s e c t i o n . 

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

t h e o r y and t h e r e s u l t s a r e c o m p a r e d w i t h e x p e r i m e n t a l d a t a i n F i g . 7 . 

The ( n , p ) and ( n , p x ) c r o s s s e c t i o n s 

The m e a s u r e m e n t s o f p r o t o n e m i s s i o n by t h e a c t i v a t i o n m e t h o d g i v e s o n l y t h e ( n , p ) 

c r o s s - s e c t i o n w h e r e a s t e c h n i q u e s d e t e c t i n g t h e e m i t t e d p r o t o n s g i v e t h e ( n , p x ) c r o s s -

s e c t i o n , w h e r e x i n d i c a t e s t h e i n c l u s i o n o f a l l o t h e r p r o t o n - e m i t t i n g r e a c t i o n s l i k e 

( n , p n ) and ( n , n p ) . The c r o s s - s e c t i o n s o f t h e s e r e a c t i o n s o b t a i n e d by t h e W e i s s k o p f -

E w i n g and ' s t a t i s t i c a l m u l t i s t e p compound t h e o r i e s a r e c o m p a r e d w i t h some a c t i v a t i o n d a t a 

i n F i g . 8 . 

F i g u r e 8 E x c i t a t i o n f u n c t i o n s 
Q 3 

f o r t h e ( n , p ) r e a c t i o n on ^ Nb 
204 

and . The s o l i d c u r v e s w e r e 

c a l c u l a t e d u s i n g t h e SMCE r e s u l t s 

as i n p u t f o r t h e s e c o n d s t a g e and 

t h e d o t t e d c u r v e s u s i n g t h e 

W e i s s k o p f - E w i n g t h e o r y f o r b o t h 

s t a g e s . R e f e r e n c e s t o t h e d a t a on CQ 
J Co may be found in Wilmore and 
Hodgson /15/ and Hasan et al. 
/ 2 6 / , those on 9 Mb in Strohmaier 
/ 2 4 / , and those on 2 0 ^ b í i n 

Mukherjee et al. / 2 7 / . (Field 
/ 4 / ) . 

The ( n , a ) a n d ( n , a x ) c r o s s - s e c t i o n s 

The same c o n s i d e r a t i o n s as t h o s e m e n t i o n e d i n t h e p r e v i o u s s e c t i o n a p p l y t o ( n , a ) and 
( n , a x ) r e a c t i o n s . W e i s s k o p f - E w i n g / 7 / c a l c u l a t i o n s a r e c o m p a r e d w i t h 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 e x c i t a t i o n f u n c t i o n i n F i g s . 9 and 10 and f o r t h e e n e r g y s p e c t r u m o f t h e e m i t t e d 
a l p h a - p a r t i c l e s f o r an i n c i d e n t e n e r g y o f 14 MeV i n F i g . 1 1 . The e x c i t a t i o n f u n c t i o n f o r 
t h e ( n , a ) r e a c t i o n c a l c u l a t e d w i t h t h e W e i s s k o p f - E w i n g t h e o r y was n o r m a l i s e d t o t h e d a t a 
a t l o w e n e r g i e s and f a l l s s u b s t a n t i a l l y b e l o w t h e d a t a f o r e n e r g i e s a b o v e 10 MeV. T h i s i s 
a t t r i b u t a b l e t o t h e p r e - e q u i l i b r i u m c o m p o n e n t , and t h e e x c i t o n m o d e l c a l c u l a t i o n s o f 
S t r o h m a i e r / 2 4 / do i n d e e d f i t t h e d a t a w e l l . M e a s u r e m e n t s o f t h e a n g u l a r d i s t r i b u t i o n o f 
t h e e m i t t e d a l p h a - p a r t i c l e s by Bormann e t a l . /25/ show a m a r k e d f o r w a r d p e a k i n g , so 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 t a k e s p l a c e by t h e m u l t i s t e p d i r e c t p r o c e s s . I t i s n o t s u r p r i s i n g 
t h a t t h e ( n , a ) p r e - e q u i l i b r i u m c r o s s - s e c t i o n , i s much g r e a t e r t h a n t h e W e i s s k o p f - E w i n g / 7 / 
c r o s s - s e c t i o n b e c a u s e i f t h e a l p h a - p a r t i c l e i s n o t e m i t t e d w i t h h i g h e n e r g y t h e r e s i d u a l 
n u c l e u s has e n o u g h e n e r g y t o e v a p o r a t e a n e u t r o n . The 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 u m i n 
F i g . 1 1 i s t h e sum o f t h e ( n , a ) , ( n , a n ) a n d ( n , n a ) c r o s s - s e c t i o n s and f o r c o m p a r i s o n w i t h 
t h e d a t a t h e W e i s s k o p f - E w i n g c a l c u l a t i o n s a r e n o r m a l i s e d t o t h e t o t a l a l p h a - e m i s s i o n 
c r o s s - s e c t i o n o f lOmb . T h i s c o m p a r i s o n shows an e x c e s s o f h i g h - e n e r g y p a r t i c l e s t h a t i s 
c h a r a c t e r i s t i c o f p r e - e q u i l i b r i u m e m i s s i o n , and t h i s i s c o n f i r m e d by t h e e x c i t o n m o d e l 
c a l c u l a t i o n s o f S t r o h r a a i e r / 2 4 / . C a l c u l a t i o n s o f a l p h a - e m i s s i o n u s i n g t h e F e s h b a c h - K e r m a n -
- K o o n i n t h e o r y a r e i n p r o g r e s s . 
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I n c i d e n t n e u t r o n e n e r g y (MeV) 

F i g u r e 9 E x c i t a t i o n f u n c t i o n s f o r t h e ( n , a ) 
———---~• cq 
r e a c t i o n on J Z ,Zo c o m p a r e d w i t h t h e W e i s s k o p f -

- E w i n g c a l c u l a t i o n s . The s o l i d c u r v e s w e r e 

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

o f B r a n c a z i o and Cameron / 8 / and t h e d o t t e d 

c u r v e s u s i n g t h o s e o f G i l b e r t and Cameron 

/ 2 8 / . R e f e r e n c e s t o t h e d a t a may be f o u n d i n 

Wilmore and Hodgson /15/ ( F i e l d / 4 / ) . 

"Nb In.a) 

t I И О U tí » JO 
I n c i d e n t n e u t r o n e n e r g y i n MeV 

F i g u r e 10 T o t a l c r o s s - s e c t i o n f o r t h e ( n , a ) 
• - Q3 
r e a c t i o n on ^ Nb c o m p a r e d w i t h W e i s s k o p f -

- E w i n g c a l c u l a t i o n s ( d a s h e d c u r v e s ) and t h e 

e x c i t o n m o d e l c a l c u l a t i o n s o f S t r o h m a i e r / 2 4 / 

( d o t t e d c u r v e ) . The d a t a a r e f r o m B r a m l i t t 

and F i n k / 1 7 / ( x ) . B l o s s e r e t a l . / 1 8 / ( о ) , 

P r e s t w o o d and B a y h u r s t / 1 9 / ( + ) and Tewes e t 

a l . /29/ (<» ( S t r o h m a i e r / 2 4 / . 

A l p h a - p a r t i c l e e n e r g y i n MeV 

F i g u r e 1 1 E n e r g y s p e c t r u m o f a l p h a - p a r t i c l e s 
93 

e m i t t e d f r o m Nb a t an i n c i d e n t n e u t r o n 
e n e r g y o f 14 MeV c o m p a r e d w i t h n o r m a l i s e d 
W e i s s k o p f - E w i n g c a l c u l a t i o n s f o r t h e sum o f 
t h e ( n , a ) and ( n , n a ) r e a c t i o n s ( f u l l c u r v e ) 
and e x c i t o n m o d e l c a l c u l a t i o n s o f S t r o h m a i e r 
/ 2 4 / ( d o t t e d c u r v e ) . 



2 0 

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

e n e r g y a l l o w t h e c h a n g i n g c o n t r i b u t i o n s o f t h e v a r i o u s r e a c t i o n p r o c e s s e s t o be d e t e i — 

m i n e d , a n d t h e r e s u l t s a r e shown i n F i g . 1 2 . I t w i l l be n o t i c e d t h a t t h e c o m p o u n d n u c l e u s 

c r o s s - s e c t i o n f a l l s w i t h i n c r e a s i n g e n e r g y , w h i l e t h e d i r e c t c r o s s - s e c t i o n r i s e s . W i t h i n 

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

f i r s t r i s e s w i t h e n e r g y , a t t a i n s a max imum a n d t h e n f a l l s . The e n e r g y a t w h i c h t h e m u l t i -

s t e p c o m p o u n d c r o s s - s e c t i o n i s m a x i m a l i n c r e a s e s w i t h t a r g e t m a s s . 

The p r e s e n t u n d e r s t a n d i n g o f t h e c r o s s - s e c t i o n s i n t h e w e a k e r c h a n n e l s s u c h a ( n , t ) i s 

u n s a t i s f a c t o r y . T h e r e i s v e r y l i t t l e e x p e r i m e n t a l d a t a a n d t h e s e c r o s s - s e c t i o n s a r e g e n e r -

a l l y much g r e a t e r t h a n t h o s e g i v e n by t h e s t a t i s t i c a l t h e o r i e s . I t i s l i k e l y t h a t t h e y a r e 

p r e d o m i n a n t l y d i r e c t o r m u l t i s t e p d i r e c t , b u t t h i s w i l l n o t be known u n t i l p r e - e q u i l i b r i u m 

c a l c u l a t i o n s a r e c o m p a r e d w i t h a c c u r a t e e x p e r i m e n t a l d a t a . 

4 . D i s c u s s i o n 

The v a r i o u s p r e - e q u i l i b r i u m t h e o r i e s d i f f e r a p p r e c i a b l y i n t h e i r f l e x i b i l i t y , i n s e v -

e r a l d i f f e r e n t r e s p e c t s . The s e m i - c l a s s i c a l t h e o r i e s h a v e b e e n a p p l i e d t o a much w i d e r 

r a n g e o f r e a c t i o n s t h a t t h e q u a n t u m - m e c h a n i c a l t h e o r i e s , i n p a r t i c u l a r t o t h o s e i n i t i a t e d 

by c o m p l e x p a r t i c l e s a n d t h o s e l e a d i n g t o t h e e m i s s i o n o f many p a r t i c l e s . By c o n t r a s t , t h e 

q u a n t u m - m e c h a n i c a l t h e o r i e s h a v e so f a r b e e n c o n f i n e d t o n u c l e ó n i n t e r a c t i o n w i t h n o t more 

t h a n t w o e m e r g e n t p a r t i c l e s . I n t h e n e x t f e w y e a r s t h e q u a n t u m - m e c h a n i c a l t h e o r i e s w i l l 

c e r t a i n l y be a p p l i e d t o a w i d e r r a n g e o f r e a c t i o n s , b u t a p r e s e n t t h e s e m i - c l a s s i c a l 

t h e o r i e s a r e t h e o n l y o n e s t h a t c a n be u s e d f o r many o f t h e more c o m p l i c a t e d r e a c t i o n s . 

• в « » 
i n c i d e n t n e u t r o n e n e r g y (MeV) 

F i g u r e 12 The t o t a l c r o s s -

- s e c t i o n s as a f u n c t i o n o f 

i n c i d e n t n e u t r o n e n e r g y f o r 
5 9 C o , 9 3 N b a n d 2 ° 9 B i . The 

SMCE c a l c u l a t i o n s a r e r e -

s t r i c t e d t o b o u n d s t a t e s a n d 

i n c l u d e t h e f i n i t e d e p t h o f 

t h e p o t e n t i a l w e l l . 

- i n c i d e n t n e u t r o n e n e r g y (MeV) i n c i d e n t n e u t r o n e n e r g y (MeV) 

T h e s e m i - c l a s s i c a l t h e o r i e s a r e a l s o m o r e f l e x i b l e i n t h a t t h e y h a v e more m o d e l p a r a -

m e t e r s t h a n t h e q u a n t u m - m e c h a n i c a l t h e o r i e s . H e r e one mus t d i s t i n g u i s h b e t w e e n i n t e r n a l 

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

e x t e r n a l c o n s t r a i n t . As an e x a m p l e o f t h e f o r m e r we may m e n t i o n t h e p a r a m e t r i s a t i o n o f t h e 

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

more f u n d a m e n t a l t h e o r y . I n t h e l a t t e r c a t e g o r y a r e t h e o p t i c a l m o d e l a n d l e v e l d e n s i t y 

p a r a m e t e r s . H e r e t h e r e i s a f u r t h e r d i s t i n c t i o n t h a t i s i m p o r t a n t f o r t h e p r e d i c t i v e p o w e r 

o f t h e s e t h e o r i e s : r e l i a b l e g l o b a l o p t i c a l p o t e n t i a l s a r e now a v a i l a b l e f o r n u c l é o n s so 

t h a t t h e c r o s s - s e c t i o n s c a n be c a l c u l a t e d f r o m them f o r a n y n u c l é o n s w i t h g o o d a c c u r a c y . 
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The p a r t i c l e - h o l e l e v e l d e n s i t y p a r a m e t e r s , on t h e o t h e r h a n d , c a n n o t be r e p r e s e n t e d w i t h 

s u f f i c i e n t a c c u r a c y by g l o b a l f o r m u l a e a n d o n l y t h e t o t a l l e v e l d e n s i t y c a n be f i t t e d t o 

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

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

s t a g e s . T h e s e c o n s i d e r a t i o n s a p p l y b o t h t o t h e s e m i - c l a s s i c a l a n d t o t h e q u a n t u m m e c h a n i -

c a l t h e o r i e s . 

I f a l l t h a t i s r e q u i r e d i s a f i t t o a p a r t i c u l a r d a t a s e t , t h i s c a n be a c h i e v e d by b o t h 

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

e m e r g i n g p a r t i c l e s . T h e s e m i - c l a s s i c a l c a l c u l a t i o n may r e q u i r e some a d j u s t m e n t o f an 

' i n t e r n a l ' p a r a m e t e r , a n d b o t h t y p e s a r e s u b j e c t t o t h e a b o v e r e m a r k s a b o u t ' e x t e r n a l ' 

p a r a m e t e r s , p a r t i c u l a r l y t h o s e r e l a t i n g t o p a r t i c l e - h o l e l e v e l d e n s i t i e s . I n p r a c t i c e t h e 

r a n g e o f a p p l i c a b i l i t y o f t h e s e m i - c l a s s i c a l m o d e l s i s o f t e n w e l l known and i t i s n o t 

n e c e s s a r y t o a d j u s t " i n t e r n a l " m o d e l p a r a m e t e r s i n e a c h c o m p u t a t i o n . The d i f f e r e n c e s b e -

t w e e n t h e r e s u l t s a r e t h e r e f o r e q u i t e s m a l l a n d f u r t h e r c a l c u l a t i o n s a r e n e e d e d t o d e t e c t 

d e v i a t i o n s i n o t h e r e n e r g y a n d mass r a n g e s . 

W i t h r e s p e c t t o a n g u l a r d i s t r i b u t i o n s t h e q u a n t u m - m e c h a n i c a l e f f e c t s may be more i m p o r -

t a n t . The mos t r e c e n t s e m i - c l a s s i c a l m o d e l s a r e b a s e d u p o n t h e s c a t t e r i n g i n i n f i n i t e 

n u c l e a r m a t t e r w i t h q u a s i - c l a s s i c a l d e s c r i p t i o n s o f r e f r a c t i o n a n d / o r f i n i t e - s i z e , e f f e c t s . 

C o n c e p t u a l l y t h e q u a n t u m m e c h a n i c a l t h e o r i e s a r e o f c o u r s e s u p e r i o r . I n p a r t i c u l a r , t h e r e 

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

t h e o r i e s t h a t do n o t e x i s t i n q u a n t u m - m e c h a n i c a l t h e o r i e s . T h i s was i l l u s t r a t e d r e c e n t l y 

by H o l l e r e t a l . / 3 0 / i n an c o m p a r i s o n o f s e m i - c l a s s i c a l a n d q u a n t u m - m e c h a n i c a l p r e - e q u i -
6S 

l i b r i u m c a l c u l a t i o n s f o r t h e J C u ( p , a n ) r e a c t i o n a t 2 6 . 7 MeV. The h y b r i d m o d e l o f B l a n n 

a n d V o n a c h / 3 1 / g i v e s a g o o d o v e r a l l f i t t o t h e e n e r g y d i s t r i b u t i o n o f t h e e m i t t e d n e u -

t r o n s b u t i s u n a b l e t o f i t t h e a n g u l a r d i s t r i b u t i o n i n t h e v e r y f o r w a r d a n d b a c k w a r d d i -

r e c t i o n s . As shown i n F i g u r e 1 3 ( a ) t h e b a c k - a n g l e d i s c r e p a n c y p e r s i s t s when r e f r a c t i o n a n d 

f i n i t e - s i z e e f f e c t s a r e i n c l u d e d i n t h e c a l c u l a t i o n s . S i m i l a r c a l c u l a t i o n s h a v e b e e n made 

by G r u p p e l a a r / 3 2 / u s i n g t h e PRANG c o d e , g i v i n g t h e d o t t e d c u r v e i n F i g u r e 1 3 ( a ) . The d i f -

f e r e n c e s a r e due t o a t r u n c a t i o n o f t h e L e g e n d r e p o l y n o m i a l e x p a n s i o n t o ^ m a x = б a n d t o 

•'an a d j u s t m e n t o f f 2 by 2 0 % j u s t t o a v o i d n e g a t i v e v a l u e s o f t h e s c a t t e r i n g k e r n e l . The 

r e s u l t i n g c u r v e i s s t i l l b e l o w t h e d a t a a b a c k w a r d a n g l e s . Q u a n t u m - m e c h a n i c a l c a l c u l a t i o n s 

w i t h t h e FKK t h e o r y a r e h o w e v e r a b l e t o f i t t h e d a t a o v e r t h e w h o l e a n g u l a r r a n g e , as 

s h o w n i n F i g u r e 1 3 ( b ) . T h i s s h o w s t a t t h e q u a n t u m - m e c h a n i c a l t h e o r i e s a r e a b l e t o e v a l u a t e 

i n t e r f e r e n c e e f f e c t s t h a t a r e b e y o n d t h e s c o p e o f t h e s e m i - c l a s s i c a l t h e o r i e s . I n a d d i t i o n , 

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

m o d e l s , w h i c h p e r h a p s c o u l d be s o l v e d i n a p r a g m a t i c way by u t i l i z i n g t h e r e s u l t s f o r a 

s y s t e m a t i c s t u d y o f p r e c o m p o u n d a n g u l a r d i s t r i b u t i o n u s i n g q u a n t u m - m e c h a n i c a l t h e o r i e s . 

A c k n o w l e d g e m e n t s 

T h i s w o r k i s p a r t o f p r o g r a m m e o f q u a n t u m - m e c h a n i c a l s t u d i e s o f p r e - e q u i l i b r i u m r e a c -

t i o n s t h a t i s b e i n g c a r r i e d o u t i n c o l l a b o r a t i o n w i t h Prof. R . B o n e t t i ( M i l a n ) , D r . D . 

W i l m o r e a n d D r . G . M . F i e l d ( O x f o r d ) a n d I am g r a t e f u l t o them f o r p e r m i t t i n g me t o p r e s e n t 

t h e i r r e s u l t s . Some o f t h e s e r e s u l t s h a v e b e e n p r e s e n t e d , t o g e t h e r w i t h a s u r v e y o f s e m i -

- c l a s s i c a l t h e o r i e s by D r . H . G r u p p e l a a r ( P e t t e n ) a n d D r . P . N a g e l (NEA D a t a B a n k ) , t o t h e 

I n t e r n a t i o n a l C o n f e r e n c e o n N u c l e a r D a t a f o r B a s i c a n d A p p l i e d S c i e n c e h e l d i n S a n t a F é , 

New M e x i c o i n May 1 9 B 5 * A f u l l e r a c c o u n t o f t h i s w o r k was p u b l i s h e d i n R e v i s t a d e l N a o v o 

C i m e n t o / 3 3 / . 
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a ) A n g u l a r d i s t r i b u t i o n s f o r t h e ^ C u ( p . x n ) r e a c t i o n a t 2 6 . 7 MeV c o m p a r e d w i t h g e o m e t r y -

- d e p e n d e n t h y b r i d m o d e l c a l c u l a t i o n s . The d a t a a r e p l o t t e d i n E n = 1 MeV b i n s c e n t r e d 

a t e n e r g i e s E n . The c a l c u l a t i o n s a r e shown f o r p u r e N N - s c a t t e r i n g ( d o t - d a s h ) , N N - s c a t -

t e r i n g w i t h e n t r a n c e c h a n n e l r e f r a c t i o n ( s o l i d ) a n d w i t h r e f r a c t i o n p l u s f i n i t e - s i z e 

c o r r e c t i o n ( d a s h e d ) / 3 0 / , t h e d o t t e d c u r v e has b e e n a d d e d a n d s h o w s t h e r e s u l t s o f 

u s i n g t h e same m o d e l ( P R A N G ) . I t r e f r a c t i o n e f f e c t s a r e n o t i n c l u d e d a n d a v e r y l a r g e 

n u m b e r o f L e g e n d r e c o e f f i c i e n t s a r e u s e d t h e d o t - d a s h c u r v e i s r e p r o d u c e d . I n t r o d u c -

t i o n o f e n t r a n c e a n d e x i t r e f r a c t i o n a n d t r u n c a t i o n o f l m a x = 6 g i v e s s l i g h t l y b e t t e r 

r e s u l t s as t h e d a s h e d c u r v e . C o r r e c t i n g f o r t h e n e g a t i v e v a l u e s o f t h e s c a t t e r i n g 

k e r n e l by i n c r e a s i n g f 2 by 2 0 % g i v e s t h e d o t t e d c u r v e . A f u r t h e r i n c r e a s e o f w o u l d 

f i t t h e d a t a . 
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b ) A n g u l a r d i s t r i b u t i o n s f o r t h e ^ C u ( p . x n ) r e a c t i o n a t 2 6 . 7 MeV c o m p a r e d w i t h FKK q u a n -

t u m - m e c h a n i c a l c a l c u l a t i o n s . T h e s t a t i s t i c a l m u l t i s t e p d i r e c t c o n t r i b u t i o n s a r e shown 

b y t h e d a s h e d l i n e , t h e s t a t i s t i c a l m u l t i s t e p c o m p o u n d by t h e d a s h - d o t l i n e a n d t h e i r 

sum by t h e s o l i d l i n e / 3 0 / . 
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SMD/SMC-MODEL FOR PRACTICAL APPLICATIOBS 

H. Kalka 
Technische Universität Dresden, Sektion Physik, Mommsenstr. 13, Dresden, DDR-8027 
German Democratic Republic 

For many years nuclear reaction mechanism has been investigated within the theoretical 
concepts of statistical multistep compound (SMC) /1-6/ and statistical multistep direct 
(SMD) processes /2,3,7,8/. Till now a lot of experimental data are compared either within 
a pure SMC-model /1,9,10/ or within a pure SMD-approach. /11,12/. But in nucleon-nucleus 
reactions at bombarding energies between 5 and 30 MeV (which is of interest for nuclear 
technology) both SMD and SMC processes are important. Therefore we present a simple 
SMD/SMC-model for practical applications, firstly proposed in /13/, which, calculates 
energy and angular distributions of neutrons and protons. In this model besides the exci-
tation of particle-hole states (excitons) also the direct excitation of collective modes 
(phonons) are considered. 

Th.e SMD/SMC-model wi!3 be derived from first principles (Green's function formalism; 
Gaussian Ensembles). Evt.n this general approach allows a classification of the most 
current multistep tlieux-icc. The interplay between these theories as well as the role of 
the .phenomenological exciton model (EM) /14-16/ becomes obvious. 
Finally, within the SMD/SMC-model (which differ from EM) numerical calculations are per-, 
formed without any Гл^е parameter for different nuclei and incidence energies. 

I. Green's function formalism 
A very direct and general approach to nuclear reactions is obtained by the Green's func-
tion (GF) formalism /3/. Within this formalism the T-matrix for the reaction A+a —*• B+b 
is given by 

= c O f W ^ < r i T l О <1.1, 

where В* symbolizes the number of excited quasiparticles plus holes (excitons) of the 
residual nucleus B, i.e.. the exciton number of the composite system,n=p+h,is equivalent 

* <~ с i \ 7; ? ^ ' to (b+B*). The explicit form of the distored waves T a > TbB Presetl^e<^ /3/. 

In many-body theory /17,18/ the transition operator entering the l.h.s. of (1.1) can be 
expanded (graphically) in powers of a so-called irreducible interaction I, 

T - I + IG°T. (1.2) 

The (ph-line irreducible) effective interaction I is a sum of different Feynman graphs, 
which can not be cut into two parts by just cutting ap, (a+1) p1h (b+pBx)phgh lines.] 
The GÎ G°(n,n) is a product of n single-particle GP's, and. has the following spectral 
representation 

Л „1- T y Pnsc Uçrq) fnsc Ufrfl) _ r . ч ^ , s и ,4 
G E - e „ E - E „ c - ¡ » = + G » M ( 1 ' 3 > 
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where fnjc a r e *>ound and unbound eigenfunctions in exciton class n. It is espe-
cially convenient for the further treatment to have equations in which the pole part of 
G° occures rather than (1.2). Therefore G° is splitted into a pole part G' (at E = 6 n v 

and E = and a smooth energy dependent regular part Gg (principle value integral). 
Then the regular part of G° will be used to define a new effective interaction /17/ 

I' = I + I G r I» (1.4) 

which yields the renormalized iterative equation 

T = I' + I' (G¿ + GÇ T (1.5) 

instead of (1.2). But for simplicity, in using (1.5) we omit the prime henceforth.' 

Usually, in nuclear physics the general expression (1.5) is decomposed into two parts, 

T = Tu + TuGbT H Tu + Tb (1.6) 

where the so-called multistep direct part is given by 

Tu = I + IGUTU = I E (GUI)S, (1.7) 
s=o 

and the multistep compound part has the form 
, 0O 
TD » T uG bT u + T uG bT uG bT u + ... = Tu Z (GtTu)s. > (1.8) 

s=1 

In contrast to the multistep direct processes (1.7) the multistep compound series (1.8) 
describes processes in which the nuclear system undergoes at least one transition to 
stages in which- all particles are in bound states, characterized by G^. Thus there is no 
one single-step term within the multistep compound series (1.8) which quite naturally 
occure in (1.7). 

Eqs. (1.6) to (1.8) are of exact character and can be applied to reactions with, composite 
particles. Similar (approximate) expressions were derived either within a shell-model 
approach /1/ or projection operator formalism /2/. Then the cross section is obtained 
after inserting (1.6) into (1.1) and taking the absolute square of it. But for complex 
nuclides, and high incidence energies this problem can not be solved exactly because of 
too many (overlapping) nuclear states, and the lack of information about it. Analytical 
expressions can be obtained only for energy averaged cross sections 

o ^ = (4Tt3/k2) |Tfi|2 (1.9) 

by using statistical assumptions. In this manner the (microsopical) multistep pro-
cesses become statistical multistep processes. Since the statistical assumptions are 
chosen so that all interference terms between Tu and Tb vanish, Tf£ T f

b * = 0 - T f
b Tf£* 

for i I f, the average cross section splits into a pure SMD and SMC contribution, 

0 l f = ( 4 * W ) ( | T f « r + |Tfb|2} 3 а i f ^ + o J F . (1.10) 

After defining the statistical assumptions (Sect. 2) we derive from (1.10) analytical 
expressions for the SMC (Sect. 4) and SMD cross section (Sect. 5). In the following we 
restrict ourselves to nucleon-nucleus reactions. 
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2. Statistical assumptions (.Gaussian. Ensembles) 
Over the years several different statistical methods and techniques are introduced for 
carrying out the average cross section (1.10). First of all, according to the separate 
definitions /18/ of GF's at finite (9 Ф 0) and zero temperature (©=»0) we distinguish 
between thermodynamical approaches, and the usual (zero temperature) approaches. In the 
first case there is the approach of Mädler and Reif /6/ basing on non-equilibrium statisti-
cal operator. In the second case, which, are more common, we can distinguish, between two 
formulations : I 

i) On one hand, there is the unified theory /2,3/ where the relative phases of certain 
matrix elements (of different operators and products of operators) gire assumed to 
become random within an "optical-background representation" /19/. This method was 
improved by Adhikari /4/. 

ii) Otherwise, following the pioneer work of Agassi e.a. /1/ there are many approaches 
/5,20,21/ which are based on random-matrix ensembles (G0E,GUE) /22/. Here the 
equivalence between energy and ensemble averages is postulated. 

Comparing i) and ii) the last one is proved to be the more fundamental concept /5/ since 
the final result of the SMC-approach of Feshbach e.a. /2/ can be obtained by further 
approximations (never-come back assumption) immediately from the random-matrix approach. 
In other respects, even the Gaussian Ensembles (GOE.GUE) are used for description of 
stochastic (chaotic) behaviour which is observed in both nuclear spectroscopy and nuclear 
reactions /23/. 

Despite the fact that the statistical methods are very different, the final result of all 
SMC-theories are similar to each other, and can be fairly approximated /21/ by the pheno-
menoiogical EM. 

Because of the general position of the random-matrix method even this method will be used 
in our further treatment. Before defining the statistical assumptions, i.e., the Gaussian 
Orthogonal and Unitary Ensembles (GOE,GUE) we have to distinguish between different types 
of matrix elements of the (renormalized) effective interaction I. According to the decompo-
sition (1.6) of G° into a bound and unbound part we have to separate between bound-bound, 
bound-unbound, unbound-bound, and unbound-unbound matrix elements, I b u, 1 ц Ь, 1ц. In 
practical cases it is often possible to choose 1 Ь ц, and 1 ц Ь as real quantities. Then 
each of them should form a GOE, whereas the complex unbound-unbound element I u should be 
a member of GUE. 

According to GOE,GUE the first moments (mean value) of all elements vanish, I 30, and the 
second moments are given by /1,24/ 

(2.1) 

(2.2) 

iMhC.nc') n'nj C C1 
(2.3) 
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for 1 Ъ и and 1Ц. A relation analogous to (2.2) holds for I u b, and its second moment 
I^(cn,n'). Here, the average lines are depicted as contraction lines. Further, different i i 
types of matrix elements .are assumed to be statistical independent, for example, = 
0 = I u bI b etc. 

The channel index с = (£íl,y) will be chosen as energy, direction, and particle type у =V 
or ti (.neutron or proton) of the particle in the continuum. For this reason 6CC, changes 
to 6 , 6 (£-£') 6 (£i-£L'). Thus all continuum states are normalized per energy unit. 

3. Parametrization of mean square matrix elements 
Before deriving the general expressions for SMC and SMD processes there remains now the 
interesting question of how to relate all unbound mean square matrix elements, (2.2) and 
(2.3), to the bound-bound ones (2.1). As it will be explained in the Appendix, this can 
be done (for the angle-integrated case) by simple transformations, 

? ( n £ , n ' ) - , Т Ч п Л ' ) - 7 ( n , n ' ) S ( 0 (3.1) 

ÏMnt.n'E") * H n . n ' l S U l S í O / H T T (3.2) 

where 
9(s)de - V N d p / ( W -t4írVNm [1™í)UI¿í/[UhV (3.3). 

3 
is the single-particle state density in the nuclear volume VN = 4n TQ A/3 . Similar 

unbound/bound transformations are proposed in /2/ (see eq. (5.34) therein). 
' 2 Referring back to the more general case of angular distributions can be factorized 

/24,25/ into an angle-independent part (3.2), and an angular part, 

Ï V a . n ï I ï ) = (4тт)~1 r W t ' l S (3.4) 

where Poicos-д") = P^ (cos 6) P^ (cos ©'), and /^-С) = 
n 

The dependence of I on particle type у (neutron or proton) will be considered in a quite 
phenomenological way 

rineoi.n'tp) = H n e . n ' E ' R t à î p U ' ) (3.5) 

by introduction of penetration factors 

я S * + K l O / G v U ) ] (3.6) 

which axe 1 for neutrons, and which simulate a threshold behaviour for protons, a ( £ ) is 
the OM reaction cross section for particle type у at incidence energy £ . Similar 

2 о expressions for and are obtained by ignoring P a or P ß, respectively. 
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4. SMC processes 

According to (1.10) the SMC cross section will be obtained from (1.8). By some authors 
/1,3/ this problem was not solved exactly but was solved to a good approximation by 
inserting Tu 3 I in (1.8). Following /2/ we extend this approximation by an additional 
term IGUI which yields for the born series (1.8) 

L oo s i 

It turns out below that even the term IG I in (4.1) is responsible for the escape widths 
n in the Pauli master eq. (4.11). 

Now the (ensemble) average ^fi* carried out /1/ by breaking up the power-series 
expansion of Tfi* into a sum of all possible ways of averaging products of pairs 
(contractions) of the random matrix elements defined in (2.1) and (2.2). In proceeding 
this we restrict ourselves to (lowest-order) contractions that leads to analytical 
expressions (for damping and escape widths) which are of first order in Г̂ ", i.e., contrac-
tions that are not intersect each other. 

Formally, the contraction procedure is treated in two steps /1,21/. In the first step all 
internal contractions within the power series (4.1) are considered. After summing up they 
are included in the so-called optical propagator 

_,] 1 1 I 1 

Gb = Gb " ^ V b ~ IbuGuIub (4.2) 

which has the spectral representation 

^ ) n v r f , " S n n . S v v , [ E - e n v 4 ( r n i + r n 1 ) ] . (4.3) 

The damping and escape widths are given by 

r n l = s r n n , l , Гйй.1- Ь г Г к п ) 8 , (4.4a) 

r J - E Î d e T ^ U ' U , r ^ W f - b U s ^ Í M E Í S ^ Í U ) (4.4b) 

where 8n» and Sn,^,(U) are state densities of bound configurations in exciton class n' 
at excitation energy E, and in exciton class (n'-1) at residual energy U=E- i' -B^. B^ is 
the binding energy of particle type y. 

In the second step, after replacing all G^ in (4.1) by Gb, cross contractions between Tfi 
and aré performed. Symbolically this can be written as 

r 5 M C Ч т т ' t r - 1 ! Г Ч T Г - Т 4.r*~' 11" 1 T G r ; = - 1 7 Iub . 4 - U . H u l u k l 4 + & ь J 1 

к 

Цтт5 

bg (4.5) 
J 

Г S )mn Z r„ W p U ' ) î (4.6) 
К m n 
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with the dynamical matrix 

A n n . = l r n l + r n t ) S n n . - r n n . L ^ 

Here, the short-hand definition /21/ for the propagator contraction, 

= = 2 т г 8 п / ( Г й 1 + Г п ! У C4.8) 
/V 

was used. The sum over к in (4.6) runs over the exit modes of the final state 

Eq. (4.6) is derived for the most general case where the effective interaction I changes 
the exciton number without any restriction. Therefore, in (4.6) the sum over m occurs. 
It displays the fact that starting at the initial single-particle state 1p different 
exciton states (2p1h, 3p2h, ...) can be excited by a single step (multi-doorway model). 
However, in nuclear physics it is quite reasonable to choose I as a two-body interaction 
which cannot change n by more than 2 (Дп=п'-п=2,0,-2). Therefore we specify gill damping 
and escape widths (4.4) henceforth by the superscripts (+), (0), and (-). However, the 
damping widths do not occure because they cancel in (4.7) automatically. 

The two-body assumption simplifies the SMC model (4.6) essentially. Thus the dynamical 
matrix AQI1, becomes three-diagonal. Otherwise, the sum over m disappear, and the multi-
doorway model reduces /5/ to an 1-entrance doorway model with the initial exciton number 
m = bo-

Mat hematic ally, the two-body assumption is connected with a transition from GOE to a 
Two-Body Random Ensemble (as a special case of an Embedded GOE) /22/. This transformation 
can be performed by a manipulation of the state densities SQ adjoining I2 in (4.4). Intui-
tively, this problem was firstly solved by Williams /26/ who has introduced the density of 
accessible final states Э^11^ for damping widths. The final state densities for escape 
width?are also obtained by combinatorical methods from appropriate diagrams /2,13/. This 
procedure contains the assumption that the two-body interaction is independend of exciton 
number, I2(n,n») = I2. 

The inverse of the three-diagonal dynamical matrix in (4.6) is easily solved by the 
iterative relation, 

^ C _ Г 1+1 I -г + Г 1 " 1 i т - Г т ^ . 9 ) 
nn„ 1 h-1 * 'n+i • ln 

here 
where Г^ = + is the total width. Relation (4.9) which was obtained^by contrac-
tion technique is well-known as the time-integrated master equation. Mathematically,this 
can be understood from the definition of the mean life time 

T n " Î P n U ) d t - ( O n . n <4.io) 
0 

where the occupation probability PQ(t) satisfies the Pauli mater equation 

dPQ/dt = - E P ^ (4.11) 
m 

and the conditions PQ(t=0) = 6 n a , and Pu(t= w ) =0. 
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Assuming, 5 0 (never-come back assumption) eq. (4.9) reduces immediately to the 
result of Feshbach e.a. /2/, 

л'п u=n » U ' 

(4.12) 

(4.13) 

(4.14) 

where the value in ruund brackets is interpreted as depletion factor. But the never-come 
back assumption fails in the description of emissions from complex states п^»п0, espe-
cially at n = ñ 3 (2gfî)1/2, where + ̂  ~ holds. Here, g = A/13 is the single-
particle state density of the composite system (in MeV-''). Thus, in contrast to the master-
eq. approach, (4.10) together with (4.9), which describes both preequilibrium and equili-
brium emission in an unified manner the approach (4.12) is applicable to preequilibrium 
emission only. In the last case, the compound-nucleus emission has to be calculated 
separately within an evaporation model or Häuser-Feshbach theory. This was done in /9,10/. 

Returning to the SMC cross section the two-body assumption reduces (4.6) to the familiar 
form 

I 5 M t f N К 

M . С Н Е т „ ( г Д ' ) 1 + С ' ( е ' ) 1 + r ; V ) t ) A 
d e n»ne

 г г г 

where the absorption cross section (into bound configurations) 
SMC 

е Г ( е ) - 2 U¿ ^ u ) = ^ Г S(+) - ^ Г 
P-tr.V á z « 4 " 'h-1 * 

acts in (4.13) as a normalization constant. 
If now the unbound/bound reduction (3.1) is used the SMC-model becomes free of matrix 
elements throughout. This is, because f̂ ß( £' )î » aad a r e both proportional to "ï̂ , 
and all cancel exactly within the sum of (4.13). The only mean square matrix element 
that survives is that in (4.14) which defines the normalization constant. In this way the 
s h a p e of the SMC emission cross section becomes independent of I . 
For the sake of completeness we have to mention in which sense the SMC-model. (4.13) differ 
from the phenomenological EM. The only difference lies in the definitions of escape 
widths. Within the EM the emission rates (for simplicity we ignore neutron/proton distinc-
tion) 

Ы а , Е . ) - lîîi E i ^ ( I Г < - 5 > 
t t V J F E I 

are obtained from Detailed Balance principle, and o1IIV is approximated by the OM reaction 
cross section. However, the phenomenological formula (4.15) can be derived immediately 
from Г^(о)(е')t /h defined in (4.4b) if the final state density is taken from (5.16) of 
refs. /2/, and if we use the straight^orward definition 

G ' m V ) H ( H i r V n Т\(п,пУ) si0> for n -n . (4.16) 

In (4.16) the final state density for Дп = 0 transitions /27/ 

С - { p ( p - 0 + Hph + M h - o } / . ( 2 r O (4.17) 
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should be used. 

In summary, it has been shjown that in contrast to the SMC-model (4.13) the EM contains the 
escape width for An = 0 transition only, i.e., ) t = 0 = P ^ ^ ^ O f • Further-
more, since in EM the entire inverse cross section (4.16) rather than ?(n,n»£') enters 
the emission rates the matrix elements cannot cancel within the EM. 

5. SMD-processes 
Originally, the random-matrix approach /1,5/ was formulated as a pure SMC theory. But 
there are several different attempts to include afterwards direct reactions into this 
approachs 
i) The S-matrix in the presence of direct reactions is reduced to the one without 

direct reactions by an unitary Engelbrecht-Weidenmüller transformation U, so that 
all informations on the direct reactions are contained in U /28,29/. 

ii) First of all, the statistical assumptions (2.3) are introduced within the leading-
particle concept /24/ formulated for description of angular distributions in fast 
processes. 

iii) After discretization of the continuum by a Hernandez-Montragon transformation /30/ 
direct interactions are replaced by interactions between resonant states. These 
are incorporated into a Generalized random-matrix model /21/ for both SMC and 
SMD processes based on GOE and GUE. The obtained model which is the microscopical 
counterpart of the phenomenological EM can be applied for excitation energies 
below 2"0'MeV only. 

Besides the above approaches we present now a rigorous derivation within the essential 
framework of random matrices (GUE)-. Starting at (1.7), and using the statistical assump-
tions (2.3) the SMD cross section in (1.10) splits into a sum over_s-step contributions 

G - Г - z ( ü j s i t i > i . f l Z í é n ; ) ' - z r к 5,0 I J t-0 Ы 

Here we ignore all internal contractions, i.e., in contrast to the SMC-case (4.2) we have 
Gu = Gu. It leads to the propagator contraction 

3 J <Gu G u * W , n 9 c » 2 * 2 V U ) ( 5' 2 ) 

which differ essentially from (4.8). In (5.1) we have to distinguish between two kinds of 
unbound matrix elements, where 1ц3 <C- I 11 - ̂  is defined between outgoing wavea 
and otherwise В <(- | I | is defined between one incomming and one outgoing wave. 
But following ?eshbach /31/ we take 

ÇTxcï) " V í a ? (5-3) 

After performing all (first-order) cross-contractions in (5.1) we obtain for the single-, 
and s-step contribution 

• H b , . 3 , ( 5 # 4 a ) 

Î Ë a M . J û L J _ W W ) 
deem' " i** 



3 2 

¿ (5.4b) 

with the transition probability (for particle-hole excitations) 

•• = V litefl^.efíp) 3n(?+1 (U) (5.5) 

where n = 2s+1. For the mean square matrix element the parametrization (3.2) and (3.4) 
should be used. Expressions (5.4) were obtained already by Feshbach e.a. /2/ by different 
methods. Notice, that the definitions of the transition probability (5.5) differ from that 
in /2/ by a factor 9(£) S(£')/4it, and from that in /13/ by a factor S(С)/4я. 

The excitation of collective modes can be introduced easily into this concept by replacing 
the particle-hole matrix element by a simple ansatz, 

Ju * Iu + Xvib + Irot ' (5*6) 

where Ivil3 and Irot describe the excitation of vibrations (phonons) and rotations. 
Assuming statistical independence between all different types of matrix elements 
0, etc.) the transition probability (5.5) splits into three components, 

M ( s ) . . (S) <>x , ( s )v ib , , CsVret . 
W<p = W*p + + % . (5'7) 

4Here, the label (ex) denotes the non-collective particle-hole (exciton) transition proba-
bility. 

For the angular distributions we obtain from (3.4) together with the oversimplified 
assumption that £,£')'is independent of both £ and £' a simple expression^each s-step 
process fer 

d'cfftá _ (e) 

с w а л ' ~ Нтг d£' t 
E U L + i ) / u ? L ( c o s 0 ' ) . ( 5- 8 ) 

6. SMD/SMC-model 

The aim of this Sect, is to connect the obtained SMC and SMD results according to (1.10) 
into a simple model available for numerical calculations in the incidence energy region 
between 5 and 30 MeV. For this reason our model bases on the assumption that the single-
step and two-step contributions are of pure direct type (5.4), whereas all next following 
steps (beginning at exciton number nQ = 5) are pure SMC-processes (4.13). The double-
differential x-section will be written as 

6E diï 4tt 

i 5MD, ч 

de' i d e 

i S M C / \ de«? (e) (6.1) 
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In (6.1) the angular distribution of the SMC-emission is assumed to be isotropic while for 
the SMD-processes the empirical systematics of.Kalbach and Mann /32/ rather than (5.9) is 
used. 

The SMC x-section in (6.1) is defined by (4.13) and (4.9). For the appropriate final state 
densities of escape and damping widths (4.4) we refer to /13/. The normalization constant 
in (4.13) is chosen as 

where a a is the optical model reaction cross section (Wilmore-Hodgson for neutrons, and 
Becchetti-Greenlees for protons). 

Within the SMD-description we restrict ourselves to the excitation of non-collective 
particle-hole states and surface vibrations, i.e., the first two terms in (5.6). For the 
explicit expressions of the (angle-integrated) transition probability (5.5) we take the 
ansatz 

E-Ün). (6.4) 

The label (s) on is omitted in (6.3) and (6.4) since we assume an adiabatic 
behaviour of the target nucleus in which the excited particle-hole pair or phonon does not 
influence (the final state density of) the next following collision. Through the combi-
natorical factor /13/ 

Raß = 6aß + ^ * ( N 6ß T
 + Z W / A 

in (6.3) the statistical weight of the creation of particle-hole pairs of neutrons and 
protons as well as exchange processes (non-diagonal part) is considered. Á,N,Z refer to 
the mass, neutron, and proton number of the target nucleus. After inserting (6.3) in 
(5.4a) we obtain, for example, for the (neutron inelastic) single-step process the fami-
liar form 

^ й _ I mV« \ г
 H t i jT l ± f J T <6.6, 

if \htfl \г U 
p 

The exact value of I in (6.3) and (6.6) will be estimated below. 

Expression (6.4) describes the excitation of phonons of multi-polarity X̂ at energy C04, 
and with deformation parameter ß^ . For the mean square matrix element Ie the simple 
ansatz /33/ 

» (3a/R)2 ß 2 V 0
2 /( 1 6ti) (6.7) 

is done, where VQ = (52 - О.Зе) MeV is the (OM) real well depth of the nucleus. The square 
of (3a/R) — ^surf/% (б-?) introduced since we restrict ourselves to processes 
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which take place oil the nuclear surface (surface vibrations). In this way V-̂  which enter 
both S(E ) and. 9 (t') in (6.4) will be replaced by V=„ „ 4TtaR2, where a = 0.65 is the л /-i Suri 
diffusness parameter, and R = 1.2 A / J fm. In contrast to the particle-hole excitation 
(6.3) there is no spin factor (2s+1) in (6.4). It is dropped since in phonon excitations 
spin-flip processes are negligible /33/. 
Besides the parameters ß^ and which can be taken from nuclear data tables /33,34/ the 
phonon-excitation ansatz (6.4) is parameter-free. It differ from the oversimplified 
assumption in /13/ where I 2 gel2, and *эе ̂  1. л 

p 
There remains now the important question of how to determine the precise value of I which 
enters (6.3). This will be done starting from the known OM reaction cross-section (for 
neutrons) which can be decomposed into a (energy-integrated) single-step and one multi-
step component, 

(•0 , \ ^ (HI 

'P 
G j e ) = 2 O e ) + G Í (E) . < 6.ej 

- p-TT,v 

The multistep contribution 

G ( M l U ) - Z t t V " f A + Z 8 ¿V + Vi 
" " " 1 7 I 2Ä 1 1 ~ C6-9) 

includes all processes in which the ingoing particle produces a composite system that 
decay by further collisions into more complex states. Ignoring unbound/bound restrictions 
in the final state density all multistep processes (without SMD/SMC-distinction) are 
considered in (6.9) immediately. Using (6.8) and (6.9) we obtain the value of l2 from the 
OM reaction cross-section. In solving this problem it turns out that I 2 depends on inci-
dence energy and can fairly be approximated by 

I 2 = I 2 ( £ ) Ci 1800 A" 3 E" 1 for A £ 4 0 0 , (6.10) 

and E ~ 5 MeV. Formally, it looks very similar to the Kalbach-Cline parametrization /35/, 
however, in (6.10) there is an incidence-energy dependence rather than a dependence on 
excitation energy E: . Even the parametrization (6,10) provides to obtain simple analyti-
cal expressions for the direct two-step processes similar to those given in Appendix В 
of /13/. 

7. Results and Summary 

Calculations of (n,n') and (n,p) emission spectra within the SMD/SMO-model (code EXIFON 
/36/) were performed for four nuclides at different incidence energies £ • The following 
input data are used: 

Bv/MeV B/MeV CO g/Me V ß 2 (03/MeV . ß? 

52 - Cr 7.8.0 11.04 1.42 0.22 4.60 0.18 
56 - Fe 7.64 9.09 0.85 0.24 4.52 0.18 
65 - Cu 6. 95 8.37 1.35 0.18 3.70 0.16 
93 - Mb 7.26 6.57 0.93 0.10 2.30 0.13 

The binding energies are taken from /37/ ( linear -shell-term formula). In the calcula-
tions we have restricted ourselves to the lowest 2+, and 3~ phonon excitations only. The 
values 0 2,ßg are taken from /34/, while U , is taken from the systematic given in /33/. 
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The ßyparameter was approximated by (0.007c¿3)1//2. All delta functions in (6.4) are 
replaced by Gaussians of width 1 MeV for E S 20 MeV, and 2 MeV for I = 25.7 M«V.In using 
g = A/13 we ignore shell- and pairing-effects till now. Finally, we use r = 1.2 fm in 
(3.3). 

Results are depicted in.Fgs. 1. to 9. The meaning of the curves: SMC-contribution (dotted 
line), SMD-contribution (dashed - dotted line), the sum of SMC and SMD (full line). 
Further, the individual single- and two-step contributions (broken lines) are denoted by 
the appropriate label. 
At E = 14 MeV the discrepancy in the low energy part is due-to the neglection of 
(n,2n)-processes in our calculations. For E = 25.7 MeV.also the Legendre-coefficients of 
the double-differential cross-section fL(£,E') =(d0

SMD(£)/dt')/(do(S)/d£'JaL(£') are 
shown. Finally, for 93-Nb also (n,p) energy-and angular distributions are depicted for 
£ = 14 MeV. Experimental data are taken from /38-42/. 

The incidence energy dependence of SMC and SMD processes, as well as the individual SMD-
contributions (in mb) are summarized in the following table for 93-Nb. 

£/MeV o v SMC SMD (ex) (vib) (exex) (exvib) (vibex) (vibvib) (vibvibvib) a yit 
5.2 2037 1861 176 68.0 104 <0.5 

14.0 1781 1410 335 184 .112 9.1 
25.7 1536 828 568 338 86.3 56.5 

0.7 1.3 1.2 0.0 0.4 
7.9 15.7 5.9 0.2 36 
24.9 53.3 8.7 0.5 139 

As we see, particle-hole excitation rises with increasing energy whereas the phonon-con-
tribution is almost incidence energy independent. The direct three-phonon excitation which 
was also included in the calculations turns out to be negligible, and can thus be 
neglected. 

In summary, the predicted SMD/SMC-model which was obtained from first principles is success-
ful in reproducing of experimental data. Despite the fact that it includes besides ttie 
SMC-processes also the multistep direct excitation of non-collective and collective modes 
this model is extraordinary simple (computing time of micro-computer: a few seconds). 
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APPENDIX 
In order to familiarize the reader with the unbound/bound transformations-(3.1), (3.2) 
we look, for example, at the (angle-integrated) bound-unbound interaction • 

Г ( п , п ^ ) в Jda'Pin.n'eW) = S ( 2 ^ 0 Г ( П , П ' Е Ч ) (A.D 

Consider now the single-particle (radial) wave function of the unbound state in 
"l2(n,n' £'l), which has the form (for kR>1) /43/ 

f t M - s ^ ' K i t ) ( R / t í V Í K - Ü ) • ( A- 2 ) 

inside the nucleus (r á R), whereas the smooth energy-dependent part "U.(r) of type sin 
(kr) is normalized to unity. If we take £(21+1)— 2(kR) /3 we obtain immediately from 
(A1) and (A2) the final result (3.1). A similar explanation is presented in /3/. 
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Note added in proofs 
The escape mode ( И ia (4.13) is energetically impossible and should be 
neglected in SMC-processes where all particles are in bound configurations. However, 
in additional calculations it was proved that even this mode has a small influence on 
the SMC-emission spectra tdp n - 5. 
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DOUBLE-DIFFERENTIAL NEUTRON EMISSION CROSS SECTIONS OF 2 3 8 U AT 14 MEV NEUTRON INCIDENCE 
ENERGY 

T. Elfruth, T. Hehl, H. Kalka, H. Marten, M. Payrovan +, A. Ruben, D. Seeliger, К. Seidel 
and S. Unholzer 

Technische Universität Dresden, Sektion Physika Mommsenstr. 13, Dresden, ODR-8027, GDR 

Abstract 

Neutron emission cross sections have been measured with time-of-flight spectroscopy 
in a wide range of emission angles. The data obtained are compared with previous results. 

The emission cross sections have been calculated without any parameter fit. Multiple 
chance fission, (n,inf) with i = 0,1,2, and (n, jn )-processes with j = 1,2,3 have been 
taken into account where in the pre-equilibrium stage of the compound system single-par-
ticle and collective excitations have been included. 

1. Introduction t 
233 

In fusion-fission hybrid reactor designs U is a blanket component arranged at the plas-
ma chamber wall for neutron multiplication, energy enhancement and plutonium breeding. 
Therefore, the cross sections of the total neutron production and of all partial proces-
ses at 14 MeV neutron incidence energy must be determined with high accuracy /1/. The in-
vestigation at 14 MeV is also of use for fission' reactor data at other energies in the 
fast neutron range. 

In experiments either the neutron emission is determined as sum of contributions from 
all open (n,xn)-reactions and from all fission channels or (if it is measured in coinci-
dence with a fission chamber used as sample) as sum of fragment neutrons and pre-fission 
neutrons from all open fission channels. Theoretical calculations must be performed to 
decompose the measured data, where the energy and the angular distributions of the emitted 
neutrons can be used as information sources. 

In the work presented, the double-differential cross sections of the total neutron 
emission are determined with the time-of-flight spectrometer at the pulsed neutron gene-
rator of TU Dresden. They are compared with data obtained by other groups /2-5/ and with 
the ENDF/B-IV evaluation. 

In a second part of the work, the double-differential -cross sections of all neutron 
producing reaction channels are calculated using statistical models of direct reactions, 
compound reactions and fission. The components are summed up and compared with the expe-
rimental results. 

2. Measurement 

The experimental arrangement is shown in Figs. 1 and 2. Ring geometry with flight path 
arranged at go 0 to the deuteron beam direction is used, so that the average incidence 
neutron energy E is 14.1 - 14.2 MeV for all emission angles 15° - ty - 165° ( and symme-
tric to ffl= 90°). The flight path is about 5 m> The neutron generator operated in a 
pulsed regime with deuteron pulses of 2 ns f.w.h.m. and 5 MHz repetition rate, produces 

q 
2 - 5 x 10 n e u t r o n s p e r s . The neutron production is determined by counting the a-par-
t i c l e s . 235 The s a m p l e c o n s i s t i n g o f m e t a l l i c u r a n i u m depleted in U to 0.4 has 8.0 cm inner 
d i a m e t e r , 12.0 cm o u t e r d i a m e t e r and a thickness of 0.6 cm. 

The n e u t r o n d e t e c t o r i s a l i q u i d s c i n t i l l a t o r NE 213 (12.7 cm j2 x 3.8 cm) coupled with, 
a XP 2 0 4 1 p h o t o m u l t i p l i e r . I t i s b i a s e d a t 2 MeV neutron energy; The neutron detection 
e f f i c i e n c y £(E) i s d e t e r m i n e d by t ime-of-flight spectroscopy of neutrons scattered from 
H, o f 1 4 . 1 MeV n e u t r o n s and o f n e u t r o n s f r o m a C f-252 fission chamber. A Monte-Carlo code 

+ f r o m I . R . I r a n , IAEA f e l l o w s h i p 
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is used to calculate £(E) too. 
The microcomputer control of the spectrometer with free-programmable sample changing 

and shifting (i?) allows to subdivide the data acquisition in many short periods to in-
spect the data after each short-time run and to cover the chosen tß' many tiroes. 

The data obtained are reduced to G „(Е ; Е.т?-) by nM о ' ' 

M t ) / ¿ E - A O c - e - s ' - f r W 

S « « ( E - ¡ E . * ) . - N*1 Z N • F„ • E(E) 
where N

n ( t ) is the neutron time-of-flight spectrum corrected for background, dead time and 
differential non-linearity; N a are the a-counts; is the solid angle of a-counting; 
fj is the number of a-particles/sr counted per 14 MeV neutrons/sr striking on the sample; 
s is the distance tritium target/sample; L is the distance sample/neutron detector; F 0 is 
the neutron detector front-area; Z M is the number of uranium nuclei in the sample; £.(E) 

s ** 
is the neutron detector efficiency. 

More details of the date acquisition and reduction procedure can be found in Ref. /6/. 
The cross sections transformed into the center-of-mass system and integrated over ф are 
shown in Fig. 3. The error bars represent only the statistical uncertainties. The syste-
matic uncertainty of the quantities in equ. (1) is altogether 10 % to 15 % /6/; but the 
G n M must be corrected for finite sample size yet. 

The comparison of the G ? n M ( E ) available in the literature, shows a spread larger th an 
the required accuracy. The ENDF/B-IV evaluation underestimates at least the emission of 
high-energy neutrons. The angular distributions are in ENDF/B-IV assumed to be isotropic, 
with exception of those for the four pseudolevels. But, also in the middle-energy range 
they are forward-peaked as shown in Fig. 6 for E = 5.5 and 7.5 MeV and in Ref. /3,5/. 

3. Calculation 

The neutron producing reaction channels open at 14 MeV neutron incidence energy are 
shown in Fig. 4. At each stage of a compound-system cascade connected by neutron emission 
(n^), the neutron emission competes with fission leading to fragment neutron evaporation 

and with y-deexcitation. The G Е,1?") determines all following neutron emissions 

G n , ... and the number of fission events in the channels f ., f,,, , ... Contributions 
J+i j j+i 

to n^ arise not only from compound nucleus emissions but also from direct and other pre-
compound processes. Therefore, especially the n^-emission should be treated carefully. 

The SMD/SMC model /7/ used to calculate the , has the advantage that in the 
statistical multistep direct processes (MSD) besides particle-hole excitation (excitons) 
also direct collective vibrations (phonons) are included in a consistent way. The contri-
bution of direct scattering from the ground-state rotational band is separately taken into 
account using a calculation of Lunev /8/. The statistical multistep compound (SMC) emis-
sion is calculated by solving the master equation for pre-compound and compound nucleus 
stages beginning with n = 5 exciton states. 

The cross sections of the three fission channels are calculated by Maslov /9/ using 
double-humped fission barriers. The value obtained for G * + G . t + G « , , i s Ln r w n , T w n , n t n (¿nt 
agreement with recent experimental data and is 5 % smaller than _that Qf ENDF/B-IV. 

The energy and angular distributions of the fission neutrons V^jiE.-v?") are calculated 
with the GMNM-code /10/ that starts with neutron evaporation spectra (Maxwellian) in the 
system of the accelerated fragments which are assumed to be spheroids. The ( V n f + 

. + V n 'f + Vr, с n f ) — value is as in ENDF/B-IV. П I П Г' П F ь ill 
The sum of all neutron producing components is compared in Fig. 5 with experimental 

data of angle-integrated emission cross sections. 
The altogether relatively good description of the E-dependence shows that the main 

reaction mechanism are met. The deviation for E ^ 10 MeV nay be caused by both experimen-
tal and calculation inaccuracies. 

The angular distributions in the middle-energy range of the spectrum presented in 
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t i o n t r i g g e r ; B n , p r o t o n - r e c o i l - e n e r g y d i s c r i m i -

n a t o r ; n / y , n e u t r o n - g a m m a d i s c r i m i n a t o r ; CO, 

c o i n c i d e n c e ; • s a m p l e s h i f t e r ; ß v s a m p l e 4 ^ —r 
c h a n g e r ; TAC, t i m e - t o - a m p l i t u d e c o n v e r t e r ; 
U / D - C , u p - a n d - d o w n c o u n t e r ; ADC, a n a l o g - t o - d i g i -
t a l c o n v e r t e r ; CC, c o n t r o l l e r o f t h e CAMAC 
c r a t e ; MPS, m i c r o c o m p u t e r 

F i g . 3 A n g l e - i n t e g r a t e d n e u t r o n e m i s s i o n c r o s s 
2 3 8 sections of U at E = 14.15 MeV. о 

f , p r e s e n t w o r k ; x / 2 / , < > / 3 / . Д / 4 / , + / , 5 / ; 

, E N D F / B - I V 

E [MeV] 
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n(E0=1/i.15MeVKa8U : 

(n,n') (n,2n) (n,3n) 

tr '«r '«r JlT 

njp- 7238 up-m u p * •Çu) 
Л, n<2 

(n,f) (n,n'f) (n ,2n f ) 

F i g . 4 N e u t r o n p r o d u c i n g r e a c t i o n c h a n n e l s 

o f 238, U bombarded with 14.15 MeV neutrons 

E [MeV] 

F i g . 5 E n e r g y - d i f f e r e n t i a l n e u t r o n e m i s s i o n 

c r o s s s e c t i o n c a l c u l a t e d as sum o f t h e com-

p o n e n t s i n d i c a t e d i n F i g . 4 ( ) , and com-

p a r e d w i t h e x p e r i m e n t a l d a t a ( x / 2 / , 0 / 3 / ; 

^ , p r e s e n t w o r k ) . The n ^ - e m i s s i o n c o n s i s t s 

o f ( ) o n e - s t e p d i r e c t s c a t t e r i n g f r o m 

r o t a t i o n a l s t a t e s ( r ) w i t h e x c i t a t i o n o f 

v i b r a t i o n s ( v ) and w i t h e x c i t a t i o n o f 1 

p a r t i c l e - 1 h o l e s t a t e s ( e ) , o f t w o - s t e p 

d i r e c t s c a t t e r i n g ( е е + v e + ev + v v ) and 

o f s t a t i s t i c a l compound e m i s s i o n s (SMC) i n 

t h e p r e - c o m p o u n d and i n t h e compound n u -

c l e u s s t a g e . 

Fig. 6 Double-differential neutron emission 
cross sections at emission energies 5*5 MeV 
and 7 . 5 MeV calculated ( ) as sum of the 
n 1 emissions ( ) and all fragment neu-
trons (n, + n t + n f = n,, ---), and 

fo f l f 2 f 

compared with the experimental data of the 
present work. To discuss the relative an-
gular distributions, the calculated values 
are adapted to the experimental by the 
factors inserted. 

ф 
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Д SEMIEMPIRICAL DESCRIPTION OF DOUBLE-DIFFERENTIAL NEUTRON 
EMISSION SPECTRA FOR 93-NIOBIUM 

M. Torjman, H. Kalka, D. Hermsdorf, D. Seeliger 
Technische Universität Dresden, Sektion Physik, Mommsenstr. 13, Dresden, DDR-8027, 
German Democratic Republic 

Abstract 

A simple procedure- of semiempirical parametrization of the direct contributions in double-
differential neutron emission cross sections is proposed. For the case ^Nb + n in the 
broad incidence energy range from 5 MeV to 26 MeV this ansatz is proved. In addition to 
spectra calculations with thé exciton model it provides a satisfactory description of the 
experimental behaviour in the full neutron incidence and emission energy range including 
angular distributions. 

1. Introduction 

The knowledge of accurate double-differential neutron emission cross sections in the 
whole incidence energy range up to 20 MeV is of crucial interest for fusion reactor 
blanket and shielding calculations /1/. 
Theoretical predictions are needed, especially, to fill the gap of experimental data on 
double-differential neutron emission cross sections in the incidence energy range between 
7 MeV and 14- MeV. One of the few cases, for which experimental double-differential neutron 

93 emission cross sections are available in the whole energy range, is ^ Nb+n. 

Therefore, this case is a very suitable one for testing the applicability of different 
models and computer programmes along the energy scale /2, 3/. In this way, the most 
suitable theoretical approaches could be selected for the calculation of the main body of 
missing information on double-differential neutron emission cross sections. The present 
paper is one attempt in this direction mainly aiming a simple theoretical description of 
the highest part of emission spectra suitable for date evaluation 

2. Exciton Model Calculation 

During the last 20 years the exciton model and its later modifications was widely and 
succesfully used for calculations of neutron emission spectra /4-7/. 

However, this simple statistical multistep reaction model does not describe single-step 
direct excitations of noncollective and especially of collective modes which, are 
responsible for the highest part of experimental neutron emission spectra (It is well-
known for many years, that the direct collective excitation of low-lying states by 
inelastic scattering of neutrons occurs with high probability). 
An empirical ansatz for the average description of the direct part (DI) in the double-
differential neutron emission cross sections is presented in sec. 3 which has to be added 
to the emission spectra calculated by the exciton model (EM), where the assumption ïs 
made, that the anisotropy of angular distributions is due-to the direct excitation only: 

de'dft ~ Ни 
Z(U-HKl¿)Pu(cosó) + 

de' L d t 

( 1 ) 
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The expansion coefficients ) are taken from the Ealbach-Mann Systematica /8/. 

The emission spectra of the exciton model 

= h'x^lO ( 2 , 
d e 

is calculated without fitting parameters by means of the code AMAPRE /9/. The life 
time tq is taken from (up to t/=cO) time integrated master equations including in this 
way also the compound nucleus neutron emission. For the emission rates wa(£') from 
n-exciton states the well-known formula basing on the detailed balance principle is used. 
The transition rates 'X * and ^ ~ which occur in the master equation are calculated by the 
Golden Rule using final state densities of Oblozinsky e.a. /10/. 

The mean square matrix element is estimated from the imaginary part of the optical model. 
Nuclear structure influence (shell and pairing effects) on the exciton state density are 
taken into-account following /11,12/. 
Further details of the exciton model calculations are reported elsewhere /9,13/. 
As yet, calculations with the code AMAPRE do not include the emission of secondary 
neutrons. However, for investigations of the high-energy part of the spectra this is not 
necessary. The results of this calculations are shown by dotted lines in Fig. 1 - 3 . 

3. Parametrization of the direct Contribution 

The usual way of calculating direct reaction contributions by DWBA or CC methods is 
well-known /14/. The task is more involved in the case of statistical multistep direct 
theory /15,16/. Special nuclear structure informations are needed in both cases for prac-
tical calculations which are usually both difficult and time-consuming. 
On the other hand it was founded from comparisons with experiments, that the direct part 
in the spectra shows a simple systematical behaviour, suitable for crude empirical 
parametrization /17,18/. 
Basing on this observations we propose the following empirical ansatz for the direct 
contribution to the differential cross section in (1): 

i ^ ) . Çl a (£,£•). 
it' e * 

With a normalization constant C^ [mbj and the relative function 

is given by a Gaussian having the width 
D - I /C2 • (5) 

and the Heavysida step function ). 

In the case of -^Nb we found that using the constants C^ » 600 mb and Cg = 3 a reasonable 
description of the experiments is obtained, as shown at Figs. 1 - 3 by broken lines. 
The parametrization of the direct part (3) leads to a constant energy-integrated value, 
independent of incidence energy, 
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C2 

-TT x >1/2 

(б) 

The sum of both contributions (1) shown as full line is in satisfactory agreement with 
the experimental emission spectra in a very broad, incidence energy range, except the 
lowest part of the spectra, where secondary neutrons from the (n,2n) reaction occur. 
To compare the calculated angular distributions with experimental data we use the 
Legendre polynomial expansion 

Comparing (7) with the model ansatz (1) and the definition (4) we get the relation 
between f T and the Kalbach-Mann coefficients aT as 

Formula (8) can be interpreted as the reduction of Kalbach-Mann coefficients due-to the 
dominance of isotropic multistep compound emission at lowes emission energies (This is 
understandable, because the a L (£') coefficients had been fixed at high incidence 
energies, where the direct process is dominant). 
Both coefficients aL(Ç,') and fL(Ç,fc') are shown on Figs. 4 - 6 for L = 1,2. It is evident, 
that the reduced coefficients fj^E.t') give a much better description of the experimental 
angular distributions than the a L(f ) coefficients. ' 

4. Conclusions 

In the case + n the simple parametrization of direct excitations introduced give a 
reasonaDle description of the experimental spectra over broad incident and emission 
energy ranges, including the highest part of the spectra. 
Below 14 MeV the calculations with the exciton model predict neutron emission with only 
a very small part of pre-equilibrium emission, whereas direct contributions to the 
spectra in (1) are constant (about 200 mb) and independent of incidence energy. 
At higher incident energies the exciton model calculations show a remarkable part of pre-
equilibrium emission which is separated on the energy scale from the main range of direct 
(collective) excitation. At 14 MeV the present analysis overestimates the part of 
emission spectra, where both the direct (collective) contribution and the pre-equilibrium 
part of the EM calculation are in the same order of magnitude. 
This might be caused by a double-counting of emission processes from Uq = 3 states in the 
EM and the direct (two-step) contribution. 
Further investigations for other nuclei are needed for coming to conclusions about the 
possibilities of the use of the parametrization proposed for nuclear data evaluations. 

d zG (e) = do; (&) 

d&'dSl = т̂г de 
S U u O Ue.e') ?L(cos 0). 
i 1 

(7 ) 

(8) 
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Figure captions 

Fig. 1 Experimental integrated emission spectra at £ = 5.2, 6.2, 7.2, and 9 MeV 
/19,20/; dotted line exciton model; broken line - parametrizations (13) of 
direct contributions, full line - sum of both contributions. 

Fig. 2 As fig. 1 for £ = 14 MeV, experiments from /21/ 
Fig. 3 ; As fig. 1 for E> 20 MeV and 25.7 MeV, experiments from /23,24/. 
Fig. 4 Legendre coefficients of angular distributions for 5.2, 6.2, 7.2, and 9 MeV 

/19,20/; broken lines - aL(£'), full lines - fL(€,t») for L = 1.2 
Fig. 5 As fig. 4 for Ç » 14 MeV, data from /21/. 
Fig. 6 As fig. 4 for Z = 25.7 MeV, data from /23/. 
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NEW SET OF ONE-FERMIOM LEVEL DENSITY PARAMETERS 

Capote R., Herrera E., Kabin E. , Lopez R., Osorio V. 
Inst i tute of nuclear science & technology, 
P.O.Box 6122, Havana, Cuba 

1* Inst i tute f o r nuclear research, Moscow s t a t e university, 
117234, Moscow, USSR 

ABSTRACT: A new set of l e v e l density parameters 
for unified preequilibrium and equilibrium c a l -
culations i s obtained. S y s t e m a t i c s for this 
parameters are proposed. The nev parameters 
guarantee the cons is tency betveen the sum o v e r 
a l l p o s s i b l e p a r t i c l e - b o l e components and the, 
one- fermion total l e v e l density . 

The achievement of consistency between the sum over all 
possible particle-hole, components and the one-fermion t o t a l level 
density 

exp [2УоОЬО)] 
S <p,h,U-D> = = C»> 
L 1 V48 C U - D ) 

P = h 

is a real need in unified preequilibrium and equilibrium model 
calculations* ^ 

However commonly used a and D Dilg's p a r a m e t e r s ^ don't 
s a t i s f y mentioned condition<see fig. 1Э, because they are 
obtained by f i t t i n g experimental data using two-fermlon level 

density formula. In the present contribution a new s e t of level 
density parameters <x̂  and D^ f o r nuclei with mass number 

40 ¿ A < 2S0 were obtained. For this new s e t of parameters the ¡ 
relation <»> Is valid and t h e r e f o r e the consistency is achieved. 
Calculations using d i f f e r e n t level density parametrizations were 

compared with experimental data. A good agreement was achieved by 
using a^ and D^ parameters ( s e e fig.2). A s istematics f o r the 

parameters ln the range 50 < A < ISO also Is proposed : 
a = <184 ± .0075.4 - <4.7 ± .3) f o r SO < A < 85 1 
a = <113 ± .003ÏA for 86 < A <130 i 
D » P - <96 ± 9УА'1 f o r SO < A < 150 

1 3} where P is calculated with Kummel's parametrization 
New parameters a^ and D^ allow the practical use of the pairing 
correction f o r p -h s t a t e densities proposed by Ignatluk and 

4> 5 ) Sokolov as was suggested by Fu 
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2 1 6 8 lo 11 iA lí ig 20 22 UfMíV] 
EXCITATION 

6 8 lo 12 1С. IS го 21 '24 w 
EXCITATION ENEfi-ôy [MeV] 

f i g . l Fits of particle-hole s t a t e density sum with DUg's 
parameters a and D [—•—1 and a ̂  ,D^ parameters С ] 
t o the one-fermion t o t a l level density [••••••]. 

U[MeVl 0 4 8 12. ib ¿o ZA g [MeV] 
-b - 2 

Fig. l Fits of level density parametrizations t o the experimental data * 

2> 
7) Dilg's parametrization 

-•— Gilbert 8t Cameron parametrization' 
. . . . . One-fermion t o t a l level densities with a ,D parameters 
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/ 

- e - иСМа-V] 

Fig.2 Fits of level density parametrizatlons t o the experimental data^'*^. 
2 > Dilg's parametrization 

7> Gilbert & Cameron parametrization 
One-fermion t o t a l level densities with a ,D parameters 
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Table l.Level density parameters CL^ÍMev"1) 'and / iJÍ^ÍMeV). 

• 1 = °-5 Irï9 ' . 1 -

Even - even nuclei: 
Ca-20/44 4.78 1.60 4.95 1.35 
Ti-22/48 4.79 1.13 5.31 1.23 
Ti-22/50 4.80 2.43 5.04 2.18 
Cr-24/54 4.71 .87 5.44 1.09 
Fe-26/58 5.44 1.22 6.18 1.32 
Ni-28/62 5.85 1.40 6.64 1.55 
Zn-30/68 6.58 1.14 7.28 1.19 
Ge-32/74 9.16 1.44 9.42 1.30 
Se-34/78 8.87 1.51 9.81 1.50 
Sr-38/88 8.06 2.49 8.52 2.39 
Zr-40/92 9.12 1.51 10.01 1.51 
Mo-42/96 9.53 1.17 10.44 1.17 
Mo-42/98 10.15 1.00 11.10 .99 
Ru-44/100 9.97 .87 10.83 .83 
Ru-44/102 11.04 .80 11.97 .78 
Pd-46/106 12.35 1.50 13.38 1.49 
Cd-48/112 12.52 1.59 13.77 1.60 
Cd-48/114 13.33 1.73 14.63 1.73 
Sn-50/.l 18 12.30 1.72 13.53 1.73 
Sn-50/120 12.00 1.66 13.25 1.63 
Te-52/124 12.53 1.38 13.77 1.40' 
Te-52/126 12.77 1.57 14.03 1.56 
Xe-54/130 12.45 1.33 13.67 1.31 
Xe-54/132 12.59 1.60 13.84 1.61 
Ba-56/136 12.55 1.74 13.77 1.73 
Ba-56/138 10.87 1.63 12.06 1.64 
Nd-60/144 14.22 1.76 15.43 1.74 
Nd-60/146 15.34 1.57 16.57 1.55 
Sm-62/148 14.47 .93 15.58 .89 
Sm-62/150 16.45 .88 17.67 .85 
Sm-62/152 15.78 .26 17.00 .25 
Gd-64/156 15.52 .42 16.81 .39 
Gd-64/158 15.21 .54 16.55 .53 
Dy-66/162 15.19 .41 16.43 .39 
Dy-66/164 13.98 .11 15.19 .10 
Er-68/168 15.32 .42 16.54 .41 
Yb-70/172 16.05 .53 17.49 .52 
Yb-70/174 15.65 .72 17.10 .70 
Hf-72/178 16.77 .55 18.04 .53 
Hf-72/180 16.47 .64 17.63 .63 
W-74/184 16.77 .66 18.30 .65 
Os-76/188 16.77 .97 18.30 .96 
Os-76/190 17.07 .83 18.59 .82 
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Table 1. (continued) 

°-5 4 1 = 4 

Pt-78/196 16.67 .98 18.25 1.00 
Hg-80/200 13.76 .80 15.14 .82 
Hg-80/202 13.60 1.10 14.98 1.10 
Pb-82/208 7.83 1.95 9.25 2.19 
Th-90/230 22.06 .49 23.76 .46 
U-92/234 21.42 .33 23.10 .31 
U-92/236 22.97 .58 24.66 .56 
Pu-94/240 23.15 .78 25.13 .78 
Cm-96/246 21.04 .41 22.69 .39 

- odd nuclei : 

Sc-21/46 5.17 -1.59 5.40 -1.77 
V-23/52 4.72 -1.65 5.05 -1.75 
Mn-25/56 5.28 -1.93 5.86 -1.88 
Co-27/60 5.81 -1.54 6.23 -1.58 
Cu-29/64 6.84 -.66 7.63 -.64 
Cu-29/66 7.19 -.32 8.10 -.24 
Ga-31/70 7.75 -.57 8,62 -.55 
Ga-31/72 7.92 -1.36 8.87 -1.28 
As-33/76 8.95 -1.12 9.91 -1.06 
Br-35/80 9.09 -.96 10.02 -.94 
Br-35/82 9.78 -.32 10.78 -.31 
Rb-37/86 7.11 -.69 7.83 -.67 
Y-39/90 7.18 .00 8.16 .07 
Nb-41/94 10.44 -.35 10.97 -.43 
Rh-45/1'04 12.28 -.73 13.53 -.71 
Ag-47/108 12.41 -.61 13.64 -.60 
Ag-47/110 13.26 -.65 14.58 -.63 
In-49/114 13.26 .05 13.99 .00 
In-49/116 13.37 -.44 14.13 -.49 
Sb-51/122 12.64 -.90 13.76 -.89 
Sb-51/124 11.97 -1.05 12.96 -1.05 
1-53/128 12.66 -.90 13.81 -.88 
Cs-55/134 11.93 -.98 12.93 -.98 
La-57/140 11.66 -.77 12.81 -.75 
Pr-59/142 13.02 -.15 14.33 -.14 
Eu-63/152 18.26 -.76 19.69 -.76 
Eu-63/154 18.11 -.39 19.53 -.41 
Tb-65/160 16.17 -.71 17.63 -.71 
Ho-67/166 15.49 -.74 16.75 -.74 
Tm-69/170 16.36 -.57 17.86 -.57 
Lu-71/176 16.91 -.49 18.23 -.50 
Ta-73/182 16.68 -.60 18.02 -.61 
Re-75/186 17.27 -.56 18.74 -.56 
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Table 1. (continued) 

Re-75/188 17.55 -.64 19.07 -.64 
Ir-77/192 18.15 -.56 19.75 -.55 
Ii—77/194 16.66 -.63 18.20 -.57 
Au-79/198 15.02 -.57 16.44 -.57 
TI-81/204 10.28 -.17 11.61 -.07 
TI-81/206 9.32 -.53 10.54 -.43 
Bi-83/210 9.26 -.96 10.48 -.86 
Np-93/238 23.03 -.45 24.85 -.46 

nuclei : 

Ar-18/41 4.05 -.28 4.91 .07-
K-19/41 3.49 -1.51 4.39 .05 
Ca-20/41 3.68 -.33 4.39 .05 
Ca-20/43 4.15 ' -.54 4.98 -.01 
Ca-20/45 4.41 -.20 5.27 .14 
Ti-22/47 4.19 -.57 4.98 -.12 
Ti-22/49 4.83 .58 5.74 .84 
V-23/49 4.35 -.60 5.08 -.28 
V-23/51 6.61 1.45 5.80 .73 
Cr-24/51 4.26 -.24 5.03 .13 
Cr-24/53 4.58 .30 4.69 .42 
Cr-24/55 4.69 -.42 5.66 -.04 
Hn-25/51 3.79 -1.13 4.53 -.71 
Mn-25/53 4.16 -.53 4.91 -.13 
Mn-25/55 4.25 -.85 4.90 -.61 
Fe-26/55 4.37 -.18 5.14 .16 
Fe-26/57 4.69 -.44 5.60 .03 
Co-27/55 4.44 1.26 5.22 1.39 
Co-27/57 4.69 .20 5.54 .52 
Co-27/59 4.94 -.19 5.68 .04 
Ni-28/59 4.40 -.63 5.19 -.21 
Ni-28/61 5.12 -.46 6.03 -.07 
Ni-28/63 6.04 .52 7.22 .87 
'Ni-28/65 6.25 .51 7.41 .72 
Cu-29/61 4.52 -.91 5.39 -.52 
Cu-29/63 5.16 -.40 . 5.98 -.18 
Cu-29/65 4.91 -.42 5.62 -.25 
Zn-30/65 6.39 -.53 7.29 -.41 
Zn-30/67 7.05 .24 8.09 .32 
Zn-30/69 6.62 .01 7.64 .11 
Ge-32/71 7.57 -.80 8.56 -.70 
Ge-32/73 7.96 -.78 . 9.00 -.72 
Ge-32/75 7.30 -.89 8.33 -.80 
Ge-32/77 8.41 .00 9.56 .01 
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Table 1. (continued) 

°-5 Ч 1 - Ч 

Se-34/75 8. .47 -.71 9.48 -.65 
Se-34/77 8. ,43 -.69 9.46 -.64 
Se-34/79 8. .90 -.19 9.99 -.17 
Se-34/81 9. ,28 .08 10.45 .10 
Se-34/83 8. ,56 .31 9.79 .35 
Sr-38/85 9. ,12 .29 10.17 .33 
Sr-38/87 9. .15 1.19 10.32 1.26 
Sr-38/89 6. ,98 1.15 8.20 1.32 
Zr-40/91 8. .22 .84 9.41 .93 
Zr-40/93 10. ,00 1.08 11.36 1.13 
Zr-40/95 10. ,08 .76 11.39 .79 
Mo-42/93 8. ,41 .93 9.50 1.01 
Mo-42/95 9. 15 .47 10.32 .54 
Mo-42/97 9.81 .11 11.00 .15 
Mo-42/99 11. ,02 -.23 12.31 -.20 
Mo-42/101 13. .80 .04 13.85 .06 
Ru-44/103 10.42 -.78 11.66 -.74 
Ru-44/105 12. !50 -.17 13.93 -.15 
Cd-48/113 12.24 -.13 13.60 -.11 
Cd-48/115 13. .52 .03 , 15.00 .04 
Sn-50/113 • 13. .48 .97 14.79 .95 
Sn-50/115 11.82 .77 13.10 .77 
Sn-50/117 12.76 .67 14.14 .66 
Sn-50/119 12. .86 .93 14.36 .94 
Sn-50/121 13, ,69 1.17 15.24 1.17 
Sn-50/123 12. .91 1.20 14.57 1.23 
Sn-50/125 12. .08 .83 13.63 .84 
Te-52/123 13.21 .32 14.60 .32 
Te-52/125 12. .76 -.24 14.11 -.23 
Te-52/127 13, .40 .14 14.92 .17 
Te-52/129 13. .08 -.10 14.52 -.09 
Te-52/131 13, .07 .61 14.66 .63 
Ba-56/135 12, .92 .04 14.25 .03 
Ba-56/137 12, .82 1.14 14.28 1.14 
Ba-56/139 11 .74 .65 13.45 .69 
La-57/139 11, .33 .42 12.09 .38 
Ce-58/137 13, .47 .25 14.77 .24 
Ce-58/141 14, .32 1.49 16.30 1.54 
Ce-58/143 15, .31 .86 17.27 .90 
Nd-60/143 16, .48 1.66 18.42 1.69 
Nd-60/145 14, .31 .55 15.94 ' .57 
Nd-60/147 15 .11 -.21 16.73 -.20 
Nd-60/151 16 .22 -.12 17.92 -.13 
Sm-62/151 15 .32 -.71 16.90 -.68 
Sm-62/153 15, .44 -.72 17.01 -.69 
Sm-62/155 14, .30 -.69 15.80 -.67 
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Table 1.(end) 

I = 0.5 I rí9 I = I ri9 

Gd-64/153, 16, .67 -.49 18. ,22 -.49 
Gd-64/155 16. ,86 -.54 18, ,43 -.52 
Gd-64/157 15. .09 -.42 16. ,58 -.41 
Gd-64/159 15. .11 -.39 16. ,67 -.37 
Gd-64/161 15. .02 -.24 16. ,61 -.23 
Dy-66/157 17. ,68 -.45 19, ,20 -.46 
Dy-66/159 14, .63' -.64 16, ,05 -.63 
Dy-66/161 17, .04 -.46 18. ,61 -.46 
Dy-66/163 14, .48 -.61 15. ,93 -.60 
Dy-66/165 14, .22 -.52 15, ,75 -.50 
Er-68/163 16, .86 -.48 18, .37 -.48 
Er-68/165 15, .71 -.48 17, ,19 -.48 
Er-68/167 v 15, .75 -.26 17, .30 -.25 
Er-68/169 s 15, .42 -.19 17, .01 -.18 
Er-68/171 15, .29 -.23 16, .90 -.21 
УЬ-70/171 15, .00 -.59 16, ,44 -.59 
Yb-70/173 15, ,30 -.27 16. ,81 -.26 
Yb-70/175 , 15, .20 -.13 16, ,82 -.12 
Yb-70/177 15, ,81 -.04 17, ,48 -.02 
Lu-71/177 16, ,65 -.12 17, ,32 -.17 
Hf-72/175 16, .02 -.48 17, ,48 -.48 
Hf-72/177 16, .41 -.23 17, .98 -.22 
Hf-72/179 16, ,09 -.17 17. ,69 -.16 
Hf-72/181 16. ,23 -.04 17. ,89 -.04 
W-74/181 16, .95 -.16 18. ,50 -.16 
W-74/183 15, .46 -.42 16, ,98 -.41 
W-74/185 15. .53 -.61 17. ,10 -.59 
W-74/187 17. ,12 .05 18. 91 .05 
Os-76/187 16. ,39 -.48 17. ,92 -.47 
Hg-80/199 14. ,68 -.39 16. 11 -.40 
Hg-80/201 11. ,92 -.31 13. .30 -.27 
Pb-82/205 11, ,07 .19 12, ,44 .26 
Pb-82/207 8, ,16 .79 9. ,47 .97 
Pb-82/209 7, .72 .52 9. ,28 .75 
Th-90/231 22, .66 -.40 24. ,67 -.40 
Th-90/233 22, .41 -.37 24. ,50 -.37 
U-92/233 22, .49 -.20 24, ,39 -.21 
U-92/235 22, .01 -.17 24. ,03 -.16 
U-92/237 22, .63 -.05 24. .71 -.04 
U-92/239 23, .40 -.37 25, .52 -.37 
Pu-94/239 • 20, ,70 -.31 22. ,54 -.31 
Pu-94/241 21, .42 -.45 23, ,35 -.45 
Am-95/243 20, .48 -.34 21. ,86 -.36 
Cm-96/245 21, ,36 -.17 23. ,28 -.17 
Cm-96/247 20, .10 -.34 22. ,04 -.33 
Cm-96/249 21, .53 -.38 23, ,58 -.38 
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IS TKE NEUTRON WIDTH INDEPENDENT OF THE FORMATION MODE OF THE COMPOSITE NUCLEUS ? 

L. tasoft, M. Przytula 
Institute of Physics, Lodz University, Lodz, Poland 

Abstгасt : Neutron decay probabilities calculated according to a semi с I as s icaI 
description are different for neutron and 'alpha-particle entrance 
channels. This implies a deviation from the compound-nucleus theo-
retical predictions. To test this experimentally, some appropriate 
cases for study are proposed. 

1. INTRODUCTI ON 
It is corrmonly accepted to consider two extreme models for description of the 

nuclear reaction mechanism, the compound-nucleus model and the direct interaction 
one. Either of these two mode I s individually provides a satisfactory approximate 
description of react ions induced respectively by low and high energy particles. In 
the case of intermediate energy region, when it is impossible to describe reac-
tions by these models used individually, the procedure for separation contribu-
tions appropriate to each model is employed. Such procedure is rather a formal 
classification and can not be treated as a literal picture of the physical reali-

ty. In this case it may be not meaningful to conceive of a demarcation line 
between these models, the problem boils down rather to understand what occurs in 
the excited nucleus from its formation to its decay. 

The discrepancy between measured characteristics of nuclear reactions and expecta-
tions based on outlined models can be lie within the measurements accuracy, so 
they should not give indication of incorretness of the model assumptions. Thus 
only increasing the measurements accuracy or analysis of effects, sensitive to 
changes in model assumptions, may reveal defects in our understanding of the reac-
t i on mechan i sm. 

It is known that difficulties in description of particle spectra from reac-
tions at m e d i u m energies may be obviated by introduction of mechanism of preequ-
ilibrium decay and use Griffin's model 1) or its versions. This success inspired 
to use analogous approach in description of neutron induced reactions, although 
these reactions are traditionally tho| ught to pass through the compound nucleus 
stage. As a result of using the new approach (so called semi с I as s IcaI description) 
the essence of which is the assumption that the decay process goes together with 
the process of step by step energy redistribution, was the satisfactory explana-
tion of the average reduced neutron widths and the partial radiative widths depen-
dence on number of neutrons in nucleus 2,3). Moreover the additional assumptions 
make it possible to obtain reasonable estimations of the average widths of neutron 
resonances 7). Further considerations and calculations which were carried out on a 
basis of this approach lead to a suggestion, that in the case of neutron resonan-
ces the so called "independence hypothesis" may be not ful IfI I led. According to 
this hypothesis intermediate excitad nucleus completely "forgets" how it is for-
med, and this means independence of the decay of the entrance channel. 
The purpose of this work is to give the reasons for possibiIity of deviation from 
the independence hypothesis in the case of resonance states of intermediate nuc-
leus excited by neutrons and alpha-particles. Earlier indications are 4) that the 
nucleus "amnesia" is not complete if nucleus is excited by neutron capture. Here 
we present quantati tat i ve estimations of degree of expectate violation for a num-
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ber of selected riucltdes and resonances. 

2. THE FOUNDATIONS OF SEMI CLASS I CAL DESCRIPTION 
In the semi с I as s 1caI description presented in ref. 2) and used to analyse-re-

sonance states excited by neutron capture, the redistribution of energy is assumed 
to be a result of two-body collisions of nucléons. As a consequence of thesecol-
lisions the structure of excited nucleus evolves from the simplest configuration 
after neutron capture when the whole excitation energy is concentrated on the only 
one nucleón, to configurations in which the excitation energy is redistributed 
between many nucléons. In the simplest version of the description, the configura-
tions of excited nucleus are characterised only by the number "i" of excited par-
ticles (above Fermi level). The probability of finding the excited nucleus at time 
"t" in configuration with " i " excited particles depends on the initial configura-
tion, the intranuclear transition rates for transitions to the neighbouring con-
figurations À.*, and on probability of the decay from the i-configurati on per unit 
time . There is a competition between a decay process and an equilibrium one, 
so the decay is liable to occur at any time during the evolution. 
The evolution of nuclear structure is treated statistically and is described by 
the set of coupled master equations in the form: 

dp.(t)/dt = A - . ^ P i - i ^ ) - + - x,)• p,(t) +\: +,-p ¡ + 1(t) /1/ 

where "I" changes from 1 to the maximal number of nucléons "к" which can be raised 
above the Fermi level at given excitation energy. The general conservâtion.ru i es 
remain valid in this process, of course. The mode of decay of excited nucleus are 
connected only with particular configurations designed as favourable configura-
tions. For example, at low energy resonances the favourable configuration to neu-
tron decay of resonance states is that with i=1. The whole probability of decay 

into a selected channel depends on mean time which an excited nucleus spends in 
configuration favourable to this decay. It is given by 

.9, = J p . f t l d t /2/ о 
Quantities 9j may be extracted from the system of linear algebraic equations 
obtained from t¡me-integrated master equations /1/ at boundary conditions appro-
priate for particular projectile. For instance in the casé of neutron induced re-
actions and those Induced by a Ipha-parxI с I es the boundary conditions are written 
as foilows 

(for neutrons) 
/3/ 

(for alpha-particles) 

These boundary conditions denote that the evolution'of nucleus excited after neu-
tron capture start-s from conf i gurat i on wi th i=1, whereas after alpha-particle capr-
ture it starts from configuration with i=4. In both cases, for all configurations 
we have, because of decay, P|(t)=0 when t-oo. 
In the calculation of decay probability the contributions Pj of particular confi-
gurations are needed; they are defined by 

P. ( t = 0) = (Г, . and P, (t=oo ) 

P. ( t = 0) = <5д . and P¡ (t=oo ) = 0 
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p. = е./ I е. /4/ 
¡ 

The calculation of p. requires the values X Í , \ ¡ and k'. In ref. 2) X * were 
calculated from Fermi golden-rule 

X * - 2ЧГЛ~ 1|М| 2 ci(¡) /5/ 

with semiempi г icaI expression for matrix element. The level density c¿7 of accesi-
ble final states was taken from ref. 5) with the correction factor given in 6). 
The details relative to X . and к calculations may be found in ref. 2) 

3. ESTIMATION OF THE PROBABILITIES OF THE NEUTRON DECAy FOR COMPOSITE NUCLEUS 
FORMED IN REACTIONS INDUCED ВУ NEUTRONS AND ALPHA-PARTICLES 

As mentioned above, according to the compound nucleus model the decay the par-
ticular excited state is independent of the mode of its formation. Thus the proba-
bility of this process should not depend upon, among other things, the target nu-
cleus and projectilé. On the other hand, according to the semi с I as s icaI descrip-
tion this dependence allways exists for•the kind of projectile defines unambiguo-
sly *) boundary conditions and thus the solution of master equations /1/. The que-
stion now is what value of this dependence is, and what reactions should be chosen 
to obtain strongest effect. Since the expected effect is, from the formal stand-
point, the result of different boundary conditions, its magnitude should be in-
creased together with the mass difference of projectiles. The great effects may 
be expected also when averaging over many configurations is not possible that is 
when excited nucleus has a simple structure 4) and the number of favourable con-
figurations for given decay channel is as small as possible. 

These conditions are ful If î I led in the case of reactions initiated by neutron and 
alpha-particles bombardment of the light nuclei if the exit channel is a neutron 
one. The course of both these reactions may be then I I I ustrate.d.with the diagram: 

= 2 p - 1 h 3 = 3 p - 2 h = 4 p - 3 h J = : 5 p - 4 h = . . . 

for (n,n) react i on 

|1p-0h|z:2p-1h a s 5p-4h ... 

for ( at, n ) react i on 

where the initial configuration is enclosed in a circle and the exit one is enclo-
sed in a rectangle,: At excitation energies near neutron binding energy the only 
favourable configuration for neutron decay is tnat with i=1 as it is shown on the 
diagram. The low single particle states density in the, case of light nuclei pro-
vides the simplicity of structure of the excited state. 

*) In ref. 2) a distinction is not made between neutrons and protons in potential 
well, so these same effects are expected for reactions induced by particles with 
the s ame ma s s n umb er. 
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The choice of light nuclei as target ones is also advisable for experimental rea-
sons. The comparatively low C o u l o m b barler (greater p e n e t r a b i l i t y ) and low density 
of resonances (requirements on resolution are smaller) alleviates m e a s u r e m e n t s . i. 1 _ 2 
On the other hand, the necessary data on К ( | М | 2 = К ü A ¡ U- e x c i t a t i o n e n e r g y , 
A- m a s s n u m b e r ) for light nuclei are rather uncertain and introduce additional 
error into the results of e v a l u a t i o n s . 

The results of calculations of and ~ c o n t r i b u t i o n s of the favourable 
c o n f i g u r a t i o n , that is the c o n f i g u r a t i o n with i = 1 for (n,n) and (a,n) reactions 
r e s p e c t i v e l y , are listed in Table 1 for the most "promising" cases. Other data 
connected with these reactions (excitation energy and energies of p r o j e c t i l e s ) . 
are also tabulated. 

Table 1. C a l c u l a t e d c o n t r i b u t i o n s of c o n f i g u r a t i o n favourable to neutron emission. 

Target 
i n 

nue 1 eus 1 N e u t r o n I 
energy 

AIpha-par t I с I e 
energy 

Exc i tat i on I 
energy P 1 

I I 
n(cc) 
P 1 

(n,n) I (oc,n) 1 (keV) j •(MeV) (MeV) I »103 «103 ¡ 

react i on react i on 

I I 

> I > I 2230 I 2 . 6 2 3 8 12.915 I 3.05 I 3.00 I 

> I > I 
0.1451 2.361 12.4186 I 0.443 I 0.402 I 

25.. i 
12 9 I 

2 2 N e 1 10 1 79.6 1 0.6589 11.1701 I 0.402 I 0.367 I 

3 2 S 

N I 

102.71 I 

1358.8 I 

1.8493 

3.2353 

8.7431 I 

9.9622 I 

0.500 

0.278 

I 0.472 I 

I 0.244 I 

33s i 
16 b 1 

3 0 c . i 14S| I 258 I 4.2416 11.6653 [ 0.134 I 0.091 I 

All values P j . a r e evaluated for K = 2 5 0 M e V 3 , although there are suggestions that 
this value is too low 8). If this is the case, It results only in increasing 
Р < п ) / Р ; в ) ratio. 
The same effect is e x p e c t e d , in p r i n c i p l e , In other exit channels but its estima-
tion on the basis of the semi с I as s icaI d e s c r i p t i o n is somewhat u n c e r t a i n as yet. 

B e c a u s e = p . , P the simplest way to obtain experimental values of p i n ' and 
Í or) n 

pi| is m e a s u r e m e n t of n e u t r o n widths for both kinds of reactions. But in the case 
of so simple structure of excited state, the doubts may arise as to how determine 
neutron width from experimental data and the question may be raised as to whether 
the conception of resonance width is sensible. For this reason it appears that a 
m o r e appropriate method, a I though m o r e difficult, is to m e a s u r e relative neutron 
-yields in both reactions. 

Based on the present results such m e a s u r e m e n t s do not seem to be beyond the 
scope of experimental p o s s i b i l i t i e s , and might throw some new light on the 
u n d e r s t a n d i n g of the reaction m e c h a n i s m . 
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DECAY OP THE DOORWAY STATES OP THE GIANT DIPOLE RESONANCE (DGR) BY 
NEUTEON CHANNEL 

I.M.Glatky,A.M.Lapik,B.S.Ratner,S.S.Verbitsky, A.V.Veselovsky 

Institute for Nuclear Research Academy of Science USSR Moscow 
The method of singling out the processes of doorway, .state decay to the con-

tinuum by means of neutron energy spectrum energetic component registration is 
proposed.The results for some nuclei in the region of N=28 neutron shell closure 
are considered. 

DGR is a collective coherent excitation of a nucleus consisting of a super-
position of particle-hole transitions.Simple 1p-1h configurations created on the 
first stage are chamging by more complicated and neutron (or proton) emission may 
occur, on all..e"tages of the reaction (Fig.1). The states which are generated on 
the first stage of the reaction - so called doorway states (DS) - described the 
amplitude of the closed channel of the reaction which is excited by the interac-
tion with the open channel.DS concept was introduced by H.Feshbach in 1965 1). 
DS is connected with the continuum by a one-particle operator.In that case the 
decay result is an emitted neutron and a residual nucleus is in a hole state. 
The another channel of doorway state evolution is the complication of configura-
tions due to residual interaction resulting in the formation of the compound nu-
cleus and neutron evaporation (preequilibrium emission is possible also). 

Pig.1. The stages of photoneutron process 

DS concept holds true if the probability of transition into more compli-
cated states is not too large.The width of the cross-section structure generated 
by the DS decay in continuum (intermediate structure-IS) is too small for struc-
ture of aingle-particle type but too large in comparison with compound nucleus 
resonances.As it is known the DS are most distinct in photonuclear reactions and 
in reactions of isobar-analog state formation.The study of DS decay features is 
of great interest and permits to make some advance in a first stage of a nuclear 
mechanism understanding.In the photonuclear reaction investigation there are Ithe-
experimental possibilities to.select the processes connected with the DS decay 
to the continuum.One possibility was realised firstly in a classical work 2).In 
this work /it was studied ('¡f.p) reaction for the nuclei with significant proton-
neutron bound energy differeces and therefore with small proton evaporation pro-
bability.So called "direct photoeffect" discovered in this work is the manifesta-
tion of the DS decay.The alternative possibility to single out the DS decay to 
the continuum is to discriminate the part of an energetic spectrum of reaction 
products which is connected mainly with the compound nucleus decay.The analysis 
of the experimental data for a large amount of a medium-weight and heavy nuclei, 
3) shows a well defined break in energetic spectra of neutron emitted (Pig.2). 
This break divides epectrum into two parts! low energetic part which exponentia-
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lly falls with the energy and corresponds mainly to neutrons evaporated from com-
pound state and high energy part resulting from nonstatistical processes.lt is 
interesting to note that for nucleón induced reactions this break is much smaller. 
It seems likely to single out the first stage of the reaction process by the re-
gistration of high energy part of emitted photoneutrons spectra only.This method 
has lower efficiency in the photoproton case due to the absence of such separa' -
tion of photoproton energetic spectrum into two components which ¡are connected 
with Coulomb barrier. 

£ a' MeT fi. Q' MeV 

Fig.2.Energy spectra of photoneutrons Pig.3.Energy spectra of neutrons 
from some medium-weight nuclei from PuBe souree 

In the previous investigations of the (fl\n) reaction on the nuclei 
and §°Ni 4) IS was detected. Authors explained origin of that structure by dipo-
le and quadrupole oscillation interference according to dynamic collective model 
5).IS in a cross-section of reaction was observed in a number of other 
works but the accuracy of results was not good. 

The purpose of investigations carried in the photonuclear reactions labora-
tory of INR slnoe 1975-76 6) was to study mechanism of BGR excited states decay 
through neutron channel.The experiments were carried out using INR 30 MeV synch-
rotron.The stability of the bremsstrahlung spectrum tip was maintained with ac-
curacy + 1 0 KeV.Neutrons were detected by the scintillation neutron spectrometer 
with stilbene monocrystal detector 50X50 mm.Energy scale calibration was conduc-1 f* 1 R' 
ted with PuBe source (Fig.3) and using the photoneutron spectrum from 0(^,n) 0 
reaction.Registration efficiencyjof spectrometer geometry was about 2.10-^.A large 
electron and ^-quanta background was reduced with the help of pulse shape discri-
mination.The spectrometer electronics in CAMAC standard operated on-line with 
"Electronika-60"-computer (in the first experiments data were recorded by a mul-
tichannel analyser).Por the investigations nuclei in the region of a closed N=28 
shell were chosen.It was connected with the hope that in the case one or two par-
ticles outside the closed shell (or one or two hole(j)single-particle effects «ou-
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Id exibit themself more clearly.Energy threshold of photoneutron detection in our 
experiment was chosen in a region of a break in an energy spectrum i.e. it corres-
ponded £ a=3-5-3.7 MeV. 

The results obtained for the iron isotopes ^ F e and ^ F e indicated several 
peculiar features: 1. Comparison of the total tv) reaction cross-section with 

the cross-section for energetic neutron emission shows that IS is conne-
cted just with the energetic neutron spectrum component (Fig.4). 
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Fig.4. The cross-section of the 54Fe(fl>,n)53Fe and 56Fe(tf,л)55Fe 
reactions for all and high energy neutrons 

The usefulness of dynamic collective model which claims to explain IS of the 
(ft,fl) cross-section on the spherical nuclei is questionable.2. The location of 
maxima observed in the photoneutron spectra (Fig.5)measured with different valu-
es of E^(maximum energy of ft- quanta in brems S t r a h l u n g ) correlates with that of' 
peaks in cross-section for energetic photoneutron emission.Henceforth it was pos-
sible to determine positions of the energy levels of the residual nuclei and com-
pare them with the known spectroscopic data.As a rule identification of a decay 
sceme is unambiguous despite of poor energy resolution of neutron spectrometer. 
That is due to comparatively large energy distance between lowest levels of final 
nucleus.3. No decays were observed practicalli in reaction -^Fe(ft,r\)-^Fe to the 
ground state of final nucleus.The resonances at 22.5 and 24.8 MeV both decay to 
the states with energy E = 0.774 MeV (3/2~) and 1.696 MeV (7/2~) and are superpo-
sition at least of two dipole transitions.Absolute values of cross-sections are 
obtained from the energy neutron spectra by the extrapolation of their low-ener-
getic part with the relation! H(£)» C'£-EXP(-£/T).In a data given here the mista-
ke of the work 6) which was connected with wropg cross-section, calibration is 
corrected.As is seen from Fig.4 the both curves have very similar shape with no-
table peak at about 25 MeV.In low energy region the marked difference is pointed 
out.In the case reaction peak at E y= 16.0 MeV is observed which 
seems to be connected with dipole transitions of valence 2p3/2 neutrons. 

Absence of decays into ground state of the final nucleus,especially notable 
for resonances at E^» 22 and 25 MeV^is interesting feature of the DS created in 
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reaction on the iron isotope.One of the possible explanations is isospin 
separation rule which forbids neutron channel decay for the T> states.Because of 
that it seems possible proton shells excitation followed by energy transfer to 
neutron.Partial cross-sections of reactions and for 
¿ n > 3 . 7 MeV were calculated in 7) on the basis of quasiparticle-optical model. 
The values of cross-sections calculated appeared rather close to observed(Pig.5). 
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Pig.5.Heutron energy spectrum from 
5 4Pe(»,n) 5 3Pe reaction at = 26.2 MeV 

5 6Fe(r,n) 5 5Fe 
(r,n) 5 0V 

Fig.6.The (-y,n)reaction cross-secti-
ons for nuclei with N=28(£ >3.7MeV) 

Indication to the existence of the IS in this calculation was also obtained but 
contribution of this structure in the cross-section turned out much lower in com-
parison with the experimental data. 

. The investigation of the reaction 8) additionaly supports 
conclusion of the previous paper about connection of IS in ( ^ Л ) reaction cross-
section with energetic photoneutron contribution. In a number of papers the struc-
ture in cross-section of reaction ^ Z n ( y , r O ^ Z n was suggested due to isospin spl-
itting. As it is known two states with difference values of isospin T = TQ and 
T = TQ+1 where TQ - isospin of initial nucleus are generated in the dipole pho-
toabsorbtion ( if Z / H ).In the case of neutron emission lower levels of final 
nucleus have isospin TQ-1/2 and for proton TQ+1/2.But the presence of this stru-
cture in the cross-section for energetic neutrons emission forces us refuse from 
isospin splitting hypothesis because of decay of 'instate into the state TQ-1/2 
by the neutron emission is forbidden due to isospin selection rule. 

The curves of cross-sections for energetic neutron emission were also mea-
sured for nuclei 5 1 V nnd ^ 2Cr 9J.These nuclei have closed neutron shell 1f7/2 
similarly to the nucleus Fe but their proton shell 1f7/2 have only 3 and 4 pro-
tons, correspondently. As it is seen from Fig.6 the structure in this case is sig-

bounc f 
nificantly less pronounced.lt will be noted that the difference between energies 
of the neutron and proton which defines contribution of the statistical component 
for "^V and -^Cr nuclei does not differ,essentialy,from that for a "^Fe nucleus. 
It is the reason why the explanation of the less pronounced structure in cross-

's 1 52 
section of energetic neutron emission in the case of ' V and Cr due to larger 
contribution of "evaporation" process is not correct.After carrying out automati-
sation of the experiment 10) the procedure of photoneutron reaction yield measu-
rements was modified:at every E ,neutron energy spectrum was measured.Such pro-flm 
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oedure permits to change the value of minimal neutron energy for which cross-sec-
tion ia measured and also to record energy apectra at every In such manner CQ СПГ » 
the investigation of reaction NiCJ.n) Ni was carried out.Choice of this nucle-
us caused Ъу the following considerations.1. Nucleus has closed neutron and 
proton shells (:JN=Z=28 ) and two valence neutrons above closed shell.It was pos-
sible to expect that irferpretation of experimental results in this case would be 
more unambiguous.2.Cross-section shape of ^®Ni( f,t\)"^Ni reaction for ß n > 0 was 
measured with rather good precision 11).Thanks to that it is especially interest 
to compare this cross-section with one for £ Q>3.5 MeV.Measurements of the yield 
curve were made from threshold up to £ ^ = 2 0 MeV with the 100 KeV energy steps. 
Curve of the cross-section calculated by the method of inverse matrix ie presen-
ted on a Pig.8.Errors indicated are r.m.s.They were obtained by the following pro-

18 22 Б MeV 26 14 18 Б 22 MéP 26 
.Flg. U-ne comparison of the experimental and theoretical results for the 

cross-section of the (tf,n) reactions on iron isotopes (for£¿3.7 MeV ) 
ceaure.Noise with dispersion вате as in experiment was added to the smoothed1; yi-
eld curve severel times and in every time cross-section was calculated.Obtained 
set of cross-sections was used to extract errors in a usual way.These errors 
give answer to the question whether the existence of the structure in cross-sec-
tion curve is proved by the yield statistical measurering accuracy. 

Widths of resonances are significantly enhanced due to yield curve smooth-
ing procedure.The effect of smoothing can be seen from the part of yield curve 
near the energy of resonance at E ^ e 18.9 MeV( Pig.9). ' Appearently, fun width 
of the resonance is less then 100 KeV,so that the life time of DS exceeds 10 - 2 0s. 
Measurements of photoneutron energy spectra at every value of E ^ m a d e possible 
to calculate the c r o s s - s e c t i o n f o r the transition to the ground state of 
the final nucleusi Pig.10 ).Since thè energy resolution in the energy under discu-
ssion is 0.4-0.5 MeV (0.3MeV energy a^xeging connected with energy step shosen 
have to be added to energj resolution .It have to be pointed out that positions 
of all resonances inéífl.iiQ^) a n d ^ ^ H g ) coincide with the exception of the re-
sonance at 18.8 MeV which is absent in ¿($,113).In the energy region above E>18 MeV 
the probability of the transition to the ground state decreases appriciable in 
oorroapondence with the results obtained for the iron isotopes. 

¥ 0 obtain data o n relative widths of resonance state decay to thè different 
•tates o í final nucleus the technique suggested by Gent"group 12) was usedjquasi-
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monochromatic p̂ -line is formed by the combination of three bremsstrahlung spectra 
which have energy shift Д Е from one to another.Neutron spectrum obtained by this 
method corresponds to 17.9 MeVOf-line with FWHM about 0.5 MeV (Fig. 11 ).Peaks in 
spectrum correspond to the transitions to -"Ni states with energies E = 2.578 MeV, 
1.113 and 0.768 MeV (unresolved) and to the ground state 13). 

15 

•g 10 

d о 
0 <D CO 1 
ta га о U о 

58Hi(y,n)57Ni t n> 3'5 MeV 

16 17 18 
Br, MeV 19 18.2 18.6 19.0 

Er, MeV 
19.4 

Fig.8. The cross-section of the 58Ni(Y,n)57Ni Fig.9.The part yield curve of 
reaction for neutron energy g„>3.5 MeV the reaction near the reso-

чапсе at E = 18.9 MeV 

TÖ compare the cross-section for the energetic neutron emission (¿n>3.5 MeV) 
^8Ni('2P,n)^Ni with that measured for all neutrons normalisation was in reaction 

fulfilled using neutron energy spectrum measured at 18 MeV.The comparison 

BY,MeV 
3 4 5 

¿ n, MeV 
Fig.10.The "roes-section of the reaction Pig.11.Neutron energy spectrum froa 

58«.. r„ гп57И1 quasimonocromatic y-line 
iu with the energy By=17.9±0.3MeV 
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of both cross-aections is shown on the Pig.12.The discrepancy in the energy of 
resonances can bg explained by the scarsity of experimental points in the peak 
area of work 11).Prom Pig.12 we can see that the structure observed in the total 
cross-section of the .reaction is connected with emission of high energy neutrons. 
Hence the cross-section for emitting low energy neutrons (evaporated from compou-
nd state )has very smooth form.It was shown above that contribution of energetic 

17 18 
MeV 

Pig.12. The cross-section of the ^NKfr.nJ^'Ni for 
neutron energy ¿ > 0 MeV and£,n>3.5 MeV. 

neutrons to the total yield is of less than 0.1.But the cross-section obtained 
for energetic neutrons corresponds to all neutrons connected with decay to lowest 
states of final nucleus.Thus the cross-section of the "j^NiC'y,n)^Ni reaction con-
nected with excitation of lowest states of the final nucleus (having probably 
hole structure) in the 16 - 20 MeV excitation energy .range consists of separeted 
narrow resonances.Por width of this resonances from results of this work it is 
possible to give the upper estimation only.The additional measurements will be do-
ne in narrow energy range using small energy steps. 

CONCLUSIONS 
1.Preeent paper describes the method which permits the effective studying of 

characteristics of the doorway states created in (1f,n) jreaction. 
2.The doorway states observed in ('Jf.n) reaction are shown to be connected with 

the transition to the ground state (at low excitation energy) and to the lowest 
excited states of the. final nucleus which have hole structure in accordance with 
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nuclear spectroscopy data. 
3.FWHM of the resonances related to doorway state decay to the continuum; is 

lower than 50 KeV.This estimation is rather close to results obtained for the re-
action Si(p,if) and for neutron scattering 1).It is necessery to point out that 
the appropriate valueIVdeduced from C]f,p) reaction is considerably higher (in 
the case of ^Sci^.p) reaction is about 300 KeV 14 ). 

4.In the excitation energy range Е,у= 16-19 MeVexcited states have isospin -T=T<. 
This conclusion is confirmed indirectly by decrease of contribution of transiti-
ons to the ground state of final nucleus at Е^>18 MeV. 

5.It seems nessesery to give microscopical explanation of doorway state struc-
ture observed for the reaction -^NiOjf'.nJ-^Ni (the number of resonances and their 
positions)* 

6.It is of interest that the transitions to the lowest states of final nucleus 
give considerable contribution to the total cross-section of the -^NiOj.nJ^Ni 
reaction.This contribution is abou+ 25 % in the energy range under study. 
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ASTROPHYSICAL ASPECTS OF THE PROBLEM OF GIANT RESONANCES IN NUCLEI 

V.V. Balashov 

Institute of Nuclear Physics, Moscow State University, Moscow 119899, USSR 
i 

The advances in astrophysics are closely associated with the development of the physics of 
atomic nucleus. The urgent astrophysical problems make it necessary at present to treat a 
very broad class of nuclear problems ranging from the most novel problems bearing on the 
quark structure of matter to those pertaining to the commonly studied brances of the low-
energy nuclear physics. 

The aim of the present work is to examine some of the astrophysical aspects of one of the most 
extensively discussed problems of nuclear physics, namely, the problem of giant resonances. 
The work has arisen from the rapid evolution of a new trend in the astrophysics and the cosmic 
ray physics which is called sometimes the high (superhigh) energy gamma-astronomy. We mean the 

12 15 
detection of the gamma quanta of energies above 10 - 10 eV in the composition of the 
galactic (and, maybe, metagalactic) cosmic rays. What is the information about the Universe 
that they carry back to the Earth? This question has not been answered yet; moreover, we can-
not even make sure that the events detected on the Earth, which we attribute to the superhigh-
energy gamma-quanta, are actually due to such quanta, rather than to some other (maybe quite 
new for us) particle species. 
The key point of the examined problem is to deal with the origin and the generation mechanisms 
of such cosmic gamma-quanta. Recently, V.L. Korotkikh, I.V. Moskalenko and the present author 
proposed a special, so-called photonuclear, mechanism of their generation /1/ which is essen-
tially as follows: A relativistic nucleus of primary cosmic rays (PCR) interacts with the uni-
versal microwave radiation or with the soft photons near discrete galactic sources. If the 
nuclear Lorentz-factor Гд is high, the photon energy in the rest-nucleus frame appears to be 
sufficient for giant resonance or direct photo-disintegration to occur in the nucleus. It is 
well known in the physics of photonuclear reactions that the product-nuclei generated by the 
decays of giant resonances remain in their excited states within a high probability. Their 
de-excitation is accompanied by the gamma-quanta whose energy in the rest-nucleus frame may 
reach several MeV. In the observer reference frame, an excited relativistic nucleus is a 
source of narrow-directional gamma-ray emission whose highest energy is of the order of 
ГА x MeV. 

The concept of photonuclear mechanism of cosmic gamma-ray generation is a direct extension of 
the long-known ideas concerning the JT'-meson photoproduction in the interactions of superhigh-
energy primary cosmic ray protons with the soft photons of the universal microwave radiation 
/2/. The two mechanisms are directly relevant to the fundamental problem of the primary cosmic 
ray energy spectrum cutoff at the high-energy side. It should be borne in mind, however, that 
our ideas concerning the primary cosmic ray composition are subject to substantial alterations 
nowadays. For example, whereas all the complex nuclei (heavier than helium) were considered 
quite recently to constitute a negligible fraction of the PCR composition, the latest data are 
indicative of quite a different pattern, namely, the data of the Japanese-American Collabora-
tion JACEE /3/ show that at a 1015eV energy the fraction of Fe nuclei in the PCR composition 
reaches several dozens of percent. In such a situation, the examination of the role of the 
complex nuclei of PCR belong no longer to the exotic scientific domain, but gets quite prac-
tical. 

In our first estimates /1/, the nuclear-to-proton PCR eomporient contribution ratio (as cal-
culated for energy per a nucleón) was taken to be 0.1 %. To get a higher definiteness, as 
regards the nuclear physics, the calculations were carried out for the ^ 0 nucleus whose 
basic photo-disintegration channels have properly been studied in experiments /4/. In the 
calculations, use was made of the Planck distribution for the universal microwave radiation -4 with temperature kT = 2.5 • 10 eV and of the power-law PCR energy spectrum 
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1А(ГА> = h Г "s 1 A • The calculations have shewn that at the adopted con-
W - Ь • rp" 

centration of complex nuclei the photonuclear mechanism contribution to the diffuse gamma-ray ,15 ,17 emission in the 10 - 10 eV range dominates the contribution of the photomeson mechanism 
whiéb was considered until now to be of major importance (see Fig. 1). It also dominates the 

contribution of ̂ "-production in the strong interactions 
of primary protons with the protons and other componente 
of interstellar gas. The reasons for such dominance are 
quite obvious; they are (i) a lower nuclear photo-dis-
integration threshold compared with the pion photopro-
duction threshold and (ii) a high number density of the 
photons of the universal microwave radiation. 

-3 э 
JD 
5 -i 

-5 

2 -6 

1 1 1 1 
. v v 

1 
10"3 

- A*-¡f-~(A-l )•... s = 2.5 -
A kT = 2.5-10 -и eV 

\ 

1 1 \ 1 Y 
16 17 18 Ig E r , eV 

Fig. 1 
Energy distribution of gamma-quanta 
produced by protons and nuclei on 
the universal microwave radiation 
photons 

The result presented in Fig. 1 is of interest only as 
regards the methods and should not be related directly 
to the spectrum of the diffuse gamma-ray emission 
incoming to the Earth from the Metagalaxy. The fact is 
that it is just in the range of E^ = 10 1 5 - 10 l é eV 
where the maximum is known in the gamma-quantum absorp-
tion factor due to the interactions of the quanta with 
the photons of the universal micorwave radiation and, 
so, the free path of the gamma-quanta of such energies 
is as small as tens of kpc, i.e. is of the order of the 
Galactic dimension. 

The problem of cosmic gamm-ray generation by the discrete Galactic sources is more interesting. 
In recent years more and more data were obtained concerning the superhigh-energy gamma-quanta 
from the well-known Суд X-3 source /5/. The various models for the source proper have been 
proposed and are studied theoretically; different versions of the nature of the gamma-ray 
emission from the source are discussed. Fig. 2 shows the integral spectrum of the gamma-
quanta from the discrete Суд X-3 source together with the results of our calculations /1/ 
allowing for the photonuclear mechanism (dashed curve 1), the mechanism of Jf-meson produc-
tion on protons (curve 2), and the reaction of jr°-meson production in the strong pp-interac-
tions (curie 3). We empxloyed the schematic discrete source model known in astrophysics, 

namely, the superhigh-energy gamma-rays are gener-1 

ated in the strong and electromagnetic interactions 
of the source-generated ultrarelativistic protons 
with the soft photons and baryons near the source. 
Such a scheme may be used as a first approximation 
to the physical model of a binary star (a neutron 
star and companion star) and was actually used 
earlier when discussing the spectrum of the gamma-
ray emission from Суд X-3 /6/. We have introduced 
two additional aspects in the model, namely, the 
nuclear component of the primary corpuscular flux 
and the photonuclear mechanism of gamma-quantum 
generation. The PCR is characterized by two para-
meters, by the relative number density of nuclei 
and protons I«/In and by the spectral slope S. The A P 
gamma-quantum generation medium is also charac-
terized by two parameters, namely, by the photon-

V= Ui л Ui 
Va I-» Ol 

Ig E f , eV 

•-ig. 2 
Integral spectrum of gamma-quanta from 
the Суд X-3 discrete source /5/. The 
solid line summarizes the contribution 
from the various generation mechanisms 
(see the text) /1/. 

to-baryon (nucleón) number ratio X = N ^ / N ^ and 
by the mean photon energy J . 

The calculations have shown that in a broad range 
of the model parameters the resultant gamma-ray 
spectrum exhibits a characteristic step-like form 
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with a pronounced contribution from the photonuclear mechanism in the middle of the spectrum. 
It is just such a step-like form that is exhibited by the integral spectrum of gamma-ray emission from Суд X-3 
constructed using all the data obtained by various groups. Without attributing a significant physical meaning 
to the particular values of the model parameters displayed in Fig. 2, we shall note that the general form of 

8 17 
the gamma-ray-emission from Суд X-3 in a broad energy range from 10 to 10 eV can readily be accounted 
for in terms of the discussed schematic model. As in Fig. 1, the nucleus is taken as an 
example of complex nuclei in the PCR composition. 
The next step in developing the approach proposed must be to go over to the realistic model 
parameters. This relates to describing both the primary corpuscular fluxes (their energy spec-
trum and composition) and the superhigh-energy gamma-quantum generation medium and concerns 
also the data on the elementary processes of gamma-emiter formation. In our work /7/, to meet 
the requirements of astrophysics, we substituted Fe nucleus for 1 60. Besides, apart from the 
phottnuclear mechanism, we introduced the mechanism of production of excited nuclear fragments 
in the interactions of the PCR relativistic nuclei with the nucléons of the generation medium. 
Immediately, this approach gave rise to the problems relevant to nuclear physics. Although 
the cross section for the gamma-quantum absorption by Fe nuclei has long been known / 8/, we 
have to know much more, namely, in what manner are the various excited states of product-
nuclei excited under the giant-resonance decay? Moreover, the resultant cosmic ray gamma-quan-
tum spectrum depends essentially on the means of the de-excitation of such states, i.e. on 
the multiplicity and the mean energy of the nuclear gamma-quanta generated by the de-excita-
tion process. The photonuclear reaction physics was not faced earlier with such questions. 
True, the like questions arose in other problems of nuclear physics (for example, when cal-
culating the relative yield of isomers); however, not a single ready answer can be used. 

Fig. 3 shows the result of the cal-
culations where the spectrum of 
the nuclear gamma-quanta generated 
as a resul't of photo-disintegra-
tion of Fe nuclei was taken to be 
uniform in the 0 - 9 MeV range, 
while the fraction of the tran-
sitions directly to the ground 
states of the daughter nuclei was 
considered to be negligible. As 
in our earlier calculations with 
1 60 nuclei, we again obtained the 
characteristic step-like form of 
the cosmic ray gamma-ray spectra 
from the discrete source with a 
dominating contribution of the 
photonuclear mechanism in the 
10 1 1 - 10 1 4 eV range (at the 
effective temperature of the 
ambient photons of about few eV). 

From the study we have concluded 
that the photonuclear mechanism 
is absolutely necessary to allow 
for in any further research 
bearing on the high- and super-
high-energy gamma-ray astronomy. 
The relevant problems arise also 
in the nuclear physics. A new and 
important aspect appears in the 
problem of the decays of the 

® j- , eV 
Fig. 3 
Integral spectrum of the gamma-quanta of a discrete 
galactic source. The dashed lines show the calculated 
contributions from the various generation mechanisms. 
The solid line is the sum of the contributions. The 
data are for the Суд X-3 discrete source /5/. 
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highly-excited collective states of nuclei, which has been the most difficult problem in the 
entire set of the problems relating to giant resonances since the sixties. Namely, we have to 
know, and be able to predict, the multiplicity and the energy distributions of the secondary 
gamma-quanta accompanying the giant resonance decays. The problem will prove to be particu-
larly important if the indications are corroborated that the complex nuclei (Fe, etc.) are 
actually a noticable (and, maybe, dominant) component of the superhigh-energy PCR. In such 
a case special attention will have to be paid to another mechanism of the cosmic ray gamma-
quantum generation in which the gamma-emitters prove to be the excited nuclear fragments 
produced in the inelastic strong interactions of ultrarelativistic nuclei with protons of 
medium:^ + p -»• B* + ..., B * В It has been established reliably nowadays that the 
production of such excited fragments in the corresponding inverse process p + A —»• B* + ... 
involves an active role of the multipole giant resonances (very interesting information on how 
such processes proceed can be derived from the coincidence experiments which get more and more 
habutual from day to day). As to the existing theory of nuclear disintegration by protons and 
by other high-energy particles, it has not been applied to the medium and heavy nuclei yet 
(including the nuclei near Fe which are of particular interest in astrophysics), although it 
covers the various aspects of the production of excited daughter nuclei and their de-excita-
tion (see, for example, /9/). To extend the theory to the range of medium and heavy nuclei 
is an urgent task not only in the nuclear physics proper but also in its applications to 
astrophysics. 
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.NEGATIVE PARITY STATES IN THE SPECTRUM OF 6Li FROM ELASTIC SCATTERING 
AND RADIATIVE CAPTURE OF 3He BY 3H. 

A. Mondragôn and E. Hernandez 
Instituto de Física UNAM 

Apdo. Postal 20-364, 01000 México, D.F. MEXICO 

ABSTRACT. The results of a new resonance analysis of the elastic scat-
tering of 3He by 3H in odd parity states and the radiative capture of 
3He by 3H in the first excited state of 6Li are presented. We give 
evidence for a very broad level of 6Li at Е,- = 26.5 MeV with 2 7 
S,T = 1,1 not previously reported. Also, the change in shape in the 
angular distribution and the broad maximum observed in the CTOSS section 
for radiative capture of 3He by 3 H in the first excited state of 6Li at 
high energies are explained in terms of the interference of three very 
wide 33 F. overlapping resonances. Numerical values for the resonance 
energies} the total.elastic and radiative widths are given. 

1. INTRODUCTION 

; The isobaric diagram of nuclei with A = 6 shows that all excited states of ^He and 6Li, and all 
states of ^Be are unbound with respect to nucleón and to cluster decayó.. In the study of the 
4He + d system has led to good information about the T = 0 states..The relatively small widths of 
the 0 and 2 , T = 1-, states below 6 MeV have made it possible to study than in several reactions 
and in inelastic scattering. However, the other states of 6Li are very poorly known, except that it 
is clear that there are no other sharp or fairly sharp T = "1 states of below - 17 M e V ^ . In 
this work we are particularly interested in the T = 1, negative parity, unbound states of ^Li that 

3 3 are strongly coupled to the He + H channel. Evidence for these odd parity states canes from the 
3 3 • elastic scattering and radiative capture of He by H in odd orbital angular momentum states. 

A phase shift analysis of the elastic scattering of 3He by 3H due to Vlastou et a l ^ shows 
resonances JT = 21,01 at E.. = 21.0 MeV and 21.5 MeV respectively in the 33P. waves (L = 1), and 

L I < 77 J 
resonances JT = 41,31 at Е,- = 25.7 MeV and 26.7 MeV respectively in the F. waves (L = 3), but no Ы J £ 
resonance is reported with JT = 21 for L = 3. The negative parity states of Li seen as resonances 
in the 33P2 and 33Fj waves in the elastic collision wiil show up in the radiative capture of 3He by 
3H in the first excited state of 6Li, which is a 13Dj state^ at Ey- = 2.1 S MeV with Jlr= 3+ and 
T = 0, but not in the capture in the ground state J¥= 1+, T = 0 since the selection rules forbid 
these transitions. Recently, D. Schenzle and P. Kramer^ computed the energy spectrum of ^Li taking 

33 into account the non-central terms in the nucleon-nucleon interaction. They found the three F. 
33 33 33 states of negative parity split in one F4 states at ELi= 24.9 MeV, and the F 2and F3 state 

degenerate at E y =27.8 MeV. It was also found that these states aré almost pure {3,3} partitions. 
These results strongly suggest that the broad maximum in the excitation function, dots in Fig(2), 
are due to the presence of three very wide 33Fj overlapping résonances, two of which, and 33F^, 
produce cohérent contributions to the photon field that interfere. 

2. RESONANCES IN THE E1ASTIC SCATTERING OF 3He BY 3H. 

The elastic scattering of polarized 3He by 3H was measured by Vlastou et a l ® over the energy 
range fiam 20 to 33 MeV. These authors represented the cross section and polarization of the scat-
tered and recoil particles in terms of 18 real phase shifts, which they called solution I, and then 
they made a parametrizationof the resonant phase shifts in terms of the single level R — matrix 
formalism and found the resonances mentioned above. They also made a second, more realistic analysis 
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of the same elastic data, called solution II, in terms of 18 complex phase shifts, to account for 
the possible influence of the open channels. A resonance analysis of the complex phase shifts of the 
more realistic solution II was not attempted. 

In this work we made a x fit of the single level s . matrix formula 

i2<j>HS(a) 

«•3 

i2e 13 |B4j| - 2ф «О rel,£j ( к ) 
8-3 

+ i 1 7 
C D 

Ec,M. IN 
Fig 1. The phase-shifts ¿¡з̂  and inelasticities 
Ч3, of the L- partial 3 waves as function 
of 3 the 3He Lab energy. The dots show the 
experimental data of Vlastou et al6. The full 
line is the best fit of the single resonance 
plus background, eq(1), to the data. 

to the complex phase shifts of the 33P 33F 33F, 33 ¿ L b 
and F. partial waves of solution II of Vlastou 
et al^ ' over the energy range from 5 to 33 MeV. 
In the notation of Vlastou S . = n -exp{2iReS .} 
and n • = exp{-2Imä .}. In expression (1),F.( к ) ~ 3 я 
is the Coulomb penetration factor which is a known 
function of the masses, charges and relative energy r q 4 
of the two colliding nuclei1 ' with no free 
parameters. is the phase shift due to a 
charged hard sphere of radius a and charge ^ Z^. 
The magnitude IВ .| of the background term , ß . and J¿J xj > 
the phase of the elastic width ф . are linear 
functions of the energy with the same value of the 
slope. The resonance energy E ., the elastic width 
rel ^ ^ width i] a r e instants 
independent of the energy. Therefore, in (1) there 
are ten parameters that may be varied. 

The fit, was performed using the computer 
programme FASFIT with an automatic search routine, 
all the ten parameters were varied in each search 
cycle until the best set of parameter was found. 
The quality of the fit to all 33F2,33F3-and 33F4 

complex phase shift data is very good. We found- a 
„ , , 33_ . t . 6. . . E. . = 10.76 MeV with very broad F^ level in Li at Li 

f - 3~,S = 1,T = 1, not yet reported. The result of 
this fit is shown in Fig(1) and the numerical values 
of the resonance parameters of the elastic channel 
are shown in Table 1. 

3. RESONANCES IN THE DIRECT RADIATIVE 
CAPTURE OF 3He BY 3H. 

The differential cross section for direct 
capture from the continuum to a bound state of the 
3 3 
He- H system with emission of electric dipole 
radiation, computed in perturbation theory to first 
order in the electromagnetic field, may be written 
as 

da _ 1 aT a ? ( E ) P (cose) (2) 
3ÏÏ " 4ÏÏ 1 2 

where a- is the total yield of the reaction 
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Table 1. Resonance parameters 
State E4i (MeV) r£i(MeV) r e l „ i ^ 
З З Р 2 2 . 4 9 3 . 0 3 3 . 0 1 3 3 . 5 8 

~ 8 

3 3 F 2 1 0 . 7 6 8 . 7 4 8 . 2 8 7 7 . 6 9 S. — 6 

3 3 P 3 8 . 9 8 6 . 7 3 6 . 1 1 0 0 . 0 8 7 « ' 
9 . 1 8 5 . 3 7 4 . 2 3 7 1 3 . 5 8 7. 

A X 
1 2 - 3 2 

- 48° дх = 1 1 0 
1 2 - 3 4 

° ДХ 
3 2 - 3 4 

= - 1 5 8 ° 
0 

ПХ 
(2s + 1) 

and 

I 
Aj 

3 X 
8(2s + 1) 

(3) 

/(2£+1 ) (2i' +1 )Z(zz' ; j j ' ) 

Fig 2. differential cross section 
for the 3H(3He,Y )'6Li reaction at 90' 
Lab. Best fit of interference 
resonances formula to the data. 

(4) 

in these expressions, Q„. is proportional to the radial integral of the electric dipole operator 
*0 3 3 6 

between the initial scattering state of He — H and the final bound state of Li, s is the channel 
spin, 3 3 

i is the orbital angular momentum of the relative motion of He and H and j is the total 
angular momentum of the system, and 

Z(M';jj') I jf 1 j V jf 1 j' 

®Li is described as 13,, «. „ v. a D, state 
33 33 33 33 3, there are only four partial waves, i.e, P.,, F-,, FT and F„ 

hence considering 
which can 

In LS coupling, the first excited state of 
WaVeS Up to Z — uicic ait \Jíiíy luui ĵaj Liai, w avto, i. t;, *3 clll,a 

contribute to the electric dipole transition to this state. In order to make apparent the resonant 
structure in the cross section due to the nucleus-nucleus interaction in the entrance channel we 

keeping 3 3 C8~) expand the wave function of the relative motion of He and H in terms of Gamow states , 
only one resonant term in each partial wave and dropping the background term, we obtain 

Q • • /РГПГ i* + 1 eÍ(g* " °° + *>j + V rel^j ̂  1 V k } 
tJ (E - E .) + i I r„ 

(S) 
2 1 «.j 

1Ф 
where a is the Coulomb phase , e 
the resonant state of energy E 

%• Г 
ir 
V2 
el,£j is the transition amplitude from the scattering state to 
ij elx£j is the transition amplitude from the r1/*. 

' 2 " J ' I " J - ( 9 1 
resonant state to the first excited state of Li, and F ( к ) is the Coulomb penetration factor1 . 

3 3 6 * (51 The cross section for the reaction H( He,Y ) Li was measured by Blatt et alv ' from E, = 1 MeV (61 1 Me 
up to 5 MeV and by Ventura et al from = 6 MeV up to 26 MeV. In order to make a fit of expres-

sions (2) - (5) to the experimental data of Ventura et al^,we 
proceeded as follows: 

i)The numerical values of the total yield, dots in Fig(4), 
and the coefficient a2(E) were obtained fron a least squares fit 
of expression (2) to the angular distribution of Y photons Fig(3) 

ii). Once we knew the numerical values of Oj, , dots in Fig (4), 
we inserted the numerical values of the elastic channel 
parameters in (5) and made a fit of the sum of resonant terms (3) 
to the numerical values of a„ and obtained numerical values of г 
the radiative widths Yi.fj- A fit of the resonant expressions 
(4) and (5) to the numerical values of a^(E) gave us values of 

Fig 4. Total yield of i.ne reaction 
3H(3He,Y )6Li : Best fit of 
interfering resonances formulae to 
the data. the relative radiative phases nj 4'j' With this first set 
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\ \ 

• 113.1 MeV 
- ̂  8.0 HeV 

B, 
90 120 

. (Deg) 

Fig 3. -J , t and i photon angular 
distribution of 3H(3He,rl)6Li 
reaction. Best fit of 
interfering resonances formulae 
to the data. 

The identification of the J = 2 

, of résonant parameters we made a x fit to the excitation function 
'taken at 90° Lab, dots in Fig(2), and refined the fits to aT and 
3-2№) until we obtained the best set of parameters. Some of these 
results are shown in Table 1. The solid lines in Fig(2),(3)' and 
Fig(4), show the best fit of our formulae to the experimental data. 

CONCLUSIONS. 

From a careful numerical analysis of the elastic scattering of 
3 3 
He by H in odd orbital angular momentum, L = 3, in which the 
unitarity of the resonant S matrix and the threshold behaviour were 
exactly taken into account, we have found a very broad F - wave 
level in the spectrum of 6Li, at E u = 26.52 MeV with У = 2", S = 1 
and T = 1 which had not been reported in previous studies. The 
negative parity level with S = 1, T = 1 and J = 3 was found at 
E y = 24.64 MeV that is, shifted by almost 2 MeV to lower energy 
with respect to the value quoted by Ajzenberg-Selove^-* .The negative 
parity level with S = 1,T = 1 and J = 4 was found at the same energy 
as in Ajzenberg-Selove. From the numerical analysis of the elastic 3 3 33 scattering of He by H in the L = 1 state ( P2 wave) we found a 
negative parity, S = 1, T = 1,J = 2" at 18.28 MeV. Most probably 
this is the 2 p-level reported by Vlastou et al at - 21 MeV. 

6,. 

resonance in the 
S = 1,T = 1 state m the spectrum of Li as a very wide 

33 3 3 F0 elastic wave in the He + H channel allowed us to solve a long standing puzzle 
in the radiative capture of 3He by 3H in the first excited state of ^Li. The change in shape of the 
angular distribution of the cross section for this reaction observed at b, = 21.7 MeV is produced by 

33 33 
the interference of the coherent contribution of the and the F^ resonances to the photon field. 
The broad maximum in the excitation function observed at =21.8 MeV is due to the presence of 
three very wide overlapping resonances. We also give numerical values of the resonance energies, the 
total, elastic and radiative widths. 
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POLARIZATION EFFECTS IN THE 6Li(3He,C* ) 5Li - C< + p REACTION 
A|T LOW ENERGIES 

S.Burzyriski, J.Turkiewicz, K.Rusek, I .M.Turkiewicz and P.2uprariski 
Institute for Nuclear Studies, Ho2a 69, 00-681 Warsaw, Poland 

Abstract: The sequential reaction Li( He,o() Li - o^ + p has been studied at 
energies of 1.5, 1.73, 3.0 and 3.5 MeV. From the kinematically complète p-alpha 
coincidence experiment the angular distributions of protons from the decay of the 
'Li g.s. nucleus have been derived. Their asymmetry relative to the 'Li momentum 
has-been explained in terms of a polarization of the intermediate ^Li system. 

The energy spectrum of particles emitted in He induced reactions on. the Li 
target contains mainly a continuum coming from the processes with three particles 
in the final state 1-4): 6Li + 'He - o< +o(+p. At low energies the direct break-up in 
which the three particles in the exit channel are produced simultaneously has a 
very small cross section.2). The basic mechanism for this reaction is then the 
sequential break-up characterized by the formation of' the intermediate systems from 
pairs of particles (alpha-alpha) and (alpha-p) which subsequently decay by a par-
ticle emission. The reaction proceeding by the intermediate (alpha-p) system which 
is considered to be L̂j. nucleus is the subject of -the present report. , 

The measurements of the ^Li(^He,o<) 5li reaction were carried out using the He 
beam from the Van de Graaff accelerators in Warsaw (1.5 and 1.73 MeV) and at the 
Joint Institute for Nuclear Research in Dubna (3.0 and 3.5 MeV).The target was 100 
ug/cm2 thick LiF (enriched up to Э5% of ¿Li) layer evaporated onto a 10 um/cm2 car-
bon foil. The energy loss of the incident -*He beam in the target ranged from 75 keV 
to 125 keV depending upon the -̂ He energy. The Rutherford cross section for the elas-
tic scattering of the 'He+l^F measured simultaneously with the reaction on ^Li, w as 
used to obtain the absolute normalisation of the cross section. 

The geometrical scheme of the experiment is shown in Fig. 1. The-particles 
emerging from the target were detected by two detectors working in coincidénce. 
Because of favorable kinematical conditions (Q-value for the reaction under study 
is 16.87 MeV) no identification of particles was necessary. One detector, kept in 
a fixed position at 90° to. the beam had the thickness of the depletion layer adjus-
ted to. be a full energy detector for alpha particles from the studied energy range, 
but a transmission detector for protons. The second detector of a depth of 2.5.mm, 
was covered by aluminum foil thick enough to stop all particles but protons.with 
energies above 2.5 MeV. Proton detector was set in the reaction plane defined by 
the incident 'He and. the registered alpha particle. Its position was changed from 
30° to 130° of the lab angle in 10° step, on opposite side of the ^He beam, that 
means on the side of ^Li recoil. The coincidences were stored on a magnetic tape as 
3-fold events: the energies of an alpha-particle (E^) and a proton (E2) and the time 
difference between them. Time resolution of the prompt peak in the TAC spectrum was 
typically 50 ns. Random coincidences, monitored by recording events over a vider 
time range, were negligible. Signals were processed by a Nuclear Data 4420 computer, 
which controlled the write up of the data on tape and provided for several on-line 
control displays. 

During the off-line analysis event by 
event recorded data were sorted to pro-
duce bidimentional spectra in the (Ej-E2) 
plane, gated by TAC window. 
For two detectors used in coincidence at 

. a particular pair of angles, the partic-
les energies E^ and E2 are lying in the 
(E-E2) plane on the well determined 
contour, resulting from the energy rela-
tion for a kinematically complete three-
-body reaction experiment 5). 
Each contour corresponds to the total 
energy Ej equal to the sum of the reac-
tion Q-value and the kinetic energy 
brought in by the incident particle. 

In our experimental setting only one 
contour was observed for Q value equal 
to 16.87 MeV with a width defined by the 
total energy resolution. Along the locus 
clusterings of experimental points were 
observed corresponding to the sequen-
tial processes proceeding by the inter-

Fig. 1 mediate unbound states (Fig. 2): 
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5Li, g.s., 3/2-, Г = 1.5 MeV 6), from the reaction éLi( 3He , c 0 5 l i 
8Be, 11.4 MeV, 4+, P = 3.5 MeV 6),from the reaction 6Li(3He,p)8Be. 

Projection of the kinematical contours onto the Ei axis yielded the one-dimen-
tional alpha particle spectra. Some of them are shown in Fig. 3. They mainly con 
tain two broad peaks, the higher energy one being a contribution from ^Li g.s. 
and the lower energy one from the ^Be 11.4 MeV state. The procedure of decomposi 
tion of these two contributions was applied by fitting the energy distributions 
of alpha particles in the frame of final state interaction theories 7). 

Alpha particle spectra in the range corresponding to i ( ^ H e , ) i transi 
tion were integrated to obtain the (o(-p) angular correlations corresponding to 
the ^Li g.s. decay. They were transformed into the angular distributions of pro-
tons in the rest frame of the 5|_i using the three body kinematics formula of 
Ohlsen 5). These angular distributions are shown in Fig. 4. The positive angles 
correspond to the emission of protons in the direction nearer to the direction 
of the incident ^He beam. Error bars contain both the statistical errors and the 
uncertainties resulting from ambiguities in energy spectra separation. 

All the presented angular distribuions are evidently asymmetric in respect 
to the direction of the emission of the denoted by 0° on the angle axis. 
The asymmetry observed at 1.5 MeV and 1.73 MeV is of the same type as that obser 
ved by Livesey and Piluso 3) at 1.25 MeV, shown also in Fig. 3 for comparison. 
One must comment on aa close similarity of the angular correlations measured at 
1.25, 2.5 and 1.73 MeV, because the energy 1.5 MeV (corrected for energy loss in 
the target) corresponds to the 17.64 MeV 
level of the 'в compound nucleus while 
other two energies fall beyond any know 
level. It would mean, that the process 
does not seem to be affected by an exci-
ted single level of the compound nucleus, 
contrary to the interpretation suggested 
in ref. 2). The smooth change of the 
measured angular distributions with the 

beam energy rather points to the 
direct process governing the reaction 
mechanism. The angular distribution 
measured at 3.0 MeV is rather flat. How-
ever at 3.5 MeV the asymmetry is again 
quite pronounced, but in this case more 
protons are observed at negative proton 
emission angles then at positives - just 
opposite to that at lower energies. 

z m, i ' 

Ш.2*'* 

S.S.,О* 

»Li *Ht аВв 

( MeV ) 

10 И с.м. E_ I MeV I 

( M e V ) 

Fig. 2 Fig. 3 
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The asymmetry of the decay can be understood if one assumes, that this 
nucleus is formed during the first stage of the reaction in a polarized state. 
The angular distribution for the particle with spin s to decay into two particles 
with spins sj and s^ is described in the rest frame of the decaying particle by 
the general expression given e.g. by Simonius 8): 

= ^ I k T T V k q T C q < в>*> 
t. are the spherical polarization tensors of rank k, which describe the 

polarization of the decaying particle, 
k = 0 ,1, . . . 2s , -k í. q 4. +k ; 
(0,9') are the angles defining the direction of the emission of one of 

the decay products; 
Ац., the decay amplitudes are real and q-independent. Parity conservation 

in the decay implies Ak=0 for odd k. thus the decay of ^Li ground state 
of spin 3/2 into an alpha particle and a proton is completely determined 

by the polarization tensors t 0 0, t2o,' ^21 апс| *22- Assuming A 0 equal to 1 accord-
ing to the usual conventions 13) one can calculate A2=-l. Using the coordinates 
in which the experimental angular distributions are presented, the angular dis-
tributions for the particular case of thé ^Li proton decay proceeding in the 
reaction plane can be written in a form: 

W(8) = t Q 0 - i t 2 Q (3 cos28-l)+^T t 2 1 sine'cose - |t 2 2 sin2» 

From this expression one can see immediately that the asymmetric angular distri-
bution results from the term containing 121 component of the tensor polariza-
tion. To describe the measured proton angular distributions this formula was 
transformed into 

W(0) = A - В cos2 (8 - & ) 

where А, В and 8 are the following functions of the tensor components: 

A t00 4 t20 7 Щ t22 + 7 у (j *20 7 t 2 2 ^ + é t21 v 

в = ]j(~ t20 - f t22)2 + (,t\x 

en = - 7 ̂  (TT w - ) 
2 20 " V2 22 

They were free parameters 
in the fit to the experimental angular distributions. 

The solid curves presented in Fig. 4 are the results of these fits. The best fit 
parameters are smoothly dependent on the incident energy, what indicates that 
the correct description of the experimental data is not fortuitous. 

Parameters A and В determine the overall normalization and anisotropy of the 
distribution. The asymmetry is related to 6 0, where 8 0, the arctg function of 
all three tensor polarization components depends very strongly on their relative 
signs and magnitudes. Thus the observed experimentally change of the possition 
of the minimum in the proton angular distributions should reflect the energy 
dependence of the tensor, polarization of 

In fact it contains also a hidden 
angular dependence on the energy-dependent 5l_i emission angle kinematically coup-
led to a fixed (90°) alpha-registration angle. 

The source of this strong polarization can be found in the.dynamic conditions 
of the reaction'. It is well known that a strong angular momentum mismatch forces 
the transfer to occur in the reaction plane (see e.g. von Oertzen 10). Thus the 
transferred angular momentum 1 is perpendicular to the reaction plane (having 
a z-component m,=0). The polarization of the transferred orbital angular momen-
tum is transmitted to the total angular momentum transfer and hence to the pola-
rization of outgoing particles through the coupling between 1 transfer and spins 
of the participating nuclei given by an appropriate Clebsch-Gordon coefficient 
9). The nucleus being the product of the very mismached reaction should then 
have very large vector and tensor polarization. Our measurements of the angular 
correlations are sensitive only to the second rank polarization 8) as explained 
above . 
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Fig. 4 
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7Li( 7Li, 6He) 8Be SINGLE-PROTON STRIPPING REACTION 
ABOVE COULOMB BARRIER 

O.V. Bochkarev, L.V. Chulkov, A.A. Korsheninnikov, E.A. Kuz'nin, 
I.G. Mukha, G.B. Yankov 

Abstract : The 7Li( 7Li, 6He) 8Be (Q = 7.28 MeV) reaction has been measured at Eiat,(7Li), = 
= 22 MeV. Exact finite-range DWBA calculations reproduce the shape of angular distribu-
tions of the 8Be(0 +) and 8 B e + ( 2 + ) states. The contribution of the compound reaction mecha-
nism is less than 10 %. 

1. Introduction 

Transfer reactions are being studied for a long time. As far back as in 1959 
q у 8 8 
•'Bei L i« L i ) B e reaction mas investigated /1/ as involving a transfer of a neutron from 
one of the initial nuclei to the other. At that time it «vas also expected that the 
7 7 fifi Li( Li, He) Be reaction proceeded by a direct transfer of one proton between the col-7 6 liding Li nuclei /2/. But the measured angular distributions of He at incident energies 
below the Coulomb barrier ( 2.5 MeV) have exhibited /3,4/ the absence of a strong struc-
ture, an almost total isotropy and small cross sections. Since there are no other publica-
tions about this reaction in the literature, it would be interesting to have new data at 
incident energies far above the Coulomb barrier. 

In the present work the results of the 7Li( 7Li, ®He)8Be measurements at the lithium 
energy of 22 MeV are given. Deduced angular distributions for the ground (0 +) and first • q 
excited (2 ) states of Be are compared with the theoretical models of direct interaction 
and compound nucleus. 

2. Experimental Procedures and Results 

The 7Li( 7Li, ^He)8Be reaction was induced by accelerating double-ionized 7Li particles 
to 22 MeV using the I.V. Kurchatov IAE. isochronous cyclotron. Beam currents were up to 

2 7 
400 nA. The target was made by evaporating 1.23 mg/cm of Li(99«7 %) metal onto a thin 
carbon backing. The target thickness was about 1 MeV to the 22 MeV lithium beam. 6He 
spectra were measured by steps of 1.0 - 1.5° in the angle range of б - 30° lab and by 
2.5° in the 30 - 60° lab one. With the account of the particle identity in the entrance 
channel, the angle range of 6 - 60° lab corresponds to the 10 - 170° cm one. Particle 
identification was effected by means of the E(1.2 mm) and E(32 цт) silicon detectors -4 6 with the 2 x 10 sr solid angle. Typical He spectra are shown in fig. 1. These spectra £ g 
exhibit well-pronounced and resolved peaks for the first two states of Be (0 and 
3.04 MeV), as well as a smooth background. No special investigation of the background 
sources was performed. But it was supposed that the continuum could be due to the two-step 

7 7 10 Ш 6 
reaction Li( Li, a) Be —» He + a. Experimental spectra were approximated by the curves 
consisting of three components: two Breit-Wigner distributions from the peaks and the 
Gauss distribution from the background near the peaks (fig. 1) 

Fig. 2 gives the results of the experimental angular distributions of the ®He particles 
corresponding to 8Be (g. s.; 0 + ) and 8Be* (3.04 MeV; 2 +). The systematic error in the 
absolute cross section is taken to be - 10 and - 15 for the first excited and ground 
states, respectively. Both the angular distributions are anisotropic and have a strong 
structure unlike that of the data at incident energies near the Coulomb barrier /3,4/. 

3. Analysis 

The angular distributions are compared with the exact finite-range DWBA calculations 
using the LOLA code /5/. The radius parameter of 2.00 fm and diffusenes of 0.65 fm were 
used in the calculation of the bound state wave functions. The bound state potentials 
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9^ = 57-5° 

Fig. 

30Q channel ¿0 Ш' Ш channel 
— number w number 

^He spectra from the 7Li( 7Li, ^He)8Be reaction at the lithium lab energy 
of 22 MeV end lab angles of 22.5 and 5?.5°. The solid lines are the 
results of the approximation, while the broken lines are the components 
of the approximation. 

Fig. 2 6He experimental and DWBA angular distributions for the 7Li( 7Li, 6He) SBe 
(0+ and 2 + ) reaction at E l a b ( 7 L i ) = 2 2 M e V 

were determined by allowing the depth to vary until the experimental binding energies were 
achieved. On the basis of the shell model, one expects a stripped proton to be captured Q i 
into the lp-state. For the transition leaving Be in its О ground state, only the lp-,/9 
capture is allowed. For the 2 first excited state both the an<^ 1Pl/2 c a P t u r e s a r e 

allowed. According to the selection rules, the 1-transfer values are equal to 0, 1 and 2 
for the P3/2 f i n a l state, while for p ^ ^ 0 П^У * anc^ 2 a r e realized. Since the difference 
between the cross sections for the Р3/2 anc* ^1/2 s t a t e s i s essential only at forward 
angles (0cm 10°), one expects that only the i p ^ ^ c a P t u r e is allowed for both the final 
8Be states (0+ and 2 +). 

The optical-model parameters used for the entrance and exit channels were taken from 



8 3 

7 Ч 
the analysis of the Li(24 MeV) + ^Be reaction by Cook /6/. The DWBA calculations are 
shown in fig. 2 together with the experimental angular distributions. The single-proton 
stripping calculations reproduce, in general, the shape of angular distributions, as well 
as the rate of fall-off with increasing angle but not the details of these distributions, 
in particular, the positions of maxima and minima. The attempts at varying the optical-
-model parameters failed to improve the calculations. 

The single-proton spectroscopic factors were deduced by comparing the experimental and 
DWBA cross sections at the forward angles. They are 1.1 and 1.3 for the ground and first 8 
excited states of Be, respectively. The theoretical data are 2.898 and 1.119 /7/. The 
discrepancy is not too larga to speak about some dominât mechanism other than the one-step 
direct proton transfer. But this discrepancy and phse problem can be an argument for the 
existence of two-step contributions or the need for other types of the optical-model 
potential. 

To estimate the contribution of the compound process in the ^Li(7Li, 6He) SBe reaction 
at 22 MeV, calculations have been made using the Hauser-Feshbach model. The deduced cross 
sections are less than 12 and 7 % of the experimental cross sections for the ground and о 

first excited states of Be, respectively. 

4. Conclusion 
The angular distributions of 6He have been measured for the ground and first excited 

states of ®Be from the 7Li( 7Li, ^He)8Be reaction at the lithium energy of 22 MeV far above 
the Coulomb barrier. Clear indications, have been obtained that the direct mechanism is the 
dominant one. The comparison of the experimental and theoretical DWBA data shows that the 
angular distributions are, on the whole, satisfactorily described by the single-proton 
stripping mechanism. The phase problem in the OWBA calculations remains open. The contri-
bution of the compound-nucleus mechanism is negligible. 
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A MEASUREMENT OF THE FORWARD DIFFERENTIAL CROSS SECTION OF THE 
REACTION^H(n, d)^ AT ER = 25 MeV 

PV M i c h e l K . Möller, 3. Mösner, G. Schmidt 
Central Institute for Nuclear Research, Rossendorf, G.D.R. 

In recent years it has become obvious that the forward differential cross section 
of the reaction ^H(n,d)^ and its inverse, the photodisintegration, is a sensitive 
probe for studying the nucleon-nucleon interaction and the electromagnetic transi-
tion operator. To test different theoretical approaches to this reaction requires 
accurate experimental data. 
The present experimental and theoreticpl situation is shown in Fig. 1. Most theore-
tical approaches predict a minimum in the differential cross section at about 
E^=10 MeV. But up to now no clear decision can be made by the experimental data 
whether the minimum exists. The experimental data are mainly by the Mainz/1,7/, 
Louvin/4,6/ , Frascati/2,5/, IUCF/3/ and RUG-Gent/8/ groups. 
Theoretical calculations have been performed by Partovi/9/, Laget/Ю/, Friar/11/, 
Jaus/12/, Cambi/13/, Hwang/14/, Pandey/15/ and others. 
Fig. 1 exhibits two main features: 
i) Most theoretical approaches give a poor description of the experimental data, 

ii) Due to the very small cross section of the reaction the experimental errors 
are large. 

In the present paper an experiment has been performed to add a new data point to 
Fig. 1 for E =25.6 MeV (corresponding to Ev=15 MeV). The experimental set-up is n í 
shown in Fig. 2. The neutrons are produced by bombarding a Ti- H target (manufactu-
red by Kolomiez et al., Institute of Nuclear Research of the Ukrainian Academy of 
Science, Kiev/ USSR) with 9.5 MeV deuterons from the Rossendorf Tandem accelerator. 
The capture deuterons are produced in a gaseous ^H target and then detected in a 
spectrometer consisting of a telescope and two position sensitive multistep avalan-
che chambers /MSC/. - \ 
The target gas cell contains two MWPCs which ensure that the detected particles are 
originated within the gas cell. 
The two scintillation counters (SCI, SC2) serve for measuring the time of flight 
and the response of the charged particles and the MSCs are used for the determina-
tion of the track coordinates in order to reconstruct the neutron-deuteron angle. 
Detectors are coupled via CAMAC electronics to a small computer KRS 4201(Robctron). 
Details of the experimental arrangement are given in refs. /16-18/. 
Using Monte Carlo simulation we deduce the zero-degree cross section from the mea-
sured angular distribution. The result is 

cm. 
= (5.8 - 2.3) pb/sr 

8 = 0° 

The main error is due to the statistics of the measurement. A comparison of the 
capture reaction measurement with corresponding photodisintegration experiments 
/1,7,8/ shows that in the latter cases about 100 times larger reaction rates are 
possible and therefore essentially smaller statistical errors can be achieved. 
The result is in good agreement with a lot of theoretical predictions but because of 
the relativly large error more detailed conclusions cannot be drawn. 
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FOLDING-POTENTIAL ANALYSIS OF ELASTIC AND INELASTIC ALPHA'SCATTERING PROCESSES AND OF 
(p.*) AND (Ч.р) REACTIONS ON LIGHT NUCUEI 
G. Staudt, H. Abele, R. Neu, Ch. Striebel, M. Walz, S. Welte 
Physikalisches Institut der Universität Tübingen, D-7400 Tübingen 
H. Oberhummer, H. Cech, Institut für Kernphysik, Technische Universität Wien, A-1020 Wien 
P.D. Eversheim, F. Hinterberger, Institut für Strahlen- und Kernphysik, Universität Bonn, 
D-5300 Bonn 

Abstract 

Differential cross sections of elastic and inelastic a-scattering have been measured on 
some light nuclei at E = 48.7 and ^4.1 MeV. The experimental results were analysed in 
terms of the optical model and the coupled-channels method using a double-filded a-poten-
tial. Previous investigations of some (p,a) and (a,p) reactions have been reanalysed em-
ploying these a-potentials. The angular distributions as well as the correct absolute 
magnitude of the (p,a) and (a,p) cross sections are well reproduced. 

Introduction 

Elastic alpha-nucleus scattering processes are generally described by optical potentials 
whose parameters are adjusted to reproduce the scattering data. Furthermore optical poten-
tials are needed in the analysis of inelastic a-scattering data using a coupled-channels 
procedure. Finally, the knowledge of a optical potentials is necessary in the calculation 
of (p,a) and (a,p) reactions in the framework of the DWBA. 

In order to analyse elastic alpha-nucleus scattering processes the simple Saxon-Woods 
shape is generalized by introducing terms of higher order of the well-known Saxon-Woods 
function. Further "model-independent" parametrizations of the optical potential are com-
monly used employing either a sum of Gaussians or a sum of Fourier-Bessel functions added 
to a Saxon-Woods form factor /1/. 

16 
A systematic optical model analysis of xuO( a,a) elastic scattering has been presented 

by Michel et al. /2/. For the real part of the optical potential they found a new parame-
trization. The extracted potential, which has only two smoothly - varying - energy -16 
dpendent parameters, gives a precise descript ion of the ос— 0 elastic scattering data in 
the energy range between 30 and 15О MeV. The analysed data were shown to allow the elimi-
nation of the well-known so-called discrete ambiguity. The real volume integral per nu-
cleón pair of this potential which is about 400 MeV fm at low energies, descreases with 
energy with a slope comparable to that found for higher mass targets. 

A further approach to the determination of optical model potential constitutes the 
double-folding procedure. Recently the a-particle scattering was analysed by Kobos et al. 
within the framework of this concept /3/. The resulting volume integrals J„/4A vary be-3 
tween 300 and 400 MeV fm . The model yields a good account for a-scattering in an energy 
regime of 2 5 to 100 MeV for nuclei in the mass region between Ca and Pb. 
We have measured, the elastic and inelastic a-scattering on some light nuclei in the mass 

region A = 11 - 24 at incident energies E a = 48.7 and 54.1 MeV. In order to analyse the 
data optical model and coupled-channels calculations have been carried out using a poten-
tials based on thé folding concept. Furthermore we reanalysed previous investigations of 
some (p.a) and )a,p) reactions employing double-folded a potentials in the DWBA calcula-
tions . 

Experimental Procedure 

The measurements were performed by using a particle beams from the Bonn isochronous 
cyclotron. Typically, intensities between 20 and 400 nA were utilized with a beam resolu-
tion of 5 " Ю ~ 4 . Target foils of about 50 pg/cm^ thickness (3-1B, ^ 4Mg ) and gas targets with 
a pressure of about 5 0 0 mbar ( 1 2 - 1 3 c. 1 4 ' 1 5 N , 1 6 ' 1 7 - 1 8

0 , 2 0 ' 2 2 N e ) have been used. 
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The detector system consisted of four E-E-telescopes fixed on two turntables. The 
detectors were of the surface barrier type with a thickness of about 200 jim ( E) and 
2000 |im(E). The detector signals were amplified and registered by means of standard par-
ticle identification techniques. Great care was taken to fix the zero-degree direction 
which could be determined with an accuracy of about 0,1 degree. 
^ i I ' 24 
The inelastic ascatteringi on Mg has been measured at the Heidelberg post accelerator 

utilizing the multistep spectlrometer. With an energy resolution of better than 100 keV in 
the particle spectrum al 

could be well separated. 

the particle epectrum all members of the ground state and the y-band up to E x = 8 MeV 

The a-Nucleus Double-Folding Potential 

The real part of the folding potential is described by 

UF(r) = X Jd^ (dr2PT(r1)pa(r2) • t(E,pT,Pa,,=r+r2-r1) 
where r is the separation of the centers of mass of the colliding target nucleus and the 
a-particle, апс' ра^гг' a r e tlle respective nucleón densities, and is an over-
all normalization factor. The quantity t is the energy and density dependent effective 
nucleon-nucleon interaction 

t(E,p,s) = g(E,s)f(E,p) 
with the M3Y interaction 

g(E,s) = 7999"P̂ "4ŝ  - 2134"P^-Ss) - 276(1-0.005ЕЖs) 4s 2.5s 

and E = Ec • m ' / 4 а 
where E®"™' is the c.m. kinetic energy of the а-target-system. The density dependence is 
given by f(E,p) = C(E)[l+a(E)<f(i(E)p] 
with p = PX* R I' + pe / R 2 ' ' Parameters c(e), a(e) and ß(e) were determined by fitting the 
volume integral of t(E,p,s) to a parametrized form of the real part of a G-matrix inter-
action obtained from Brueckner-Hartree-Fock calculations for nuclear matter for various 
densities p and at various nucleón energies E. /4/ 

By the use of the computer code FOLD the real part of the optical potential Up(г) was 
calculated /5/. For the density distributions of the target nuclei P t and of the a-par-
ticle P o the charge densities measured in electron scattering were used. 

In order to gain a sufficient flexibility in the shape of the absorptive part of the opti-
cal model potential a "model independent" form was chosen expressing the imaginary part of 
the potential as a sum of Fourier-Bessel functions of six terms 

6 

v=l c 

A cut-off radius R c = 10 fm was used. All fits were performed using the computer code 
GOMFIL /6/, where the only adjustable parameters are the six Fourier-Bessel coefficients 
a v ol 
tial. 
a y of the imaginary part and the normalization constant \ of the real part of the poten-

Cfitical Model Analysis of Elastic a-Scattering 

The double-folding potential was first applied to an analysis of the elastic a-scatter-
ing on For this nucleus elastic scattering data are known covering a broad energy 
range. The experimental data together with the results of the calculation are shown in 
fig. 1. The quality of the fits compares well with the best available phenonenological 
optical description /2/ provided the double-folding potential is renormalized by a factor 
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X ~ 1.35 in agreement with the findings of Kobos et al. /3/. 

Fig. 1. Elastic a-scattering 
on 160: Experimental data and 
optical model fits, calculated 
by using the double-folding 
potential. 

' *0(а ,а) , в0 imaginary potent ials 

К б MeV 

32.2 Mev\ 

Fig. 2. Real and imaginary part of the 
optical potential as used in the calcu-
lations of fig.l 

The real parts of the renormalized folding potential.and the imaginary parts obtained by 
the fitting procedure are shown in fig. 2. The renormalization factors ^ , the volume 
integrals and the rms radii are listed in table 1. The real potentials are in excellent 
agreement with those obtained by Michel et al. for both their depth and shape /2/. 

16 Recently, Wada and Horiuchi have shown /7/, that a + 0 RGM calculations which reproduce 
20 

the spectroscopic data of the Ne levels also fit well the elastic scattering cross sec-
tions up to high energies. The equivalent local potential derived from the resonating-
-group method is found to be very similar to the optical potential calculated by the 
double-folding procedure. Thus it is concluded that a significant part of the energy de-
pendence of the real part of the a + potential is due to the internucleus antisymme-
t rization. 

The imaginary potentials derived by the procedure described above are shallower than 
the potentials of Saxon-Woods type. On the other hand they resemble in shape to the real 
potentials as obtained by the folding procedure. As for the real part, the depth of the 
imaginary part decreases slightly for increasing incident energy. However, the radial 
range and the volume integrals 3^/ЛА slopes up with energy. This means, that for increa-
sing energy the absorption is pushed more to the surface. The rms radii for the imaginary 
potential are for all energies larger than those for the real part. 

Table 1. Renormallzatlon factor * , volume integrals and rms radii from an optical model 
analysis with a double-folding potential tor elastic a-scattering on 16 r 

Ea X Jr/4A . 2.1/2 
R J j/4A , 2.1/2 

I> 

(MeV) (MeV fm ) ( fm) (MeV fm3) (fm) 

32.2 1.395 407 3.61 51.1 4.33 
39.3 1.389 400 3.61 56.9 4.20 
48.7 1.390 397 3.61 74.8 4.40 
54.1 1.354 383 3.61 76.6 4.28 
69.5 1.332 369 3.61 93.8 4.23 

104s 1.288 339 3.62 101 4.12 
146 1.275 313 3.63 108 3.97 

exp. data renormalized by the factor 0.73 /ref. 2/ 
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Now we analyse all our data measured at an incident energy of 54.1 MeV in terms of 
double-folding model. The results are shown in fig. 3 and in table 2. Not unexpectedly, 
the comparison of the fit to the experimental data of elastic scattering is the less 11 12 on 
favourable, the more the nucleus is deformed. Inspecting sections for the B, C, Ne, 
and ^ 4 M g it becomes evident, that it is beyond the scope of an optical model analysis to 
interpret the angular distributions of elastic scattering for strongly deformed nuclei. Л "2 Л Q This statement, though less stringent, is also valid for nuclei like С and 0. 

Table 2. Renorraalization factor A. , volume integrals 
and rms radii from a optical model analysis 
with a double-foldi potential for elastic 10" 

a-scattering on light nuclei at incident 
energy E = 54.1 MeV 10" 

10" 

Target к JR/4A <r 2 1/2 R Jj/4A <4> 1 / 2 
10" 

nucleus (MeV fm3) (fm) (MeV fm3) (fm) 
10 , ! 

" В l 32 393 3 .46 122 4.35 in 

1 2c 1 32 367 3 .37 115 3.12 E 10" 

1 3c 1 32 375 3 .46 97.2 4.12 
a о \ 

1 4 N L 31 368 3 .47 80.8 4.11 10' 

1 5 N 1 35 381 3 .57 89.1 4.52 
1 6 0 1 35 383 3 .61 76.6 4.28 10' 

1 7o 1 32 375 3 .66 93.8 4.60 
1 8 0 1 30 364 3 .66 112 4.68 10s 

20Ne 1 21 352 3 .86 127 4.50 
22H Ne 1 11 307 3 .81 114 4.42 

10" 

24u Mg l 15 323 3 .86 116 4.26 1 n" 

ELASTIC SCATTERING 
OF d-PARTICLES 

E, = 54.1 MeV 

0 30 60 90 120 150 180 

F i g . 3. Elastic a-scattering 
on some light nuclei at E a 
54.1 MeV: Experimental data 
and optical model fits, calcu-
lated by using the double-
folding potential. 

Coupled-Channels Analysis of Inelastic a-Scattering 

For the elastic and inelastic scattering on deformed nuclei coupled-channels calcula-
tions are adequate to analyse the experimental data. It is well known that at low-medium 
energies a-scattering is very sensitive to multistep processes in the excitation of the 
target nucleus. Therefore we analysed the elastic and inelastic a-scattering cross sec-

13 IB 20 22 24 tions for the excitation of collective states in C, 0, Ne, Ne and Mg in terms of 
the coupled-channels method utilizing the program ECIS /8/. An investigation of the a-scat-

12 tering on С is in progress. 
13 18 20 22 

For the nuclei C, 0, Ne and Ne the concept of the symmetric rotor model is em-
ployed. The calculations give a reasonable description of the data, s. figs. 4 and 5* The 
inelastic a-scattering on the strongly collective nucleus ^ 4Mg has been analysed within 
the framework of triaxial rotor model /9/ extended to hexgdecapole degrees of freedom. The 
results are given in fig. 6. 

In all the coupled-channels calculations again a folding potential was used for the 
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optical potential. Measuring the strength of the imaginary potential by the volume inte-
gral, this integral is much smaller in the case of a coupled-channels analysis as compared 
to an optical model analysis (s, fig. 7). This trend is expected since the strength of the 
absorptive part of an optical potential has to take into account all the couplings into 
inelastic channels. As can be seen in fig. 7, the correlation between the volume integrals 
Jj/4A obtained in optical model analyses and the deformation parameters ß 2 is striking. 
On the other hand, the values of the volume integrals 3j/4A obtained in coupled channels 
calculations are actually similar to those extracted from the optical model analysis of 
the elastic a-scattering on the spherical nucleus 16r 

Fig. 4. Elastic and inelastic a-
13 scattering on С at E a 

54.1 MeV: Experimental data and 
coupled-channels fits, calculated 
by using the double-folding 
potential. -0.24, ß, = -0.04. 

|"Мд(а,а')"Мд| 
i^-io* K=2 band"' 

Fig. 5. Same as fig. 4, but for 
the nuclei 180: ß2 = 0.18; 2 0Ne: 
ß2 = 0.27; = 0.04; 2 2Ne: ß2 = 
0.28, ß4 = 0.02. 

i 0.25 
О 

- 0 . 2 5 

О 30 60 90 120 150 180 

Fig. 6. Same as fig. 4, but for 
24 

the nucleus Mg: ß2 = 0.27, 
ß, = -0.10. 

Fig. 7. Mass dependence of the defor-
mation parameter ß^ and of the volume 
integral per nucleón of the optical 
potential deduced from optical model 
calculations (points) and from 
coupled-channels fits (crosses). 
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DWBA Analysis of (p,a) and (a,p) Reactions 

During the last few years much attention has been paid to the absolute normalization of 
the cross section of (p,a) or (a,p) reactions. Recent microscopic analyses reveal striking 
discrepancies between the measured absolute values a and the theoretical predictions 

exp 
a /10-12/. The enhancement factor tb о exp 

Б = 

ath . 

required to obtain agreement between both values varied up to three orders of magnitude. 
This discrepancy may be due to unrealistic NN potentials, the omission of multi-step 
processes and the use of insufficient single-particle wave functions in the calculation 
of the form factor. The influence of the optical a-potential in the exit (or entrance) 
channel of the DWBA transition amplitude has been investigated by Brunner et al. /10/ for 
the transfer 2 7Al(p,a) 2 4Mg and by Hamill and Kunz /11/ for the 4 0Ca(a,p) 4 3Sc reaction. 
Both analyses conclude that the employance of deep optical a-potentials of Saxon-Woods 
form results in an acceptable description of the differential cross sections whereas this 
type of potentials require large enhancement factors e to renormalize the theoretical 
predictions. On the other hand, when using shallow Saxon-Woods potentials small enhance-
ment factors are needed but the resulting angular distributions of cross section and 
analyzing power are unacceptable. 

The situation is drastically altered if an optical a-potential based on the double-fold-
ing concept instead of a Saxon-Woods potentials is adopted. Stimulated by the recent suc-
cess of the folding model in the description of the elastic and inelastic a-scattering we 
reanalysed previous investigations of some (p , a ) and ( a,p) reactions using double-folded 
a-potentials in the DWBA calculations. The computer code TROMF was developed which allows 
a least-square fit to the experimental elastic scattering data in the entrance-and exit 
channels as well as to the experimental differential cross sections of the transfer reac-
tion, simultaneously /13/. The code optimises the free parameters of the optical poten-
tials in the entrance and exit channels as well as the microscopic form factor. For the 
proton channel Saxon-Woods potentials are aused, whereas for the a channel a "model inde-
pendent" form was chosen expressing the imaginary part as a sum of Fourier-Bessel func-
tions of six terms and the real part as a sum of Fourier-Bessel functions of six terms 
added to the a-folding potential. The elastic scattering cross sections were calculated 
using the optical model code included in the code DWUCK V /14/. The three-nucleon transfer 
(p,a) or (a,p) was determined using a microscopic finite range DWBA model /12/. Thereby 
we used the finite range DWBA code DWUCK V and the microscopic form factor code TRANS04 
/15/. 

2.7 2 4 
As an example I will discuss the reaction Al(|i,a) Mg (g.s.). The experimental data 

have been taken from ref. 12. As a first result of the least-square fit procedure the 
best-fit parameters of the single-particle bound-state potentials give reasonable values, 
approximately the same as for instance the parameters given by Malaguti and Hodgson /16/. 
The resulting microscopic form factors deduced from both parameter sets are shown in 
fig. 8. Secondly, the best-fit a-optical potential is quite similar to the folding poten-
tial for the elastic a-scattering on 2 4Mg at E a = 42 MeV /17/ as shown in fig. 8. Both 
potentials give an excellent fit to the experimental 2 4Mg(a,a) 2 4Mg data at 42 MeV. 

Finally, the 2 7Al( (i,a)24Mg differential cross section and analyzing power values are 
well fitted (solid lines of fig. 9). The angular distribution of the cross section and the 
analyzing power as well as the absolute magnitude of thè cross section are reproduced 
using an enhancement factor of e = 1.20. 

In order to estimate the sensitivity of the computed cross section and analyzing power 
we performed calculations using both the form factors and both the a-optical potentials 
shown in fig. 8. The results of this variation are given as dashed and dashed-dotted lines 
in fig. 9« As can be seen, the variation of the reaction cross section and analyzing power 
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is more marked than that of the microscopic form factors and a-optical potentials. This 
shows the sensitivity of the reaction data to slow variations in the shape of the form 
factor and the a-optical potential. 

The most interesting result of our best-fit search is the following: even we only fitted 
to the experimental elastic differential cross sections of the entrance and exit channel 
as well as to the angular distribution of the (p.a) cross section, we obtained also the 
correct absolute magnitude of this cross section. In all the work up till now it was im-
possible to get the absolute magnitude and the angular distribution of the (p,a) - or 
(a,p) cross section simultaneously. The progress in fitting the (p.a) and (a,p) experimen-
tal data is due to the use of optical a-potential which is of the folding model instead 
of the Saxon-Woods type. 

real part 
a ootical potential 
E. = U2 MeV 

imaginary part у 

Fig. 8. Best-fit form factor and 
best-fit a optical potential 
(solid lines), form factor calcu-
lated with the parameters of 
ref . 16 (dashed-dotted line), 
folding potential for the elastic 
scattering on 2¿>Mg at E a = 42 MeV 
(ref . 17 Kdashed line). 

0 50 lOO e _ 

i Л 

Ж / ' y - y 
,'T Г 

; \W 
2 7 A l ( R , a ) 2 4 M g 

£,.35.0 MtV 

1 . . . . i 0 50 too 0.. 
Fig. 9. Differential cross sec-
tion and analysing power for 
01 ?4 

Al(p.a) Mg at E p = 35 MeV: 
Experimental data and DWBA 
results calculated with the 
form factors and a optical 
potentials given in fig. 8. 

We also investigated the energy dependence of this reaction. Again the experimental data 
have been taken from ref. 12. In the calculations with Ep = 24 and 45 MeV the same form 
factor was used as it results from the search procedure with Ep = 35 MeV as given above. 
Again the elastic scattering and reaction data are fitted but only with free optical model 
parameters and with free values. As one can see from fig. 10 the experimental elastic 
p- and a-cross sections as well as the (p,a) reaction cross sections are reproduced excel-
lently by the microscopic finite range DWBA calculations. 
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27 27 24 24 27 24 Fig. 10. Energy dependence o£ Al(p,p) Al, Mg(a,a) Mg and Al(p,cO Mg: 
Experimental values together with the results of optical model and,finite range 
DWBA calculations using a microscopic form factor. In all cases the absolute reaction 
cross section is well reproduced if a normalization factor of only e = 1.2 is used. 

Conclusions 

A study of elastic and inelastic a-scattering processes on several light nuclei at an 
incident energy near 50 MeV has been performed. The experimental results were analysed in 
terms of the optical model and the coupled-channels procedure. It could be shown that the 
double-folding potential calculated by means of the 0DM3Y nucleon-nucleon interaction 
describes rather well the experimental differential cross sections for a broad energy 
range from 30 up to I50 M(eV. 

Furthermore these potentials have been used in the analysis of (p,a) and (a,p) reactions 
in the framework of microscopic finite-range DWBA calculations. It was possible to obtain 
almost the correct magnitude of the cross section, while in previous work the absolute 
value was generally underestimated by about two orders of magnitude. Simultaneously the 
angular distribution of both the experimental cross sections and the analyzing powers 
could be reproduced. 
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LOW ENERGY BEHAVIOUR OF THE OPTICAL POTENTIAL IN ALPHA PARTICLE SCATTERING 

M. Brenner, K.-M. Källman, P. Manngârd, h. Sjöberg 

Department of Physics, Âbo Academi, Turku, Finland 

Z. Máté, S. Szilágyi, L. Zolnai 

Institute of Nuclear Research, Debrecen, Hungary 

ABSTRACT : 

Elastic and inelastic alpha-particle differential cross sections have been meas-
ured at 12.80, 14.56, 16.34 and 18.13 MeV on 62Ni. The results were analysed with 
the optical model and coupled channel calculations were done. The energy dependence 
of the volume integrals was compared with the theoretical prediction. A similar 
study is in progress for 50Cr and 31fS. 

Recent papers ' ' ^ ' report on rapid variations and anomalous behaviour 
of the nucleus-nucleus potential for energies E in the vicinity of the top of the 

5) 
Coulomb barrier. It was shown that there are general theoretical arguments for 
expecting such an energy dependence of the potential parameters at low energies, 
based on the dispersion relation which connects the real and imaginary parts of the 
complex optical potential. This relation which is based on the causality principle 
has the following form: 

V (r,E) = V <r,E)+ - f w<r'P' } dE' 
° ïï ° (E'-E) 

Here P is the "principal value", VQ is a slowly and smoothly E depending term. It is 
expecte'd that W(r,E\) decreases rapidly for energies below the Coulomb barrier. Be-
cause 6f the above mentioned formula the real part is expected tr be bell shaped near 

6 2 
the top of the Coulcmb barrier. In order to confirm this principle the a+ Ni 
elastic and inelastic scattering was studied in this work. 

The experiment was performed using the sector focusing cyclotron of the 
Academy. The collimated a-particle beam was momentum analyzed in a 110° magnet. 
Using four surface-barrier Si detectors angular distributions were measured for the 
elastic and inelastic (2*) scattering of a-particles by in steps of 2. and 4° 
at laboratory energies 12.80, 14.56, 16.34 and 18.13 MeV. The target was a 
150-200 vg/cm thick foil enriched in Ni (97.94 %). The overall energy resolution 
was about .100 keV in the experiment while the energy loss in the target was 35 keV 
for 16 MeV bombarding alpha energy. The measured cross-sections are shown in figures 
1 and 2. I 

First we analysed the data in the frame of the optical model. As it can be 
expected the volume integrals J and J M cannot be determined unambiguously from 62 w . the low energy scattering by Ni. We obtained good agreement with several very 
different optical parameter sets and very strongly varying volume integrals. These 2' 
parameter sets and the corresponding volume integrals with the x ~s ere given in 
table 1. Later we made coupled channel calculations using the program ~ECIS ̂ . The 
coupling constant was s:et to 0.16 in accordance with the value obtained in ''. The 
parameters for this case are given in table 2. The experimental data and.the results 
of calculations are compared in figures 1 and 2. 5) .... The volume integrals are ccsnpared with prediction of in figures 3 and 4. The 
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2Ni(a,a0)62Ni 

£ „ = 12 80 MeV 

2Ni (a, a')"Ni2 

50 100 • 

angle (c.m.) 
50 100 

angle (c.m.) 

Fig.l. The experimental angular 
distributions for elastic scat-
tering of a-particles by 62Ni 
compared with results from cou-
pled channel calculations using 
the optical potential parameter 
set from table 2 giving the best 

Fig.2. The experimental angular 
distributions for inelastic (2^) 
scattering of a-particles by 
6 2Ni compared with results from 
coupled channel calculations 
using the same parameter .set as 
in fig. 1 (the solid lines). 

Table 1. The parameters obtained from the optical model calculations 

Ea V rV W rw "w J v 3 
Jw 3 

2 

[MaV] [№V] [fin] [fin] [teV] [fin] [fin] [MaV' fm ] [№V fin ] 

12.80 210.8 1.40 • 0.56 12.4 1.80 0.14 667 76 0.5 
14.56 207.0 0.51 32.7 1.00 0.62 646 42 0.4 
16.34 211.2 0.52 14.1 1.70 0.20 659 73 1.0 
18.13 198.1 0.58 16.1 1.69 0.39 631 84 1.6 
12.80 137.2 1.45 0.58 11.9 1.79 0.21 481 72 0.6 
14.56 133.6 0.54 12.5 1.63 0.38 463 59 0.5 
16.34 133.0 0.54 16.55 1.48 0.14 462 57 . 1.9 
18.13 126.3 0.59 13.1 1.71 0.41 ' 445 71 1.8 
12.80 104.6 1.50 0.56 10.5 .1.81 0.52 402 65 0.5 
14.56 101.8 0.52 10.84 1.66 0.34 387 53 0.5 
16.34 105.0 0.50 10.3 1.72 0.15 397 55 1.2 
18.13 94.6 0.58 11.7 1.72 0.39 366 64. • . 2.0 

12.80 60.5 1.55 0.54 9.86 1.58 0.50 254 43 0.8 
14.56 57.0 0.53 7.67 "1.67 0.36 239 39 0.6 
16.34 58.0 0.52 14.4 1.67 0.24 242 80 6.1 
18.13 31.5 0.72 5.61 1.86 0.47 139 39 2.6 
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Table 2. The parameters obtained when the inelastic (2"J") channel was coupled to the 
elastic one 

Ea V rV "v W rW ®W J v , 4 . 2 
xinel 

[feV] [№V] [fm] [ön] [MeV] [fm] [fin] [feV for] [MsV foi1] 
12.80 196.7 1.40 0.59 14.4 1.78 0.32 629 87 1.2 3.1 
14.56 191.2 0.55 14.2 1.69 0.37 604 73 1.0 3.3 
16.34 192.2 0.55 14.6 1.69 0.36 607 75 2.4 6.8 
18.13 200.4 0.40 20.0 1.09 1.45 605 58 1.8 4.7 
12.80 129.2 1.45 0.55 12.9 1.47 0.10 450 43 1.4 4.5 
14.56 126.3 0.54 14.0 1.46 0.09 439 45 0.9 2.5 
16.34 124.2 0.55 13.9 1.46 0.10 433 46 0.8 2.6 
18.13 117.3 0.60 15.7 1.49 0.18 414 50 2.4 4.8 
12.80 99.1 1.50 0.54 10.5 1.47 0.66 379 39 1.3 2.2 
14.56 96.2 0.52 13.4 1.30 0.81 366 39 1.44 2.5 
16.34 95.6 0.55 8.49 1:75 0.23 366 48 2.5 3.5 
18.13 86.3 0.65 12.9 1.72 0.48 340 73 23 5.5 
12.80 56.6 1.55 0.54 8.24 1.40 0.20 238 24 1.8 1.6 
14.56 54.9 0.507 5.72 1.78 0.26 232 34 1.0 1.6 
16.34 52.6 0.58 6.00 1.76 0.27 234 35 4.1 2.5 
18.13 65.2 0.62 9.6 1.77 0.33 280 57 12.1 6.8 

Fig.3. Comparison of the volume 
integrals obtained from the op-
tical model calculation with the 
prediction of 5). 

Fig.4. Comparison of the volume 
integrals obtained from the cou-
pled channel calculation with the 
pedlction of 5). 



9 9 

different symbols correspond to different parameter sets given 
It can be seen that the best fit values in the coupled channel 
the predicted ones. 

Similar experiments have been performed for target nuclei ^°Cr and ^ S . The 
analysis of the data is in progress. Preliminary results for an angular distribution 
of elastic a-scattering on 3 4S measured at the cyclotron of INR (Debrecen) are 
shown in figure 5. 

103 

102 
(_ W 
J3 
£ 10 1 

С TJ 
ъ "О 
10° 

ю-1 

in tables 1 and 2. 
case are close to 

50 100 150 
angle (c. m.) 

Fig.5. Preliminary results for the experimental 
angular distribution of elastic scattering of 
a-particles on 31,S compared with the results 
of optical model calculations. 
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РЕАКЦИИ (h, ob) ПРИ ЭНЕРГИИ НЕЙТРОНОВ 3 Ms в 

Я. Оравец, И. Сарка, М. Флорек, К. Голы 

CoRienius University, Department of Nuclear Physics; CSSR 842 15 Bratislava 

Г. Гельфер, У. Ян 

Technische Universität Dresden, Sektion Physik; DDR 8027 Dresden 

Анотация 
Измерялись эффективные сечения редких (h,cC) реакций на ядрах среднего веса 
51-1/, 55-Ми, 69-ßa, 95~Мо, 143-NJ при анергии нейтронов 3 Мэв, обсуждение 
экспериментальных результатов было сделано на основе статистического ио-
де ля Хауэера-Фешбаха й сравнены с вычисленными данными по [3] . Все экспе-
рименты были сделаны на нейтронном генераторе ТУ Дреаден. 
I» Введение 

Реакции (и,л) при энергии нейтронов 3 Ыэв на ядрах среднего веса и 
средне тякелых ядрах протекают глубоко под куломбовскмы барьером е очень 

г~* ""33 2 
ниакой правдеподобностью (G¿-rl0 м ). В основном они проходят черев ста-
дию составного ядра и их можно считать очень редкими реакциями [1] . 

Исследование этих редчайших реакций (и,4.) является новой областью 
нейтронной спектрометрии, которая начала свое развитие в 60-тых годах. Эти 
исследования дают в первую очередь новув информацию о физическом поведении 
и структуре высоко возбуаденных состояний атомных ядер. Дают сведения о 
самом процессе альфа-распаде и лучше обясняют представления о механизме 
этих реакций. 

Экспериментальное исследование этих реакций затрудняется тем, что по-
лучение нейтронов с энергией 3 Мэа в" нейтронных генераторах на основе ре-о 
акций b(¿i,n) Не плотность потока нейтронов нияе плотности потока нейтронов 

4 
из реакции Т(е|,и) Не премершо на два порядка ниже 14-Ывв нейтронов. Сече-
ния реакций (и,ос) в области энергии нейтронов 3 Мэа на ядрах среднего вееа 
и средне тяжелых ядер, измерены для таких нуклидов, где величина отно-Q1 9 Цй t-сительно высокая, ~ 10" м , например реакции на ядрах fi¡¡ , Fe féJ• 
Коэффициенты трансмиссии для частиц альфа, для нами,используемых нуклидов 

55 —7 95 «5 1 ля. —g следующие например Ми г 10 , Mo * 10 , Nd ? 10 , по сравнению с 
58 «=2 ""33 2 /V/ г 10 . Для атомных ядер, сечения реакций (и,oí.) т 10 м существуют 

только теоретические данные f3j » 

2с Эксперимент 
Для измерения сечений редких, реакций (n,<t) на ядрах среднего веса и 

средне тажелых ядрах при энергии нейтронов З Ш в , мы испольоозали метод 
нейтронно-активационного анализа в сочитании с бета-гамма спектрометра, 
метод прямых измерений с использованием ионизационной камеры и гааово-по-
лупроводникового телескопа» 

Метод активационного анализа был испольвован для тех ядер, у которых 
после реакции (n,o¿) остаются дочерние бета-гамма радиоактивные ядра с полу-
периодом распада несколько минут или часов. Этим методом были измерена се-
чения реакций (h,o¿) на ядрах 5 5Мл и 6 96а [4]. 
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Ценную информацию о характере реакций получаем когда измеряем прямо 
энергетический спектр альфа данной реакции. Иа этих данных можно прямо 
определить перехода альфа для отдельных возбужденных уровней дочерних ядер 
и тем самым высчитать парциальные эффективные сечения реакций (n,«¿)o Для 

55 
этого был использован газово-полупроводниковый телескоп для ядер: - Mo, 

и G ^ для 1 А З Ш [5,6] . 
Измерения с ионизационной камерой е сеткой ядра , не привели к ус-

пеху, хотя теоретические предсказания эффективного сечения для (n,<¿) реак-
ции для »того ядра были довольно высеки - - 878 микробарн. Таблица N?1 
показывает наши расчетные и измеренные эффективные сечения 

Таблица Н?1 

Ядро 
мишени 

51v 5 5Мл 67.. ¿n 69„n Ca 9 5Mo 143к d 

Теория 17 12 878 28 110 к 51 
12 

ЭкспеРо 
^ub) <100 (7+3) ¿700 (70+50) (90+40) (130+60) 

(30+20) 

Теоретические величины в таблице Bi были вычислены на основе статисти-
ческой модели Хаусера-Фешбаха модификацией программы STAPiílí, где были при-
няты во внимание каналыц ,P,v¿. Плотность возбужденных состояний, программа 
определяет расчотом по [7] ив дискового набора (в области дискретных со-
стояний) . Величины параметров плотности возбужденных состояний "а" и энер-
гетических щелей "Д " были взяты ив 18.] о Для расчота трансмиссионных коеффи-
циектов на основе оптической модели были испольвованы процедуры из програм-
мы SCAT [9]. Также использовался глобальный потенциал Мек Федена и Сачлера 
¡ДО]. Протонный канал был описан потенциалом Бечетй и Гринлес [11] о Тран-
смиссионные функции для нейтронов были расчитаны нелокальным глобальным по-
тенциалом Пери и Бук [12] <, 

Зо Обсуждение результатов 

В области ядер среднего веса были измерены эффективные сечения (п,ио) 
реакций для ядер , ошибка в результатацх была выше у ядра ®S6a„ 
Причиной этого был изотонически состав естественного галия, где из изо-
топа а в реакции а (и близка по энергии возбуждения дочерного fi ß 69/-' 66 ядра Си. Нам удалось определить реакцию С-а ( и С и на основе равницы 
полупериодов дочерных ядер и Данные ядра имеют малую плотность 
возбужденных состояний. Все энергетически разрешены переходы составного яд-
ра реализуются на дискретных уровнях. В случае глубоко подбариерных реакций 
расхождение между теорией и экспериментом можно считать минимальным» 

В случае и ^ ^ M d распад альфа осуществляется глубоко под кулонов-
95 

ским бариером (для Mo; = 9 , 2 Мэв, высота борьера дла частицы альфа 
143 

18 Мвв и для Nd, = 12,4 Мвв а высота барьера 25 Мэв), Эти ядра имеют 
высокую степень плотности возбужденных состояний. Из ивмереных величин 
и G¡¿̂  у ^ ^ N J получается, что большинство эмитированых частиц идет на основ-
ное состояние и только 23% идет на первый возбужденный уровень (по теорети-1 и о 
ческим расчетам 21%), У ядра Nd расчет дает заниженные значения. На ис-
следованных изотопов эфективные сечения реакций (ц ,«с) , в энергетическом ин-
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тервале 1 Ивв были р»считаны начиная с энергий 2 Msв в каталогу 84-

103 [з] для ивотопов 51V» , ®5Мо. Рисунок №1 показывает зависимость 
расчетных эффективных сечений G^ от энергии Е„ на этих ядоах иэ [3J • 
также наше экспериментальные результаты для энергии 3 мэв. Из сравнения э-
тих величин хорошее согласие дает ®^Мо. В области ядер среднего веса ( 

экспериментальные данные занижены по сравнении с расчетными. 
Для дальнейшего развития проблематики нужно в дальнейшем уточнить до 

сих пор существующие экспериментальные результаты и разпшрить энергетичес-
кий интервал и количество ивотопов» 

г т 5Ii 55 95 Phc«N?1; Функции возбуждения, расчитаны по L3J для ядер "У, Ми, Mo и 
наши экспериментальные ьеличины0 
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FROM TOTAL NEUTRON CROSS SECTIONS TO THE 
SYSTEMATICS OF NUCLEAR CHARGE RADII* 

I.Angelí, J.Csikai, and A.Algora Pineda 
Institute of Experimental Physics, Kossuth University, 

H-4001 Debrecen, Pf. 105. Hungary 

Experimental investigations and model calculations on fast neu-
tron cross sections lead to a comprehensive study of rms charge 
radii. The deviation from the rough A dependence follows simple 
trends with discontinuities at magic neutron numbers as well as 
at the inset of strong deformations. A correlation between varia-
tions of radii and binding energy has been established. The rms 
radii measured by electron scattering are - on the average - less 
than those measured by muonic atom X-rays. 

1. Fast neutron cross sections and the mass number dependence of the 
radius parameter rQ(A) 

The roots of the investigations to be presented here go back' to about twenty 
years. The equipments available to us at that time (neutron generator, scintilla-
tion detectors, etc.) set a limit to the fields to be studied. Having this in mind 
total cross sections of 30 elements were measured at 14 MeV. The aim of these mea-
surements was to search for eventual fine structure in the mass number dependence 
of total cross sections. Although significant deviations from the smooth mass 
number dependence was found, these deviations could not be attributed to any sim-
ple effect (e.g. odd-even, or N-Z symmetry) 1). The smooth mass number dependence 
of the total cross sections was described by a simple semi-classical optical model 
2, 3, 4). During this work, the role of nuclear radius, the fine structure in its 
mass number dependence, and its connection to the binding energy per nucleón 5), 
arose over and over again. 

An analysis of nonelastic neutron cross section data at 14 MeV resulted in the 
mass number dependence of the radius parameter 

ro(A) =1.21 - " ( fm) ( 1 ) 

if the expression 

= TT(r0(A)A1/3 + K)2 (2) 

is used, and 

= 1 - 2 7 ( f m ) d') 

if X/2 is used instead of X in (2). 

*This work was supported by the Hungarian Research Foundation (Contract No. 259.) 
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However, small systematic deviations from this smooth mass number dependence can 
not be unambiguously established because the accuracy of nonelastic cross section 
data is limited and no data on series of separated isotopes are available. There-
fore, our attention turned to the fine structure in nuclear charge radii. 

2. Fine structure in the mass number dependence of nuclear charge radii 

2 1/2 
The present-day sources of nuclear charge radii yield the quantity r=<r > , 

or differences thereof for neighbouring nuclei; both r and Дг are more or less 
model independent. Fast electron scattering, characteristic X-rays from muonic 
atoms may yield both r and Дг values, while optical isotope shifts (including mod-
ern versions using laser techniques) and K a isotope shifts yield only Дг differ-
ences between isotopes of elements. Composing literature data measured with these 
methods, long series of rz(N) values can be constructed. It is worth to normalize 
these experimental data by the well-known formula 

r c = r 0(A) A 1 / 3 , (3) 

where 

r = 1 . 1 5 + bJL_ - ( f m). (4) 
a2/3 д4/3 

For the isotopes of a given element, the increase of radii with neutron number N 
is systematically less than expected from the above simple formula. This can be 
illustrated 6) by plotting the ratio 

r_(N) 
i,(N) = (5) 

r c(A) 

as a function of N. These points lie very close to a straight line, the coeffi-
cient of correlation being generally higher than 0.95. Therefore, we may write 

ä о PZ(N) = a zN + b z = ( — £ - ) n + b (6) 
ON 

r do 
The good linearity means that the derivative ( ̂ ^ ) is constant in a wide range 
of neutron numbers. It would be interesting to find a connection between this 
derivative and some - approximately constant - property of the nucleus: average 
density, compressibility? . 

It should be noted, however, that there is a sudden increase in the slopes a_ ¿i 
at magic neutron numbers, showing the effect of neutron shells on the charge 
distribution. The slopes a z depend on the mass number and neutron number in two 
distinct ways: firstly, the absolute value of a decreases roughly as 1/A, and ù 
secondly, there are sudden changes at magic neutron numbers. The 1/A dependence 
can be explained simply by the liquid drop model. Allowing for this dependence by 
multiplying a z by the average mass number A z of the element in question, a plot 
of a zA z products shows up a characteristic saw-tooth structure with drastic 
changes at magic neutron numbers and at the inset of large deformations 6). 
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An attempt to the interpretation of the systematic behaviour described above 
could reproduce the average trend, but not the pronounced shell effects 7). So, a 
theoretical interpretation of this systematics is still lacking.. 

3. Correlation in the fine structure of nuclear charge radii and binding 
energies 

An interesting relation between radii and binding energies is worth mention-
ing. Plotting the quantity 

ßN = Û2N 8 A ] C 7 ) 
BS 

where B e x p is the experimental binding energy, 

Bg is calculated by Seeger's semiempirical formula, we have the "reverse" 
of the a zA z plot 8). It should be noted that ßN values derived from different iso-
topic sequences, follow approximately the same dependence on N. This is the reason 
why Nir calls it a "universal" function 9). This universality results in a broad 
predictive power 8). 

4. Differences between radii determined by electron scattering and muonic 
atom X-rays 

In principle, the root-mean-square (rms) radius for a given nuclide should be 
the same value, irrespective of the method of measurement. However, this does not 
seem to be true for rms radii determined by electron scattering r . and muonic 

12 atom X-rays r „. Ruckstuhl 10) has measured r for the nucleus C, and mu • mu 
concluded that there is a 2.4 x (standard deviation) difference between the two 
radii: 

" r™„ = - 2.4 st. dev. el mu 

This difference is tentatively attributed to a short-rangè additional weak inter-
action between muon and nucléons. Dispersive effects at electron scattering may 
also cause appreciable r e^ - r m u differences 11). An analysis of up-to-date r ^ 
and r data has shown 12) that the average difference is mu 

r , - r = - 0.006(i 0.002) (fm). el mu 

Its absolute value is higher for light nuclei, and decreases with increasing mass 
number. The mass number dependence of the difference may perhaps help in deciding 
the right interpretation: cross section normalization, dispersive effects in elec-
tron scattering, nuclear polarization, or additional weak interaction in muonic 
atoms? If neither of these can be held responsible for the difference, this would 
render the issue even more challenging. 
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i . 
ON THE USE OF NUCLEAR REACTION THEORY 

METHODS IN APPLIED CALCULATIONS OF 
NEUTRON FLUX FUNCTIONALS 

Ippolitov, V.T., Korolyov E.V., Pozdnyakov A.V. 

V.G. Khlopin Radium Institute, Leningrad,USSR 

The expression for the real part of an optical potential is obtained on the basis of 
real nucleon-nucleon forces. The results of cross section calculations are performed. 
This method is recommended for neutron cross sections calculations for nuclei range where 
experimental data do not exist. ^ 

Neutron flux functionals are the objects of practical interest in the calculations of 
neutron fields in different assemblies: 

Y = jjj F (r, E, /?) P (r, E, ft) drdEdä, ( 1 ) 

where F is a neutron flux density, P is a given function. 
The Monte Carlo method is most often used in calculations of assemblies, that have the 

complicated geometries and compositions. Using the Monte Carlo method it is possible to 
calculate the functional (1) by averaging of some random quantity on neutron trajectories, 
not determining the neutron flux density in the all phase space. 

The determination of the neutron path length in complicated geometries is one of the 
principal difficulties of the neutron trajectories simulation. The modern Monte Carlo 
codes allow to solve this problem and to reduce to minimum the calculational error connec-
ted with a simplification of the real geometry. 

A representation of energy dependent neutron cross sections is an another problem of 
neutronics calculations. The multigroup approximation with use of group constants libra-
ries is widely practised for solution of this problem. Increasing the number of groups up 
to several thousand in the energy range up to 15 - 20 MeV it is possible to decrease the 
methodical error of group constants and to make it comparable with initial data uncer-
tainties. 0 

The group constant libraries are generated from evaluated data files based on experi-
mental data. The results of differential experiments are far from being complete and they 
have many discrepancies. In the process of data evaluation the calculations based on the 
nuclear reaction theory are often used. The reliability of the results depends on an ad-
equate choice of a nuclear model. 

2 38 
The Fig. 1 presents the total cross sections for U calculated with use of the 

coupled channel model /1/ and the data from multigroup neutron cross section library 
RIYaD /2/ (the number of group is 2293 in energy interval from 10"^ eV to 20 MeV). The 
RIYaD constants for uranium isotopes were generated from ENDF/B-IV files. 

With use of both data the Monte Carlo calculations of К for infinite natural uranium 
medium were carried out. The results of calculations performed a good agreement with each 
other and with experimental data /3/ (the discrepancies are 0,5 

The calculation of the nuclides accumulation and transmutation is the object of the 
great practical interest. The receipt of reliable reaults is prevented by an absence of 
cross section experimental data for the majority of fission products. In this case the 
problem of nuclear data prediction based on nuclear reaction theory arise. 

The nuclear data prediction in a region which is difficult for experimental investiga-
tions for example in the region of fission products, is hampered since the information 
about nuclear level schemes, deformation parameters and optical potential parameters do 
not exist. In contrast to stable nuclei region where the optical potential parameters for 
concrete nucleus may be determined by fitting of calculated cross sections to experinental 
data, the optical potential for fission products has to have the greater predictional 
potency and, therefore, has to be constructed within limits of microscopic approach. 
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f i g . 1 T h e t o t a l c r o s s s e c t i o n s f o r * " * U : f u l l l i n e - t h e r e s u l t s o f c o u p l e d 

c h a n n e l c a l c u l a t i o n s ; d a s h e d l i n e - t h e m u l t i g r o u p l i b r a r y RYDaD d a t a 

L e t c o n s i d e r i n d e t a i l a p o s s i b i l i t y o f an o p t i c a l p o t e n t i a l r e a l p a r t c o n s t r u c t i o n 

b a s e d o n t h e r e a l n u c l e o n - n u c l e o n f o r c e s . 

As N N - i n t e r a c t i o n we use n u c l e o n - n u c l e o n p o t e n t i a l s o f o n e - b o s o n - e x c h a n g e m o d e l ( O B E P ) , 

E x p a n d i n g t hem i n s e r i e s o n z e r o - r a n g e v e l o c i t y d e p e n d e n t p o t e n t i a l s a n d l i m i t i n g b y 

s q u a r e t e r m s o f r e l a t i v e t r a n s f e r momentum i t i s p o s s i b l e t o o b t a i n a n e x p r e s s i o n f o r an 

e f f e c t i v e n u c l e o n - n u c l e o n i n t e r a c t i o n m a k i n g a c o n t r i b u t i o n t o t h e c e n t r a l n u c l e a r f i e l d 

/ 4 / : 

V12 « [cv;-v2)2¿r(?r?2) + 
( 2 ) 

w h e r e P i s t h e s p i n - e x c h a n g e o p e r a t o r , i s t h e g r a d i e n t o p e r a t o r a c t i n g o n l y o n t h e 

l e f t , - a c t s o n l y on t h e r i g h t , t h e c o e f f i c i e n t s t ^ a n d x ^ a r e d e f i n e d v i a masses a n d 

c o u p l i n g c o n s t a n t s o f e x c h a n g e m e s o n s . 

The e f f e c t i v e i n t e r a c t i o n ( 2 ) a l l o w s t o r e c e i v e , i n t h e H a r t r e e - F o c k a p p r o x i m a t i o n , 

t h e a n a l y t i c a l e x p r e s s i o n f o r an e q u i v a l e n t e n e r g y d e p e n d e n t p o t e n t i a l V ( r , E ) , w h i c h may 

be c o n s i d e r e d as t h e r e a l p a r t o f a n u c l e o n - n u c l e u s o p t i c a l p o t e n t i a l ( s e e / 4 / ) . I n p a r -

t i c u l a r , f o r a n e u t r o n - n u c l e u s p o t e n t i a l we h a v e : 

V(r, E)= V°v(r)+V®v(r)E+V°(r)+V̂ (r)E, 

v^)=j)(r)g(I.)[co+c1?2/3(r)+c2^M], 
( 3 ) 

Vav(r> (r)g(r), 

V°(r) =A^(r)g2(r)[b0+b1^(r)+b2^2/3(r)+b|/|)(r)+b47^o(r)], 

v£(r) =£§Ap(r)g2(r) 

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

o p t i c a l p o t e n t i a l , ( r ) i s t h e n u c l e a r d e n s i t y d i s t r i b u t i o n , 

Др =?n(r)-pp(r), 

2 J ' 
E i s t h e i n c i d e n t e n e r g y . The c o e f f i c i e n t s c i f b i , d e p e n d o n l y o n t h e c o u p l i n g c o n -

s t a n t e a n d m a s e e s o f t h e e x c h a n g e m e s o n s . 

I n o t h e r w o r d s , now we h a v e t h e r e l a t i o n b e t w e e n OBEP p a r a m e t e r s a n d p a r a m e t e r s o f 

Re V o p t . 
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I n t h e c o n s i d e r e d approach a l l t h e c o m p o n e n t s o f V ( r , E ) h a v e d i f f e r e n t f o r m f a c t o r s 

whose s h a p e s a r e b a s i c a l l y d e t e r m i n e d by t h e t e n s o r f o r c e s c o n n e c t e d w i t h t h e o n e - p i o n 

e x c h a n g e . The c a l c u l a t i o n s h a v e shown / 5 / . t h a t a l l v e r s i o n s o f O B E - p o t e n t i a l s t a k i n g i n t o 

a c c o u n t t h e o n e - p i o n e x c h a n g e ( t h e P V S - m o d e l s ) l e a d t o an a p p e a r a n c e o f d i s c o n t i n u i t i e s 

i n t h e f o r m f a c t o r s f o r a l l t h e c o m p o n e n t s o f V ( r , E ) . I t i s p r o b a b l y a s s o c i a t e d w i t h 

f e a t u r e s o f N N - p o t e n t i a l e x p a n s i o n . L i m i t i n g t h i s e x p a n s i o n by s q u a r e t e r m s o f r e l a t i v e 

t r a n s f e r momentum we i n e x a c t l y t a k e i n t o a c c o u n t t h e c o n t r i b u t i o n o f l o n g - r a n g e t e n s o r 

f o r c e s c o n n e c t e d w i t h o n e - p i o n e x c h a n g e . D e c r e a s i n g t h é p i o n - n u c l e o n c o u p l i n g c o n s t a n t , 

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

d i s c o n t i n u i t i e s i n a l l P V S - m o d e l s . O e c r e a s i n g t h e o n e - p i o n e x c h a n g e c o n t r i b u t i o n i n t o 

N N - i n t e r a c t i o n we p a s s on t o a some e f f e c t i v e n u c l e o n - n u c l e o n i n t e r a c t i o n , w h i c h d i f f e r s 

f r o m t h e vacuum o n e . The p r e s e n c e o f s u r r o u n d i n g n u c l é o n s mus t i n f l u e n c e i n t h e f i r s t 

p l a c e on t h e p r o c e s s e s c o n n e c t e d w i t h t h e p i o n e x c h a n g e , s i n c e s u c h p r o c e s s e s a r e c h a r a c -

t e r i z e d by t r a n s f e r momentum l e s s t h a n K p and t h e i r c o n t r i b u t i o n , a c c o r d i n g t o P a u l i p r i n -

c i p l e , m u s t be s u p p r e s s e d . I n t h e c a s e o f h e a v y mesons e x c h a n g e ( s c a l a r and v e c t o r m e s o n s ) 

a t y p i c a l t r a n s f e r momentum i s g r e a t e r t h a n K p and P a u l i p r i n c i p l e h a s no i m p o r t a n c e . 

The d i r e c t c o m p a r i s o n o f t h e r e a l p a r t o f t h e o p t i c a l p o t e n t i a l c a l c u l a t e d on t h e b a s i s 
M o f meson t h e o r y o f N N - p o t e n t i a l s , Re V , w i t h p h e n o m e n o l o g i c a l o p t i c a l m o d e l p o t e n t i a l s 

M " i s h a m p e r e d s i n c e Re v 0 p ^ has t h e f o r m f a c t o r t h a t d i f f e r s f r o m t h e S a x o n - W o o d ' s o n e . 

T h e r e f o r e t h e v a l u e o f g was c h o s e n by c o m p a r i s o n o f t h e n e u t r o n c r o s s s e c t i o n s , c a l c u -M 
l a t e d w i t h Re V „ , w i t h e x p e r i m e n t a l d a t a and t h e c r o s s s e c t i o n s c a l c u l a t e d w i t h h e l p o f 

o p 208 
p h e n o m e n o l o g i c a l p o t e n t i a l s f o r P b . The c a l c u l a t i o n s w e r e c a r r i e d o u t w i t h t h e OBE-

- p o t e n t i a l / 6 / t a k i n g i n t o a c c o u n t t h e e x c h a n g e o f r e a l mesons and r e s o n a n c e s o n l y . A 

S a x o n - W o o d ' s d i s t r i b u t i o n w i t h rQ = 1 . 2 f m , a = 0 . 5 fm and ( 0 ) = 0 . 1 7 f m " 3 was t a k e n as 

( r ) . S i n c e i n t h e o f f e r e d a p p r o a c h o n l y t h e r e a l p a r t o f a c e n t r a l p o t e n t i a l i s c a l c u -

l a t e d i t i s n e c e s s a r y t o c h o o s e Im V o p t and a s p i n - o r b i t a l p o t e n t i a l V S Q f o r t h e n e u t r o n 

c r o s s s e c t i o n s c a l c u l a t i o n s . I n p r i n c i p l e , i n o u r a p p r o a c h t h e r e i s a p o s s i b i l i t y t o c o n -

s t r u c t VgQ , b u t f o r t h e s i m p l i f i c a t i o n of c a l c u l a t i o n we use t h e p h e n o m e n o l o g i c a l s p i n -

- o r b i t a l p o t e n t i a l . I n t h e c o n c r e t e c a l c u l a t i o n s Im V o p t and Vg Q o f t h e p o t e n t i a l / 7 / , 

whose p a r a m e t e r s w e r e d e t e r m i n e d on t h e b a s i s o f t o t a l i t y o f e x p e r i m e n t a l d a t a f o r n u c l e i 

w i t h A 4 0 and i n c i d e n t e n e r g y E n 50 MeV w e r e u s e d . 

The p e r f o r m e d c a l c u l a t i o n s show t h a t u s i n g Re V ^ p t c a l c u l a t e d from N N - p o t e n t i a l / 6 / 

w i t h g 2 = 2 . 0 and p h e n o m e n o l o g i c a l Im V Q p t / 7 / i t i s p o s s i b l e t o d e s c r i b e ( w i t h d i s c r e p a n -

c i e s 10 %) t h e n e u t r o n c r o s s s e c t i o n s f o r s p h e r i c a l n u c l e i w i t h A 80 i n t h e e n e r g y 

i n t e r v a l f r o m i t o 16 MeV. 107 
F i g . 2 p r e s e n t s t h e n e u t r o n t o t a l and e l a s t i c c r o s s s e c t i o n s c a l c u l a t e d f o r Ag u s i n g 

b o t h Re a n d p h e n o m e n o l o g i c a l p o t e n t i a l / 7 / . I n t h e same p i c t u r e t h e d a t a f r o m ENDL 

f i l e s a r e s h o w n . I t i s n e c e s s a r y t o e m p h a s i z e t h a t u s e d o p t i c a l p o t e n t i a l r e a l p a r t has 

t h e o n l y f r e e p a r a m e t e r g w h i c h h a v e been d e t e r m i n e d by f i t t i n g o f c a l c u l a t e d c r o s s s e c -208 
tions to ENOL data for Pb and have not been changed in subséquente calculations. 

When g 2 = 2 . 0 t h e i s o s c a l a r c o m p o n e n t o f Re t p r a c t i c a l l y c o i n c i d e w i t h p h e n o m e n o -

l o g i c a l V g V ( r ) 3 / 7 / » b u t i s o v e c t o r c o m p o n e n t has t h e s h a p e w h i c h d i f f e r s f r o m S a x o n -

- W o o d ' s one end e s s e n t i a l l y d i f f e r s f r o m p h e n o m e n o l o g i c a l o n e s . T h e r e f o r e t h e s u g g e s t e d 

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

w i t h A Z (A Z ) , i n p a r t i c u l a r , f o r f i s s i o n p r o d u c t s . S i n c e V ( r , E ) have been c o n -

s t r u c t e d p r o c e e d i n g f r o m s u f f i c i e n t l y common p h y s i c a l c o n c e p t i o n s t h e use o f i t i n n e u t r o n 

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

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

e x p e r i m e n t a l d a t a f o r s t a b l e n u c l e i . 

We b e l i e v e t h a t t h e a f o r e - c i t e d e x a m p l e s o f c o n c r e t e c a l c u l a t i o n s i l l u s t r a t e t h e f e a -

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

m o d e l s o n t h e more f u n d a m e n t a l b a s i s t h a t i s n e c e s s a r y f o r p r o v i d i n g o f g r o w i n g n u c l e a r 

d a t a r e q u i r e m e n t s f o r a p p l i e d n e u t r o n i c s c a l c u l a t i o n s . 
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F i g . 2 The c r o s s s e c t i o n s t Q t a n d f o r A g , c a l c u l a t e d w i t h V ( r , E ) 

when g^ » 2 . 0 ( f u l l l i n e ) , d a s h e d l i n e - t h e c r o s s s e c t i o n s c a l u l a t e d 

' w i t h p h e n o m e n o l o g i c a l p o t e n t i a l / 7 / , p o i n t s - ENDL d a t a 
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СПЕКТРЫ НЕЙТРОНОВ УТЕЧКИ ИЗ УРАНОВОЙ И ТОРИЕВОЙ СФЕР С КМИФОРНИЕВЫМ ИСТОЧНИКОМ НЕЙТРОНОВ 

С.П. Симаков, A.A. Андросенко, П.А. Андросенко, Б.В. Девкин, Б.В. Журавлев, М.Г. Кобозев, 
В.А. Талалаев 

Физико-энергетический институт, Обнинск, СССР 

В.А. Загрядский, Д.Ю. Чувилин 
Институт атомной энергии им. И.В. Курчатова, Москва, СССР 

1. Введение 

Целью интегральных экспериментов и сравнения их данных с результатами расчетов является 
проверка файлов оцененных ядерных данных, а также тестировка программ и методов, исполь-
зуемых в расчетах переноса излучений в веществе /I/ . Среди различных типов интегральных 
экспериментов эксперименты со сферическими сборками и нейтронным источником в центре 
характиризуются наиболее простой (сферически симметричной) геометрией, что позволяет 
прежде всего эффективно решать задачу тестировки нейтронных данных. К этому типу отно-
сится эксперимент, описанию которого посвящена настоящая работа. 
Наш интерес к этой работе вызван также еще двумя обстоятельствами. Во-первых, насколько 
известно из литературы, данных по спектрам нейтронов утечки из U и Th сфер с калифор-
ниевым источником нет. Во-вторых, в описываемом эксперименте спектр нейтронов утечки 
измерялся методом времени пролета, в то время как ранее в подобных экспериментах с кали-
форниевым источником всегда применялся амплитудный метод. Поэтому представляет интерес 
исследование возможности приложения метода времени пролета к интегральным экспериментам 
со спонтанно распадающимся нейтронным источником. 

2. Эксперимент 

Измерения спектров нейтронов утечки из Ц и Th сфер проводились методом времени пролета 
на установке, схематически изображенной на рис. I. Источником нейтронов являлась быстрая 
ионизационная камера со слоем Cf, нанесенным на один из двух плоских электродов /2/ . 
Электрический сигнал с камеры использовался для получения стоп-сигнала для временного 
анализатора нейтронов утечки и для счета числа актов деления за время эксперимента. Уро-
вень дискриминации в усилителе-формирователе устанавливался таким, чтобы отсечь сигналы 
соответствующие, Ч-частицам. Интенсивность калифорниевого источника нейтронов на момент 
проведения эксперимента составила 5*10^ не. 

Исследуемые сборки, выточенные из металлического урана и тория, представляли собой полые 
сферы с размерами, приведенными в таблице I. Камера с ̂ C f вводилась внутрь сферы через 
цилиндрический канал диаметром 5 см. Ториевая сфера очехлована сверху алюминиевой фольгой 
толщиной 1,5 мм. 

Нейтроны, вылетающие из сборки, регистрировались сцинтилляционным детектором, расположен-
ным детектором, расположенном в защите. Детектор состоял из кристалла стильбена 0 6,3 см 
и высотой 4 см и ФЭУ I43-I /з/ . Порог регистрации нейтронов равнялся 0,1 МэВ, суммарное 
временное разрешение детектора и камеры с ̂ Cf - 3 не, пролетное расстояние источник-
детектор - 385 см. Для определения вклада фоновых нейтронов, рассеянных помещением, между 
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сферой и детектором устанавливался металлический конус длиной I00 см. Благодаря массивной 
защите вокруг детектора временное распределение фоновых нейтронов было равномерным, а 
отношение эффект/фон — 15. 

Рис. I Схема эксперимента: I. Камера с 2 5 2Cf , 2. Сборка, 
3. Детектор, Защита, 5. "Теневой" конус, 

Таблица I. Параметры исследованных сфер 

Элемент радиус, см Вес, кг 
внешний внутренний 

2 3 8 и (0,4% 2 3 5 U ) 12 4 130 
232Jh 13 3 105 

После вычитания фона временной спектр нейтронов утечки преобразовался в энергетический. 
Так как стоп-сигналы от камеры деления распределены во времени статистически, то в спектр 
вводилась поправка на их случайные наложения /4/ . При средней частоте поступления стоп-
сигналов 1,3 • 10^ сек поправка имела величину 3 - 10 %. Эффективность регистрации 
нейтронов детектором измерялась в такой же последовательности и такой же геометрии экспе-
римента, когда источник нейтронов устанавливался один без сфер. 
Искомый спектр нейтронов, вылетевших с поверхности сфер в телесный угол на один нейтрон 
источник и на единицу энергии, находился согласно следующему выражению: 

M E l . J l i ' . ^ L . S W 
NwctIE) M С* 

Где Nc^(E) и М ^ зарегистрированный детектором спектр нейтронов и соответствующее ему 
число актов деления в случае измерения со сферой, 
к] (Е) и Mu.,- то же самое, для случая измерения с голым источником. "ИСТ Ю 
Спектр мгновенных нейтронов спонтанного деления Cf и S(E) задавался в виде распреде-
ления Максвелла с параметром Т = 1,42 МэВ и корректирующей функцией уЦ(Е), как это ре-
комендавано в работе /5/ : 

5(E) => 2-jE/TT -T3' *xp(-E/T) /ЦЕ) (2) 
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Из выражения (I) видно, что спектр нейтронов утечки S(E) получается из отношения экспе-
риментальных величин, измеряемых в близких экспериментальных условиях: камера с ^ C f , 
окруженная исследуемой сборкой, и без нее. Отсюда следует, что измерения являются относи-
тельными и L(Е) не содержит таких систематических погрешностей как, например, погрешность 
определения эффективности детектора или числа нейтронов, вылетевших из источника. Погреш-
ность спектра нейтронов утечки, измеренная таким способом будет определяться в основном 
статистической точностью (в нашем случае она равна 0,5 - 10 % для интервала энергий I МэВ 
в диапазоне 1 - 9 МэВ), стабильностью работы аппаратуры ( — 3 %) и точностью, с которой 
известен спектр нейтронов деления 2 5 2 Cf ( - 2 % /5/ ). Таким образом полная погрешность 
экспериментальных данных составляет 4 - II %. 

3. Результаты измерений и расчетов 

Экспериментальные данные и результаты расчетов по спектрам нейтронов утечки из U и Th 
сфер показаны на рис. 2 и 3, а также приведены в таблице 2, проинтегрированные по энергии' 
в указанных интервалах. Все расчеты в настоящей работе выполнены по программе B R A N D /б/, 
моделирующей процесс переноса излучений в веществе методом Монте-Карло. В программе в ка-
честве константного модуля используется NEDAM/*/ , основанная на библиотеке оцененных 
нейтронных данных ENDL- 75. В расчетах спектр нейтронов источника задавался согласно вы-
ражению /2/ . 

to 
-О 2 V б 8 10 

Е, МэВ 
Рис. 2 Спектры нейтронов утечки из урано-

вой сферы: - эксперимент, 
- расчет, 

Спектр нейтронов калифорниевого 
источника (2): 

О 2 А 6 8 10 
Е, МэВ 

Рис. 3 Тоже, что на рис. 2, для ториевой 
сферы. 

При сравнении экспериментальных и нейтронных данных прежде всего возникает вопрос о влия-
нии на экспериментальные результаты таких факторов, как рассеяние нейтронов источника на 
конструкционных элементах камеры, точность метода измерения по времени пролета, наличие 
канала в сборках. Оценка влияния перечисленных факторов проводилась расчетным путем. 
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Таблица 2 Результаты измерений и расчетов 

Ядро Е МэВ $ 1 $ 2 Жз X Ц Е Ы Е , H/iH источника Расчет Ядро Лш1 • шии X ус * 
эксперимент расчет эксперимент 

0,4-1 1,01 1,03 1,00 0,3470 ± 0,0130 0,3968 ± 0,0018 1,14 ± 0,04 
1-2 1,00 1,02 1,04 0,1491 ± 0,0054 0,2120 + 0,0016 1,42 ± 0,05 
2-3 1,00 1,01 1,03 0,0636 ± 0,0025 0,0710 ± 0,0011 1,12 ± 0,04 

I 1 3-4 0,99 1,01 1,01 0,0346 ± 0,0014 0,0408 ± 0,0008 1,18 ± 0,05 
и 4-5 0,99 1,00 1,00 0,0189 ± 0,0010 0,0221 ± 0,0005 1,17 ± 0,06 

5-6 0,98 1,00 1,00 0,0109 ± 0,0006 0,0136 ± 0,0004 1,25 ± 0,08 ' 
6-7 0,98 0,0057.± 0,0004 0,0073 ± 0,0003 1,28 ± 0,11 
7-8 0,98 0,0032 ± 0,003 0,0033 ± 0,0002 1,03 ± 0,12 
8-9 0,97 0,0018 ± 0,0002 0,0020 ± 0,0002 1,П ± 0,17 

0,4-9 0,634 ± 0,023 0,7689 ± 0,0029 1,21 ± 0,04 

0,4-1 1,01 1,02 1,01 0,3150 ± 0,0110 0,2583 ± 0,0011 0,82 ± 0,03 
1-2 1,00 1,01 1,02 0,1957 ± 0,0071 0,2040 ± 0,0010 1,04 ± 0,04 
2-3 1,00 1,00 1,02 0,0958 ± 0,0035 0,1010 ± 0,0007 1,05 ± 0,04 

Th 
3-4 0,99 0,99 1,02 0,0523 ± 0,0019 0,0585 t 0,0006 1,12 ± 0,04 

Th 4-5 0,99 0,99 1,01 0,0295 ± 0,0011 0,0315 + 0,0004 1,07 ± 0,04 
5-6 0,98 0,99 1,01 0,0148 ± 0,0008 0,0163 ± 0,0003 1,10 ± 0,05 
6-7 0,98 0,0075 ± 0,0004 0,0091 ± 0,0002 1,21 ± 0,07 
7-8 0,98 0,0036 ± 0,0003 0,0049 ± 0,0002 1,36 ± 0,13 , 
8-9 0,97 0,0016 ± 0,0001 0,0020 ± 0,0001 1,25 ± 0,11 

0,4-9 0,716 ± 0,026 0,6856 ± 0,0018 0,96 ± 0,03 

Искажение спектра нейтронов источника происходит главным образом за счет рассеяния на 
электродах ( диски i> 20 мм, толщиной ¿ = 0,18 мм ) и стенках камеры ( ¿ = 0,35 мм ). 
Как видно (см. поправку (Е) в таблице 2) происходит незначительное "смягчение" спектра 
нейтронов источника. 
Отличие геометрии исследуемой сборки от сферически симметричной обусловлено наличием от-
верстия, через которое источник вводится внутрь сферы. Расчеты показали, что отношение 
$ 2 (Е) спектров утечки из целой сферы и из сборки с каналом имеет величину не превыша-
ющую величину соответствующего отношения масс 1,03. 
При измерении спектров нейтронов утечки методом времени пролета из массивных образцов, 
строго говоря, нарушается связь между временем пролета и энергий нейтроноа. Это проис-
ходит из-за задержки нейтрона, испытывающего многократные рассеяния в таком образце. Для 
оценки величины соответствующей поправки в расчетах по BRAND моделировался эксперимент 
по времени пролета и процедура обработки данных. Вначале рассчитывался временной спектр 
нейтронов утечки с учетом реального времени пролета на пути источник-сфера-детектор и 
эффективность детектора. Далее временной спектр преобразовывался в энергетический (Е) 
и сравнивался с прямым расчетом энергетического спектра нейтронов утечки Lg(E). Как 
видно из таблицы 2, соответствующая поправка $3(Е) = Lg(E)/Ц(Е) также сравнительно 
невелика. 
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Приведенные на рис. 2 и 3 и в табл. 2 экспериментальные данные уже поправлены на перечис-
ленные выше факторы (т.е. на функцию §(Е) = $ Г ф2^3) и соответствуют таким образом 
спектру нейтронов утечки из сферически симметричной сборки с источником нейтронов в центре 
с распределением по энергии (2). 
Там же приведены расчетные данные по спектрам нейтронов утечки, выполненные по программе 
BRAND с оцененными нейтронными данными из библиотеки NEPAV1. Как видно, расхождения 
между рассчетными и экспериментальными данными во многих энергетических интервалах превы-
шает их суммарную погрешность, что свидетельствует о неточности использованных в расчетах 
файлов оцененных нейтронных данных. Интересно отметить, что для урановой сферы согласие 
заметно более худшее. Аналогичный результат был получен нами для спектров нейтронов утечки 
из этой урановой сборки с 14 МэВ - источником нейтронов в центре /в/ : в интервале энергий 
вторичных нейтронов 0,4 - 10 МэВ отношение расчет/эксперимент равнялось 1,27 * 0,08. Ис-
пользование в расчетах данных из библиотеки ENDF/BÏÎ дало отношение 1,05 * 0,06. Таким 
образом в обеих случаях (с 14 МэВ и Cf-источниками нейтронов) обнаруживается плохое ка-
чество библиотеки оцененных данных 

4. Заключение 

В настоящей работе спектр нейтронов утечки из сферических сборок со спонтанно делящимся 
источником нейтронов ^ C f в центре измерен методом времени пролета. По сравнению с ампли-
тудным методом, применявшимся в других работах для подобных измерений /I/ , следует от-
метить ряд преимуществ. 
Во-первых, измерения спектров нейтронов утечки и определение эффективности детектора 
происходит по существу в одном эксперименте и в одной геометрии. Таким образом нет необхо-
димости, как в случае амплитудного метода, калибровать детектор относительно других источ-
ников излучений, что в конечном счете повышает надежность измеряемой информации. Кроме 
того, спектрометр по времени пролета обладает функцией отлика, которую в случае измерения 
сплошных энергитических распредений можно, как правило, считать S -функцией, поскольку 
ее относительная ширина сравнительно мала (в нашем случае ЛЕ/Е м 8 %). В амплитудном 
методе функция отклика детектора на основе органического сцинтиллятора представляет собой 
более или менее равномерное распределение амплитуд импульсов от нейтронов с определенной 
энергией. Поэтому здесь возникает задача тщательного определения функции отклика спектро-
метра и восстановления энергетического распределения из аппаратурного, что вносит допол-
нительные погрешности. 
С другой стороны, приложение метода времени пролета к измерениям спектров нейтронов утеч-
ки из интегральных сборок со спонтанно делящимся источником нейтронов вносит свои харак-
терные особенности. Речь идет о случайном наложении стоп-сигналов, нарушении связи между 
энергией нейтрона и временем пролета, влиянии ионизационной камеры на спектр нейтронов 
источника. Как было показано выше, влиянием перечисленных факторов можно либо пренебречь, 
либо сравнительно легко учесть. Но в других случаях, например, измерениях спектров утечки 
из сборок больших размеров оно может заметно возрастать. 
Полученные в работе экспериментальные данные по спектрам нейтронов утечки из U и Th сфер 
с Cf -источником нейтронов в центре сравнивались с расчетами, в которых в качестве констант-
ного модуля использовалась библиотека оцененных нейтронных данных MEDAM. Обнаруженные за-
метные расхождения, особенно в случае урановой сферы, свидетельствуют о неточности данных 
в этой библиотеке. 
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COINCIDENCE EXPERIMENTS ON LIGHT NUCLEI WITH INTERNAL TARGET IN ELECTRON STORAGE RING 

S.G. Popov 
Institute of Nuclear Physios, 630090 Novosibirsk, USSR. 

The properties of an electron as a perfect probe of nuclear matter are well-known s 
point-like character, good knowledge of electromagnetic interaction which is weak in 
comparison with nuclear forces. However, corresponding cross sections are small and the 
presence of the radiation tail impose strict demands on the experimental statistics. 
High beam intensity and large target thickness are standard conditions for high lumino-
sity. Experiments are carried out usually with linear electron accelerators. 

Coincidence experiments being necessary for modern nuclear physics can be performed with 
the high duty factor only which is not the case for conventional linear accelerators. 
Recently a few facilities of new generation became available and several projects have 
been suggested. The Table 1 gives a list of machines in operation and in construction for 
energies in a broad range 100 MeV - 4 GeV. 

The alternative method using a superthin internal target in an electron storage ring has 
been developed in Novosibirsk. The main advantages of this methodics are 

1) high efficiency of utilizing the accelerated electron beam 
ii) high duty factor 
iii) high energy and kinematical precision at high luminosity 
iv) excellent possibilities of detecting secondary particles 
v) possibilities to use exotic targets as well as beams. 

By means of this methodics electroexcitation coincidence experiments on light nuclei 
(12-C, 14-N, 16-0) were carried out at excitation energies up to 70 MeV. Various reaction 
mechanism (direct, resonant, preequilibrium and statistical) are separated and analysed. 

As an illustrative example, Fig. 1 shows the dependence of the proton temperature (for 
"equilibrium11 proton component with isotropic angular distribution and quasi-Maxwellian 
spectrum) on excitation energy for 16-0 and 14-N. Increase of accuracy and detailed 
analysis are necessary to understand roughly the constant behaviour of temperature. 

The next important step in the progress of electron-nuclear physics will be connected 
with using longitudinally polarized particles. 

Most of results of Novosibirsk group were overviewed in the talk presented at the Inter-
national Symposium on Modern Developments in Nuclear Physics (Novosibirsk, 1987). 
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TABLE 1 THE CONTINUOUS ELECTRON BEAM FACILITIES 

LABORATORY TYPE OF 
ACCEL. 

ENERGY, MEV D.F. •/. AVERAGE CURR., MKA 

NOVOSIBIRSK, USSR 
1. VEPP-2 SIT 100 -500 90 0.5 A 
2. VEPP-3 SIT 400 -2100 100 0.1 A 
STANFORD, USA 
3. LINAC LA 70 -120 75 20 
4. PEP SIT 2-15 GeV 100 50 mA 
5. ILLINOIS, USA RM 67 100 2 
6.AMSTERDAM, NETH. LA 500 2.5 20 
7. SACLAY, FRANCE LA 600 1.0 1.0 
8. MAINZ, FRG RM 180 100 10 
9. MIT, USA LA 700 1.0 0.5 
10. TOCHOsa, JAP. ST 150 80 0.5 

PROJECTS 
11. DARMSTADT, FRG LA 130 100 20 

NBS, USA 
12. BTM-1 RM 185 100 550 
13. RTM-2 RM 1000 100 300 
14. LUND, SVEDEN ST 100 -550 100 10 
15. SASCATOON, CAN LA 300 80 
16. SAO PAULO, BRAS. LA+ST 17 100 100 
17. SACLAY, FRANCE LA+ST 500 -2000 100 100 
18. MAINZ, FRG RM 840 100 100 
19. CEBAF.USA RM 500 -4000 80 240 
20. ILLINOIS, USA RM 450 100 20 
21. MIT, USA SIT 250 -1000 100 80 mA 
22. ARGONNE, USA RM 4000 100 300 
23. BONN, FRG ST 3500 60 
24. MSU, USSR RM 110 100 100 
25. KHARKHOV, USSR ST 2000 100 
26. NOVOSIBIRSK, USSR SIT 100 -220 90 1.0 A 
27. FRASCATI, ITAL. ST 500 100 100 
28. MONTREAL, CAN. RM 200 100 300 
29. TSUKUBA, JAP. LA 500 2.0 100 

LA - Linear accelerator» RM - Eacetrac microtron; ST - Stretcher; 
SIT - Snperthin internal target. 
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NEK EXPERim/TAL INSIdfTS INTO THE NUCLEAR FISSICN RE-
ACTION 
J.P. Theobald, Institut für Kernphysik der Technischen 
Hochschule Darmstadt, D-6100 Darmstadt 

Abstract 
Experimental results on cold-deformed fragmentation, 
spontaneous nuclear tripartition, alpha particle asso-
ciated nuclear fission and on fission fra<jnent kinetic 
energy fluctuations in resolved neutron resonances are 
presented and discussed. , i 
Preface j- |! 
I M s is a report on experimental work, which has been i i 
done with my friends and oolleagues: M. Mutterer, C. 
Budtz-J(6rgensen, H.H. Knitter, B. Leroux, M.S. Moore 
and my students: F.J. Hantosch, P. Heeg, P. Koczon, F. 
Kraske, J. Pannicke, Patricia Schall, and K. Weingärt-
ner. 

1.) Introduction 
Recent experiments which we have performed with the 
fission product spectrometer "0061 FMJ ТОПЕ" at the 
high flux reactor of the Institute v. Laue-Langevin 
(ILL) in Grenoble (France), with the "ŒLINA" suppor-
ted neutron time-of-flight spectrometer at the Centred. 
Bureau for Nuclear Measurements at Geel (Belgium) and 
with the kinematic spectrometer "DIOCTNES" at ILL and 
in our Institut für Kernphysik der Technischen Hoch-
schule Darmstadt (IKEA), have given us new messages 
from the nuclear fission process. These news we have 

partly already transmitted to the scientific ccmnunity 
1 2 3 by fUblicaticns) ' ' or by contributions to confe-

rences) 4, 5, 6, 7, 8 

,1, 12 

These information refer to (in brakets the names of the 
instruments with which the corresponding experiments 
have been performed are quoted) : 
- oold-deformed or so called "hot" fragmentations) 

(COSI FAN ТЮТЕ), 
2 - spontaneous nuclear tripartition) , (DIOGENES), 4 Б 6 

- alpha particle associated fissicn) ' , (DIOCTNES), 
and 

- kinetic energy fluctuations of fission fragments in 3 7 8 
resolved neutron resonances) ' ' , (GO-MA) . 

As the first two items have been presented and discus-
sed in ref.)1' I shall only sunrarize the main obser-
vations in chapters 2 and 3. In continuation of my last 
contribution at Gaussig in 1985),5 I shall inform you 
more thoroughly about our latest results on alpha accom-
panied fission in chapter 4 and discuss the fragment 
energy fluctuation more detailed for those of you, which 
have not been at the Kiev Conference on Neutron Physics Q 
in September this year) in chapter 5. 
2.) "Hot" fragmentation 
The scission point configuration of the fissioning nuc-
leus can be characterized by the free energy in this 

system: 
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Fig.1. Free energy at the scission for mass splits 
123-123, 112-134, 106-140, 100-146, 90-156 and 80-166 
amu as function of the total deformation. The thin line 
is the reaction Q value. Each symbol represents the sum 
of Coulomb interaction and deformation energies correc-
ted for shell and pairing effects as a function of total 
deformation. The size of the symbol is a measure of re-
alisation frequency of the corresponding deformation. 
Cold fragmentation is marked with С and "hot" one with 
H. In both cases the free energy is equal to zero. 

Ej r e e = Q - (Vint + VJJJ shell and pairing corrections) 
V^ n t is the nascent fragment Coulomb and nuclear inter-
action energy and V ^ the liquid drop energy of the in-
dividual fragments, E f r e e is a function of the total de-
formation energy at scission which is approximatively 
the sum of the light and heavy fragment deformations 
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245 6 L pH> For sane fragment mase ratios of the Onln^.f) 
reaction the function E * r e e ( = ) is displayed in figured. 
T M s function has two zero points: one for the lowest 
possible deformation, when the reaction Q-value is tied 
up essentially in Coulcnfc potential energy and another 
one for the highest possible deformation v*>en minimun 
energy is left for Coulcnfc repulsion. These two situ-
ations characterize cold (C) and "hot" (H) fragmentation. 
Instead of "hot" the more correct but less stylish no-
tation "oold-deformed" has been suggested.)13 

Cold fragmentation has been subject of several experi-
9 10 menta) ' and there exist excellent reviews of the ex-

Figure 2 shows for the 245 . 

11 Hot" fragmen-
1, 12 

perimental and theoretical results) 
tatlon has been investigated only recently)'' " . A s 
the results have already been published)1 and discussed)]3 

I shall restrict ny report to a summary of the main fea-
tures of this rare process: 
i) "Hot" fragment mass spectra show,like cold mass 

spectra,fine structures::caused by (shell) st-oi-
lized fragnerit masses, and, what has certainly to 
be confirmed, 

ii) "Hot" fragments do not necessarily deexcite by neu-
tron emission, if they do not stay on a 10 ns time 
scale in a shape isomeric state, which could cause 
retarded neutron emission, which is not detectable 
in this experiment. 

The latter observation is supported by an experiment of 14 
V.P. Zakharwa and D.K. Ryazaricv) , which find zero 
neutron emission far pertain "hot" mass splits. 

10 ( О П Ш О О Ш М Я М Л 
• Mass (amu) 

Fig.2. Cold (a) and "hot" (b) fragmentation mass yields 
of the highest (a) and the lowest (b) kinetic energy 
observed. Fine structure is narked with nass nurrbers. 

JQn(n.,f)-reaction oold and 
0 1 -s 

"hot" fragment mass spectra an a 10 /MeV yield level. 
"Hot" fraçpnentaticn is an interesting process for the 
investigation of shell effects on the stability of very 
deformed nuclei)13 2C2 
3.) Spontaneous tripartitien of Cf 
With the inner part of our toroidal angular position 
sensitive ionization chamber "DI0CHŒS")constructed 
and successfully applied for the investigation of alpha 
particle associated fission, we have measured energy- and 
relative angular distributions of the three reaction 252 
products fron spontaneous ternary fission of Cf. 
Experimental details, in particular techniques to dis-
criminate randan triple coincidences of binary fragnents 
are described in ref)2. Energy and mass spectra obtained 
are displayed in figure 3. 
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252 
Fig.3a) Energy spectrun of Cf ternary fission events, 
measured with a low-energy threshold of 25 MeV. The in-
set indicates the corresponding mean angles, 
b) Mass distribution calculated from the measured ener-
gies and angles using manen tun conservation. The binary 
fission mass spectrum of 252cf is represented by dashed 
lines. 
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While the чпегду spectra agree quite well with results 
published by y.L. Muga and collaborators)1^ the nass 
spectra show significant differences. These discrepan-
cies in the mass assigmients are due to the fact that 
M.L. Muga did not measure the relative angular distri-
bution of the three reaction products but assured in-
stead a nearly 120° / 120° / 120° / angular correlation. 
Consequently we do not confirm on the 10~6 yield level 
near symnetric tripartition but the well known charged 
particle associated fission. For near synmetric tripar-
tition we can give upper limits as listed in table I. 

Table I 

Mass of the & ternary/ & binary 
Lightest Particle 

12 < A < SO "Light-Particle « 10"» 
Accompanied Fission" 

SO < A < 70 "Asymmetric < 8•10" ' 
IKpartition" 

70 < A < 95 "Symmetric < 2 1 0 " ' 
"fri partition" 

i) Light particles with nuclear charge nunbers Z 2 6 
are emitted fron all types of nain fragment mass 
splits. ' 

ii) These particles are emitted close to the scission 
point, where already two Coulanb fields of the nas-
cent fragnents have a focussing effect on the par-
ticles angular distributions. 

This means that these ternary fission events have the 
most characteristic features in conten with alpha par-
ticle associated fission, the subject of the next chap-
ter, however, with minor differences: 

iii) Ccnpared to alpha particles the heavier light nuc-
lei have a gnaller wddthof the angular distribution 
and a mean emission angle closer to 90 ° 
These observations are probably a consequence of a 
more restricted spatial origine of these particles. 

4.) Alpha particle associated fission 

With the angular position sensitive double torus ioni-o 
zation chanfcer "DIOGENES" we have measured kinematic ob-
servables of alpha particle accompanied fission. A quar-
ter section of the detector system is presented in fi-
gure 5, more details have been given in ref.)^. 

With the results ends hopefully a 20 years old discus-
sion about the existence of low energy near synmetric 
tripartition, which could never be identified by radio-
chemical analyses. 

(Л 

О и 

80 100 

Дв/deg 

Fig.4. Distribution of the angles between light partic-
les with Z > 6 and light fragments, peaked at 87" with a 
FWHM of 12°. The dashed line shows for conparisan the 
corresponding distribution of longrange alpha particles, 
peaked at 84,9° with a width of 18,3° F M . 
From the evaluation of our spectra together with the 
measured angular distribution of the light charged par-
ticles relative to the lighter main fragment as shewn 
ir. figure 4 we can draw the following conclusions: 

Fig.5. Detectorsystem "DIOCTNES" 

From the measured quantities,particle - particle, partic-
le - fragment and fragment - fragment parameter corre-
lations can be deduced. Sane examples are displayed in 

235 
figure 6 for the case of the U (n,af)-reaction. Simi-
lar data are.available for 239Pu (n,af) and 25^Cf(s.f.). 
Of course »there exist sill cuts through these two dimen-
sional distributions, all mean values and all projections 
on the coordinate axes. In figure 7 distributions of the 
alpha particle emission angles are displayed for the 
above mentioned reactions. For theoretical investigations 
all data are available on magnetic tapes. I shall now 
discuss sane aspects of these data and put the emphasis 
on the following two questions, ( 

i) the classical one about the information provided by 
ternary alpha particles on the scission point con-
figuration of the essentially binary fission process. 

ii) and a more provocative one about essential differen-
ces between binary and alpha particle associated 
fission. 
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Fig.6. Correlations between ternary fission parameters, 
'm̂ : heavy-to-light fragment mass ratio 

"aL 
total fragment kinetic energy 

: a-particle energy 
: a-particle emission angle rel. to light main frag-
ment for the reaction ^35u(n,af) 

Concerning 
i) In the past trajectory calculations have been used to 

transform measured kinenatic observables like alpha 
particle energies E^, emission angles and frag-
ment kinetic energies E ^ into the corresponding mi-
croscopic scission point parameters Q^'and 
The particle and fragment motion is calculated in the 
Coulcmb plus nuclear potential of nascent fragments. 
Their finite sizes are taken into account by shape 
paranetrization of the scission point configuration 
known from binary fission theory. 
We performed also such trajectory calculations: 
for each of the fragment mass ratios 1.2, 1.4, 1.6, 
and 1.8 more than 10® trajectories with the initial 
parameters randomly distributed inside the following 
windows 

O MeV í E (o) 

О MeV £ í 

10 MeV 

70 MeV 

< *<o> - "il S 180° 

uT 

180 
160 
140 

à, 120 
"8 100 
^ 80 
® 60 

. — ¿LIJbi'-тГ ".is— .\ 

The scission point shape of the fragments was assumed to 
be ellipsoidal. 
By a selection procedure, described in ref.)6, we sepa-
rated subgroups of trajectories which reproduce more 
than 99 % of our data, ibis vas the situation, when I 
gave my talk here in November 1985. In the meanwhile 
we know that subgroups of trajectories with these pro-
perties can be generated for quite different scission 
point configurations and microscopic parameters)16. 
The transformation of measured "macroscopic" kinematic 
observables into "microscopic" scission point parameters 
by trajectory calculations is far fren being unequivocal. 

о 
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©.-IF 
Fig.7. Angular distributionfl oí a particles for the 
reactions ^^(n.af), 239Pu(n,af) and 252Cf(sf) 
^preliminary data 

Now the question raises, if the experimental data carry 
scission point configuration effects at all. In order to 
elicit this point we have separated the measured most 
probable emission ¿ingles 0 ^ and the widths of the an-
gular distributions Д 0 a l for ноге oorrpact (E*< Ё* ) and 
more stretched (È">Ë*) scission point configurations, 
for which the kinetic energies of the main fragments are 
higher or lower than the average values. Figures 8 and 9 

are plots of 0 , and i 0 , as functions of the main frag-\ al al -, 
mente mass ratios for cold and hot fission events)?-il» 
the integral functions are displayed. There is a small 
but clear indication for nuclear configuration effects 
on both observable» 0 . and 40 , at the instant of par-

ticle emission. Hcwever, it is debatable whether these 
effects are also relevant for the investigation of the 
usual binary fission. 

m H / m 

m H I m L 

Figs.8 and 9. Most probable emission angles and widths 
of the angular distributions for cold, integral and 
hot fragment mass ratios.)23 

In figure 9 another configuration effect is obvious: the 
strong increase of the width of the angular particle dis-
tribution close to main fragments mass syirmetry. We know 
from the saw tooth shape of the v function/ the average 
number of emitted neutrons for a given fragment mass, 
that mass syirmetric fission at the scission point is de-
formation asyimœtric. Most probably this fact can ex-
plain the increase of the angular width mentioned above. 

Although there are nuclear configuration effects, they 
are obviously not accessible by trajectory calculations. 
Therefore 0. Tanimura and T. Fließbach have started to 
develop a quantun mechanical theory of ternary fission)1' 
They calculated energy and angular distributions of al-

235 
pha particles fron the fissioning nuclear system U+n 
by solving the Schrödinger equation with a time depen-
dent potential. Figure 10 shows their results for the 
alpha particle intensity as function of emission angle 
and kinetic energy for irore or less elongated fission 
shape configurations compared to our experimental re-
sults displayed on the top of this figure. 
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Fig.10 Alpha particle yield as function of enissicn angle 
and kinetic energy a) experimental data for the 235U(n,af) 
reaction Ы , Ь2) theoretical results for шаге or less 
elongated nuclear deformation)17. 

Table II 
"Normal" means typical for binary fission "stretched" 
means that the elongation parameter is 30 % above "nor-
mal" Д : F W M . 

Table S 
e.< ! де.< E« 1 ДЕа 

Experiment ( ,,eU ) S12't 0.3-1 „..'0.5' 1 19.8 . i.o' 16.4 » Qj6M«VI10jO î 0.6MeV 
Theory 
"normet" configuration 
"stetched"cont»gurotion 

84* 
8 3* 

1 
i *>• 
! J 

1 
18.0 Mcv j 5 MeV 
16.2 MeV 1 5 MeV 1 i 

Table II presents the most probable anission angles and 
kinetic energies of the alpha particles for more or less 
stretched nuclear shapes as well as the widths of aneb-
lar and kinetic energy distributions compared to experi-
mental results. In contrast to classical trajectory cal-
culations this theory can reproduce the increased focus-
sing effect of more elongated fission configurations as 
shewn in figure 9. 
Another result is worthwhile to mention: equatorial al-
pha particle emission occurs before polar one. 
There is a good qualitative agreement between theory and 
experiment, but by far not the complete congruence of 
experimental and theoretical data we know from our tra-
jectory calculations, (which eure most probably misleading). 
However, the theory of 0. Tanimura and T. Fließbach is 
based on more fundamental physical arguments and the re-
sults on nothing more than the time dependency of the 
deformation parameters of the nuclear potential during 
fission as ocrpared to ordinary radioactive alpha decay. 
As. in their calculations this time dependency has been 
assumed to be essentially linear, the results are sur-
prisingly good. 

ii) We are new left with the question on differences 
between binary and ternary fission. Is the old as-
smption correct, that the alpha particles, emitted 
in a f&f permillages of essentially binary fission 
do not disturb significantly the generad fission 
process and carry only information about the (binary) 
scission configuration? 

A more detailed examination has shown that this as-
sunption is not valid. The alpha particle is not only 
a spectator but a participant in the fission process. 
This becomes evident from the comparison of the total 
kinetic energies released in ternary and binary fis-
sion by the three and two reaction products respec-
tively. For the cases 235U(n,af) and 235U(n,f)as ex-
anples, these quantities together with their average 
values and the corresponding maximum Q-values açe 
plotted as functions of the heavy main fragment 
masses in figure 11. The deformation energy of the 
main fragments is in ternary fission substantially 

lower than in binary fission. This is valid for all 
235 

nuclear systems we have investigated: U(n,if), 
239Pu(n,af>, 252Cf(s.f.), and also 245Cm(n,af) we 
have studied with the time-of-flight spectrometer 
COSI FAN Т Ш Т Е extended by a series of semiconductor 
detectors around the fissile target. The differences 
between Q-values and mean total kinetic energies for 
binary and ternary fission are shown in figure 12 
for the above nuclei. 
The consequence is, that the main fragments in ter-
nary fission are less deformed than in binary frag-
mentation. The alpha particles modify the nuclear 



126 

fission configuration. 

*U , ternary 

KO K5 ISO 
MH / amu 

«U , binary 

UO US 150 
MH / amu 

Fig.11. Distributions of the total kinetic energy for 
ternary (top) and binary (bottom) fission as function 
of heavy fragment masses together with corresponding 
averages and Q-values. 

Fig.12. Average excitation (deformation) energies of bi-
nary and ternary fission fragments as.function of Z /А 
cf the compound nucleus: 2 3 6U, 2 4 0Pu, 246cm and 2 5 2Cf. 

5.) Fission fragment kinetic energy and mass fluctuations 
in resolved neutron resonances 

With the neutron time-of-flight spectrometer of the BCMJ 
at Geel in Bèlgiun we have measured fragment kinetic 
energy- and derived fracjnent mass-distributions in re-
solved resonances (or groups of resonances) of the 
235 

U(n,f) reaction in the neutron energy range from ther-
18 7 8 mal up to about 125 eV) ' and we found strong total 

kinetic energy fluctuations. These fluctuations are anti-
correlated with variations of v, the average nunber of 19 neutrons per fission event) as displayed in figure 13. 
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Fig.13. Fluctuations of the fragment total kinetic ener-
gy as function of the incatiing neutron energy together 
with fluctuations of v)1® 

In resolved resonances, fragment mass distributions of 
high statistical accuracy have been determined. In 
figure 14 two examples гиге shram for the resonances at 
12.40 and 19.30 eV incoming neutron energy. I cannot_ 
discuss here correlations between the measured energy 
fluctuations and fluctuations of other fission parameters 
from resonance to resonance, which have been used in the 
past for mostly spurious resonance channel spin assign-
ments)^1. This discussion is the main subject of ref.)1® 
and would not fit into the frame of this report. 

Instead I shall try to interpret these fluctuations in 
the framework of the recent exit-channel model of fission 

21 developed by U. Brösa, S. Grossnann, and A. Müller) 

In our oontext, the essential aspect of this model is 
that it introduces new decision elanents for fragment 
mass and energy distributions into the development of the 
fission process. This process is in general described by 
the motion of a "configuration point" in the potential 
landscape of the fissioning nucleus, i.e. a mapping of 
the shell and pairing corrected liquid drop nuclear po-
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tential as function of deformation coordinates. retical predicticn is supported by our data in figure 16, 
the mass distribution of thermal neutron Induced fission 

MASS 

MASS 
Fig.14. Mass distributions of fission fratynents in the 
resolved resonances at 12.40 eV and 19.30 eV of the 
235u(n,f) reaction. The dotted lines are five Gauss-dis-
tributions whicti fit the experimental data. 

£ 6 

235, 

distributions W. 
of """u, which could be deccrçosed into three partial 3 a w 2 and Wj. In ref.) ' we have de-
nonstrated that the partial distribution parameters are 
in fair agreement with the model calculations) 21 

110 130 

MASS 

Fig.16. The same as in figure 14 for thermal neutrons. 

On the basis of these considerations we compare now the 
fragment kinetic energy fluctuations plotted in figure 13 
with fluctuations of the branching ratio V^/V^ in figure 
17. 

l h / f m 

Fir-. 15. Fission paths in the deformation space of 
is the neck radius and the half elongation of the fis-
sioning nucleus. (Courtesy of U. Brösa). 

ТЪе new decision elements гиге "bifurcation points"«where 
the path of the configuration point in the potential lands-
cape splits into two (or more) directions. Figure 15 il-
lustrâtes the situation for U, where three fission paths 
or exit channels are distinguishable. A consequenoe of 
these three paths is the break-up of the fragment mass and 
energy distributions into three components)''. Ulis theo-

Fig.17. Ccrparison of the measured energy fluctuations 
of figure 13 and the fluctuations of the ratio WVW^, 
the two Gaussians fitting the asynmetric fragment mass 
distributions. 

We recognize a strong correlation, which is confirmed by 
a correlation coefficient of r = 0.81 ± 0.05. 
6. ) Sumary and Conclusions 

In chapters 2 - 5 we have shewn seme points of growth of 
the physics of nuclear fission. 
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- CeId - deforned or "hot" fragments are candidates for 
very deformed shell stabilized nuclei. 
There is sane evidence that they do not deexcite by 
neutron emission or stay on a 10-100 ns time scale in 
shape isanerlc states 

- 9 

- Down to a yield level of 10 per binary fission no 
spontaneous synmetric tripartition is observed for 
252Cf(s.f.). 

- Alpha particle associated nuclear fission is a self-
ruled process, which cannot be used to study binary 

22 fission configurations) . 
There is for the first time an "ansatz" for a quantum 
mechanical theory of alpha particle accompanied nuc-
lear fission. 

- Fluctuations of fragment kinetic energies in resolved 
neutron resonanoes are not correlated with the channel 
spin. Most probably they are due to fluctuating bran-
ching ratios at the bifurcation points in the Brosa-
Grossmann-MUller model of nuclear fission. 

Finally it has to be pointed cut, that all the above re-
sults are standing in juxtaposition. There is no dynami-
cal theory of nuclear fission as a unification of the 
different experimental observations. 
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ENERGY DISSIPATION IN FISSION CLOSE TO THE BARRIER 

F . G ö n n e n w e i n + , 3JP. B o c q u e t + + a n d R . B r i s s o t + + 

^ P h y s i k a l i s c h e s I n s t i t u t , U n i v e r s i t y o f T ü b i n g e n , M o r g e n s t e l l e 1 4 , D - 7 4 0 0 T ü b i n g e n , FRG 

M e a s u r e m e n t s o f t h e n u c l e a r c h a r g e d i s t r i b u t i o n s o f f i s s i o n f r a g m e n t s f o r f i s s i o n p r o -

c e s s e s c l o s e t o t h e b a r r i e r a r e r e v i e w e d . The e m p h a s i s i s p u t o n t h e r m a l n e u t r o n i n d u c e d 

f i s s i o n . T h e n u c l e i s t u d i e d r a n g e f r o m Th up t o C f . I t i s s h o w n t h a t « t h e o b s e r v e d o d d -

- e v e n e f f e c t o f t h e f r a g m e n t c h a r g e y i e l d á n d t h e o d d - e v e n s t a g g e r i n g o f t h e t o t a l k i n e t i c 

e n e r g y may be e v a l u a t e d t o y i e l d t h e e n e r g y d i s s i p a t e d i n t h e c o u r s e o f f i s s i o n b e t w e e n 

t h e s a d d l e a n d t h e s c i s s i o n p o i n t . The d i s s i p a t e d e n e r g i e s f o u n d a r e r a t h e r s m a l l . T h e y 
2 2 3 0 v a r y s m o o t h l y w i t h Z / А o f t h e c o m p o u n d n u c l e u s a n d i n c r e a s e f r o m a b o u t 3 MeV f o r Th 

up t o 1 1 MeV f o r 2 5 ° C f . 

1 . I n t r o d u c t i o n 

T h e t o t a l e n e r g y Q r e l e a s e d i n n u c l e a r f i s s i o n i s s h a r e d b e t w e e n t h e t o t a l k i n e t i c e n e r -

g y TKE a n d t h e t o t a l e x c i t a t i o n e n e r g y TXE o f t h e f r a g m e n t s . The e n e r g y d i s t r i b u t i o n s f o r 

b o t h , TKE a n d T X E , h a v e b e e n e x t e n s i v e l y s t u d i e d e x p e r i m e n t a l l y f o r many f i s s i o n r e a c t i o n s . 

H o w e v e r , f o r a d e e p e r i n s i g h t i n t o t h e f i s s i o n m e c h a n i s m t h e s e g l o b a l e n e r g y d i s t r i b u t i o n s 

a r e probably not too h e l p f u l . T h i s i s due t o t h e fact t h a t again both, TKE and TXE , r e -

c e i v e c o n t r i b u t i o n s f r o m a t l e a s t t w o d i f f e r e n t t e r m s . The k i n e t i c e n e r g y TKE i s t h e sum 

o f t h e C o u l o m b r e p u l s i o n e n e r g y o f t h e n a s c e n t f r a g m e n t s a t s c i s s i o n a n d a n y p r e -

s c i s s i o n k i n e t i c e n e r g y e t h e f r a g m e n t s may a l r e a d y h a v e a c q u i r e d a t t h e t i m e o f n e c k 

r u p t u r e . S i m i l a r l y , t h e f i n a l e x c i t a t i o n TXE o f t h e f i s s i o n f r a g m e n t s a t i n f i n i t y i s made 

up f r o m t h e f r a g m e n t d e f o r m a t i o n e n e r g y E D e f a t s c i s s i o n a n d t h e e n e r g y E i n t a l r e a d y 

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

f i s s i o n r e a c t i o n w h e r e t h e a v a i l a b l e e n e r g y i s j u s t s u f f i c i e n t t o o v e r c o m e t h e f i s s i o n 

b a r r i e r , t h i s i n t e r n a l e x c i t a t i o n e n e r g y E i n t has t o be i d e n t i f i e d w i t h t h e e n e r g y E D i g 

d i s s i p a t e d t h r o u g h v i s c o u s f o r c e s b e t w e e n s a d d l e a n d s c i s s i o n . T h i s s i t u a t i o n i s n e a r l y 

met f o r t h e r m a l n e u t r o n f i s s i o n . A t t h e s c i s s i o n p o i n t , t h e n , p a r t o f t h e a v a i l a b l e e n e r -

g y , viz. the sum of a " d Ê Q e f ' i s t i e d up as p o t e n t i a l energy E p ^ J . 0 n t h e 

o t h e r h a n d , t h e p r e s c i s s i o n k i n e t i c e n e r g y a n d t h e d i s s i p a t i o n e n e r g y a r e b o t h . f e d by t h e 

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

I n t h e c a s e o f i n d u c e d f i s s i o n c l o s e t o t h e f i s s i o n b a r r i e r , t h i s e n e r g y g a i n may be v i s u -

a l i z e d as t h e p o t e n t i a l e n e r g y d r o p . A E p Q t b e t w e e n t h e s a d d l e a n d t h e s c i s s i o n p o i n t . The 

e n e r g e t i c s f o r t h i s s p e c i a l c a s e i s s k e t c h e d s c h e m a t i c a l l y i n F i g . 1 . P u t i n t o f o r m u l a s , 

I n s t i t u t L a u e - L a n g e v i n , BP 1 5 6 x . F - 3 8 0 4 2 G r e n o b l e - C e d e x - F r a n c e 

A b s t r a c t 

Figure 1: Schematic presentation of the energetics for 

near-barrier fission. 

Deformation 

t h e a b o v e s t a t e m e n t s f o r n e a r b a r r i e r f i s s i o n r e a d 

Q 
(1) 
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A n y d e t a i l e d t h e o r y o f n u c l e a r f i s s i o n w i l l h a v e t o c a l c u l a t e t h e e n e r g y t e r m e o f e q . ( 1 ) 

i n d i v i d u a l l y . F o r a c l o s e c o m p a r i s o n w i t h t h e o r y a l s o e x p e r i m e n t s s h o u l d a i m a t d e t e r -

m i n i n g t h e s e q u a n t i t i e s . 

The s t a t i c p o t e n t i a l e n e r g y s u r f a c e PES o f a f i s s i o n i n g n u c l e u s has b e e n a n d s t i l l i s 

e x t e n s i v e l y s t u d i e d . The d e g r e e o f s o p h i s t i c a t i o n i n t h e c a l c u l a t i o n s has moved f r o m 

m a c r o s c o p i c ( l i q u i d d r o p ) t o e i t h e r m a c r o s c o p i c - m i c r o s c o p i c ( i n c l u s i o n o f s h e l l a n d 

p a i r i n g e f f e c t s v i a t h e S t r u t i n s k i r e c i p e ) o r p u r e l y m i c r o s c o p i c a p p r o a c h e s . The c o r r e -

l a t i o n b e t w e e n t h e f i n e s t r u c t u r e o f t h e PES i n t h e v i c i n i t y o f t h e f i s s i o n b a r r i e r a n d 

t h e o b s e r v a t i o n o f s p o n t a n e o u s l y f i s s i o n i n g i s o m e r s i s w e l l k n o w n . M o r e r e c e n t l y a r i c h 

s t r u c t u r e o f t h e PES b e y o n d t h e s a d d l e p o i n t has come b a c k i n t o f o c u s / 1 , 2 / . W h i l e a l l 

m o d e l s a g r e e t h a t t h e e n e r g y g a i n i E b e t w e e n s a d d l e a n d s c i s s i o n i n c r e a s e s w i t h t h e 
2 P ° t 

f i s s i l i t y x -V Z / А o f t h e f i s s i o n i n g n u c l e u s , t h e e x a c t f i g u r e s f o r Л Е р 0 { a r e s t r o n g l y 

m o d e l d e p e n d e n t . A s u b t l e p o i n t i n t h i s c o n t e x t i s t h e p r o p e r d e f i n i t i o n o f t h e s c i s s i o n 

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

o c c u r s / 3 / . I n d y n a m i c a l c a l c u l a t i o n s o f t h e f i s s i o n p a t h a l s o i n e r t i a l a n d v i s c o u s f o r c e s 

w i l l p l a y a r o l e . 

C a l c u l a t i o n s o f t h e d y n a m i c a l t y p e g i v e i n f o r m a t i o n on t h e p r e s c i s s i o n k i n e t i c e n e r g i e s 
e /4,5/. E x p e r i m e n t a l l y e becomes a c c e s s i b l e by s t u d y i n g t e r n a r y f i s s i o n . I n t h e e v a l u a -

t i o n o f t h e e x p e r i m e n t a l d a t a t h e m e a s u r e d a n g u l a r a n d e n e r g y d i s t r i b u t i o n s o f t h e t e r n a r y 

p a r t i c l e s a r e c o m p a r e d t o t r a j e c t o r y c a l c u l a t i o n s . An i n p u t p a r a m e t e r t o t h e s e c a l c u l a -

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

t r e m e l y s e n s i t i v e t o o t h e r m o d e l p a r a m e t e r s l i k e t h e e m i s s i o n m e c h a n i s m o f t e r n a r y pai— 

t i d e s , t h e s i z e o f f r a g m e n t s a n d n u c l e a r f o r c e s . The s p r e a d i n w h a t may be t e n t a t i v e l y 

c a l l e d " e x p e r i m e n t a l " v a l u e s f o r e i s a c c o r d i n g l y l a r g e a n d r a n g e s b e t w e e n 10 a n d 50 MeV 

/ 6 - 9 / . T h u s , t h e s i t u a t i o n i s n o t v e r y s a t i s f a c t o r y . 

The e n e r g y E 0 i g d i s s i p a t e d i n m o v i n g f r o m t h e s a d d l e t o t h e s c i s s i o n p o i n t i s d i r e c t l y 

l i n k e d t o t h e v i s c o s i t y o f n u c l e a r m a t t e r . N u m e r o u s t h e o r e t i c a l s t u d i e s h a v e b e e n d e v o t e d 

t o t h i s s u b j e c t . C o n c e p t s w h i c h h a v e b e e n d i s c u s s e d i n r e c e n t y e a r s f o r . t a c k l i n g n u c l e a r 

f r i c t i o n a r e o n e - b o d y a n d t w o - b o d y d i s s i p a t i o n m e c h a n i s m ( s e e r e f . / 1 0 / f o r a r e v i e w o f t h e 

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

The l a t t e r a r e r e v i e w e d i n / 1 1 / . 

The p r e s e n t p a p e r s u r v e y s t h e a v a i l a b l e e x p e r i m e n t a l i n f o r m a t i o n on t h e e n e r g y E Q i s 

d i s s i p a t e d b e t w e e n s a d d l e a n d s c i s s i o n i n l o w e x c i t a t i o n n u c l e a r f i s s i o n . Two t y p e s o f 

e x p e r i m e n t s h a v e so f a r b e e n p r o p o s e d w i t h t h a t p u r p o s e i n m i n d : t h e d e p e n d e n c e o f t h e 

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

/ 1 2 / a n d t h e o d d - e v e n e f f e c t s i n t h e n u c l e a r c h a r g e y i e l d s o f f i s s i o n f r a g m e n t s . I n b o t h 

c a s e s t h e m e a s u r e d o b s e r v a b l e s h a v e t o be c o r r e l a t e d t o t h e p h y s i c a l q u a n t i t y o f i n t e r e s t , 
Ep,. , by a m o d e l , u i s 

The b a s i c i d e a , why E Q i s may be d e d u c e d f r o m t h e p r o t o n o d d - e v e n e f f e c t i s t h e f o l l o w -

i n g : s t a r t i n g f r o m an ( e v e n , e v e n ) f i s s i o n i n g n u c l e u s , a n y o d d c h a r g e number Z o f t h e 

f r a g m e n t s i n d i c a t e s t h a t a t l e a s t one p r o t o n mus t h a v e been b r o k e n i n t h e c o u r s e o f f i s -

s i o n ; o n t h e o t h e r h a n d , p a i r s a r e b r o k e n by t h e i n t e r n a l e x c i t a t i o n e n e r g y t h e f i s s i o n i n g 

n u c l e u s a l r e a d y has a t t h e s a d d l e p o i n t a n d / o r a c c u m u l a t e s d u r i n g t h e d e s c e n t f r o m s a d d l e 

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

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

I t s h o u l d be s t r e s s e d t h a t , s t a t e d i n t e r m s o f r a d i o c h e m i s t r y , o n l y t h e i n d e p e n d e n t 

f r a g m e n t y i e l d s c a r r y t h e r e l e v a n t i n f o r m a t i o n , s i n c e for t h e s e y i e l d s t h e primary charge 

d i s t r i b u t i o n has n o t b e e n b l u r r e d by [ S - d e c a y . T h e s e c h a r g e d i s t r i b u t i o n s a r e d i r e c t l y 

a c c e s s i b l e t o p h y s i c a l m e a s u r e m e n t t e c h n i q u e s . I n c o n t r a s t w i t h t h e p r o t o n n u m b e r Z , t h e 

p r i m a r y o d d - e v e n e f f e c t o f t h e n e u t r o n number N ( a n d h e n c e t h e mass number A ) i s d i f f i c u l t 

- i f n o t i m p o s s i b l e - t o o b s e r v e , s i n c e n e u t r o n e v a p o r a t i o n i s much f a s t e r t h a n a n y f r a g -

men t i d e n t i f i c a t i o n m e t h o d . An e x c e p t i o n t o t h i s r u l e i s , h o w e v e r , g i v e n i n t h e c o l d 
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f r a g m e n t a t i o n r e g i n e o f f i a e i o n . I n c o l d f r a g m e n t a t i o n o n e s t u d i e s t h e l i m i t i n g c a s e o f 

f i s s i o n v t h e r e no n e u t r o n s a r e e m i t t e d . T h e r e f o r e , h e r e t h e o d d - e v e n e f f e c t i n t h e n e u t r o n 

n u m b e r s c a r r i e s a s i m i l a r i n f o r m a t i o n t o t h e o n e i n t h e p r o t o n n u m b e r s o f t h e f r a g m e n t s . 

I n t h e f o l l o w i n g we w i l l m a i n l y d w e l l o n r e c e n t a n d p a r t l y u n p u b l i s h e d r e s u l t s o n t h e 

p r o t o n o d d - e v e n e f f e c t i n a v a r i e t y o f a c t i n i d e s , s t u d i e d b y t h e r m a l n e u t r o n f i s s i o n a t 

t h e H i g h F l u x R e a c t o r o f t h e I n s t i t u t L a u e - L a n g e v i n i n G r e n o b l e , F r a n c e . 

2 . E x p e r i m e n t a l T e c h n i q u e s 

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

f r a g m e n t s . A h u g e a m o u n t o f d a t a c o v e r i n g many d i f f e r e n t t y p e s o f f i s s i o n r e a c t i o n s h a s 

b e e n c o l l e c t e d . T h e d a t a a r e c o m p l e t e i n t h e s e n s e t h a t t h e y r a n g e f r o m t h e l i g h t e s t up t o 

h e a v i e s t n u c l e a r c h a r g e s o c c u r r i n g i n f i s s i o n / 1 3 / . M a s s s p e c t r o m e t r y , c o u n t i n g o f J J - d e c a y 

l e n g t h a n d X - r a y s p e c t r o s c o p y h a s a l s o , b u t m o r e o c c a s i o n a l l y , b e e n u s e d f o r t h e p r o b l e m 

a t h a n d . 

A s y s t e m a t i c s e r i e s o f m e a s u r e m e n t s o f f r a g m e n t n u c l e a r c h a r g e d i s t r i b u t i o n s h a s b e e n 

s t a r t e d a f e w y e a r s a g o o n t h e m a s s s e p a r a t o r L o h e n g r i n i n s t a l l e d a t t h e H i g h F l u * R e a c t o r 

o f t h e I n s t i t u t L a u e - L a n g e v i n i n G r e n o b l e . T h e f i s s i o n t a r g e t i s p l a c e d c l o s e t o t h e r e a c -

t o r c o r e a n d t h e r e c o i l i n g f r a g m e n t s a r e a n a l y s e d a s t o mass n u m b e r A a n d k i n e t i c e n e r g y E 

b y t h e s e p a r a t o r / 1 4 / . To t a k e n u c l e a r c h a r g e d a t a a s p e c i a l d e t e c t o r i s i n s t a l l e d i n t h e 

f o c a l p l a n e o f t h e s e p a r a t o r . I n t h e f i r s t v e r s i o n o f t h i s d e t e c t o r t h e e n e r g y l o s s AE o f 

f r a g m e n t s i n a c a r b o n f o i l w a s d e t e r m i n e d by a t i m e - o f - f l i g h t t e c h n i q u e / 1 5 / . I n a l a t e r 

v e r s i o n o f t h e d e t e c t o r , t h e ДE c a r b o n a b s o r b e r was r e p l a c e d by p a r y l e n e a n d t h e r e s i d u a l 

e n e r g y b e h i n d t h e a b s o r b e r w a s m e a s u r e d by a h i g h r e s o l u t i o n i o n i z a t i o n c h a m b e r / 1 6 , 1 7 / . 

M o r e r e c e n t l y a i E _ E r e s t i o n i z a t i o n c h a m b e r h a s b e e n p u t i n t o o p e r a t i o n o n L o h e n g r i n / 1 8 / , 

w h e r e b o t h , ДЕ a n d E a r e m e a s u r e d . T h i s m e t h o d y i e l d s v e r y c l e a n a n d r e l i a b l e rest 
r e s u l t s . 

Some o f t h e c h a r g e d a t a t o be r e v i e w e d w e r e t a k e n j u s t by p l a c i n g а ДЕ-Е i o n i z a t i o n 

c h a m b e r in front o f a f i s s i l e t a r g e t b e i n g i r r a d i a t e d by t h e r m a l n e u t r o n s / 1 9 / . F o r f i s -
2 2 9 

s i o n r e a c t i o n s l i k e ' T h ( n , f ) , s h o w i n g a w e l l p r o n o u n c e d o d d - e v e n e f f e c t o n t h e c h a r g e s , 

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

A l s o t h e f i s s i o n f r a g m e n t s p e c t r o m e t e r C o s i f a n t u t t e o f t h e I n s t i t u t L a u e - L a n g e v i n / 2 0 / , 

w h i c h i s c o m p l e m e n t a r y t o L o h e n g r i n , h a s b e e n p u s h e d t o m e a s u r e n u c l e a r c h a r g e s . On t h i s 

i n s t r u m e n t t h e c h a r g e s a r e i n f e r r e d f r o m t h e r a n g e s o f f r a g m e n t s w i t h k n o w n mass a n d e n e r -

gy i n a n a x i a l i o n i z a t i o n c h a m b e r / 2 1 / . F i r s t r e s u l t s a r e a v a i l a b l e f o r t h e r e a c t i o n 
2 4 1 P u ( n , f ) / 2 2 / . 

T h e c h a r g e r e s o l v i n g p o w e r Z/AZ o f t h e a b o v e p h y s i c a l m e t h o d s i s l i m i t e d t o r o u g h l y 

Z/AZ = 50. T h i s means t h a t , i n c o n t r a s t r o r a d i o c h e m i s t r y , o n l y t h e n u c l e a r c h a r g e s o f t h e 

l i g h t f r a g m e n t g r o u p c a n be s t u d i e d . H o w e v e r , s i n c e t h e c h a r g e i d e n t i f i c a t i o n by p h y s i c a l 

t e c h n i q u e s o n l y t a k e s a f e w m i c r o - s e c o n d s , t h e i n t e r f e r e n c e t h r o u g h ß - d e c a y i s v i r t u a l l y 

o u t r u l e d . T h e m e a s u r e d c h a r g e n u m b e r s a r e t h o s e o f t h e p r i m a r y f r a g m e n t s a n d t h e sum o f 

t h e c h a r g e s f o r t h e t w o c o m p l e m e n t a r y f r a g m e n t s o f b i n a r y f i s s i o n h a s t o be s t r i c t l y e q u a l 

t o t h e c h a r g e o f t h e f i s s i o n i n g n u c l e u s . I t i s , t h e r e f o r e , s u f f i c i e n t t o k n o w t h e c h a r g e 

d i s t r i b u t i o n o f o n e f r a g m e n t g r o u p o n l y . A f u r t h e r a s s e t o f t h e p h y s i c a l m e t h o d s i s t h a t 

n u c l e a r c h a r g e d i s t r i b u t i o n s may b e s c a n n e d f o r a g i v e n k i n e t i c o r e x c i t a t i o n e n e r g y o f 

t h e f r a g m e n t s . 

3 . E x p e r i m e n t a l R e s u l t s 

A s a m p l e o f e x p e r i m e n t a l c h a r g e d i s t r i b u t i o n s o b t a i n e d a t t h e I n s t i t u t L a u e - L a n g e v i n f o r 
2 2 9 2 4 9 

t h e r m a l n e u t r o n f i s s i o n o f a c t i n i d e s r a n g i n g f r o m J T h ( n , f ) t h r o u g h ^ C f ( n , f ) i s s h o w n 

i n t h e F i g s . 2 a t h r o u g h 2 d , r e s p e c t i v e l y . T h e o r i g i n a l d a t a may be f o u n d f o r 2 2 ^ T h i n r e f . 

/ 1 9 / , f o r 2 3 5 U i n r e f . / 1 6 / , f o r 2 3 9 P u i n r e f . / 1 7 / a n d f o r 2 4 9 C f i n r e f . / 2 3 / . T h e m e a -

s u r e d p r i m a r y c h a r g e d i s t r i b u t i o n s o f f i s s i o n fragments are p r e s e n t e d a s t h e c h a r g e y i e l d s 
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o f t h e h e a v y f r a g m e n t g r o u p , n o r m a l i z e d t o 1 0 0 % w i t h i n t h e g r o u p . E v i d e n t l y f o r ••he 
229 l i g h t a c t i n i d e 7 T h o n e o b s e r v e 3 a s t r i k i n g o d d - e v e n e f f e c t , w i t h e v e n Z c h a r g e n u m b e r s 

b e i n g much more f a v o u r e d t h a n o d d o n e s . As o n e moves t o t h e h e a v i e r a c t i n i d e s t h i s e f f e c t 240 
becomes l e s s p r o n o u n c e d . F o r t h e h e a v i e s t n u c l i d e s t u d i e d , C f , t h e e f f e c t h a s a l m o s t 

d i s a p p e a r e d . I t s h o u l d be n o t e d t h a t a l l c h a r g e d i s t r i b u t i o n s i n F i g s . 2 a t o 2 d h a v e b e e n 

a v e r a g e d o v e r t h e f r a g m e n t s ' k i n e t i c e n e r g i e s . 

Heavy Charge Number ZH Heavy Charge Number ZH 

Figure 2: Charge distribution of heavy 

fragment for thermal neutron fission 
229 • 235 239 of the actinides Th, U, Pu and 

249cf. 

Heavy Charge Number ZH Heavy Charge Number ZH 

I t i s a l o n g s t a n d i n g p r a c t i c e t o q u a n t i f y t h e o d d - e v e n e f f e c t 6 o f t h e c h a r g e y i e l d s by 

( 2 ) 6 = (Y -Y ) / (Y + Y ), e о e о 
w i t h Y a n d Y q t h e sum o f y i e l d s f o r e v e n a n d o d d c h a r g e f r a g m e n t a t i o n s , r e s p e c t i v e l y . 

W i t h t h i s d e f i n i t i o n a p r e p o n d e r a n c e o f e v e n o v e r o d d Z - y i e l d s i s e q u i v a l e n t t o a p o s i t i v e 

6 > 0. 
2 

The p r o t o n o d d - e v e n e f f e c t 6 i s p l o t t e d i n F i g . 3 as a f u n c t i o n o f Z / А ' o f t h e f i s -

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

i n t r o d u c e d i n l i q u i d d r o p m o d e l c a l c u l a t i o n s . The f i g u r e s u m m a r i z e s a l l d a t a o b t a i n e d so 

f a r f o r t h e r m a l n e u t r o n f i s s i o n o f ( e v e n , e v e n ) c o m p o u n d n u c l e i / 1 6 , 1 7 , 1 9 , 2 2 , 2 3 / . 

Figure 3: Proton odd-even effect of fragments vs. 
2 

fissility Z /А of the compound nucleus 

for thermal neutron fission. 

Flsslllty z'/ A 
O b v i o u s l y , t h e r e i s a c l o s e c o r r e l a t i o n b e t w e e n t h e o d d - e v e n e f f e c t a n d t h e f i s s i l i t y . 

On t h e o t h e r h a n d , no s u c h c o r r e l a t i o n i s o b s e r v e d b e t w e e n t h e o d d - e v e n e f f e c t a n d e i t h e r 

t h e f i s s i o n b a r r i e r h e i g h t B ^ , o r t h e n e u t r o n b i n d i n g e n e r g y B n , o r t h e d i f f e r e n c e 

( B n - B ^ ) b e t w e e n t h e s e two e n e r g i e s . T h e l a t t e r e n e r g y , ( a n ~ B f ) » i a a v a i l a b l e a t t h e s a d d l e 

p o i n t as i n t e r n a l e x c i t a t i o n e n e r g y , f o r t h e r m a l n e u t r o n f i s s i o n . Fro») t h i s e x p e r i -

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

f i s s i o n i s n o t due t o t h e e x c i t a t i o n e n e r g y a t t h e s a d d l e . I n s t e a d , o n e h a s t o l o o k f o r a 

p a i r b r e a k i n g m e c h a n i s m b e y o n d t h e s a d d l e p o i n t . Once h a v i n g p a s s e d t h e s a d d l e p o i n t , a 

f i s s i o n p r o n e n u c l e u s w i l l s l o p e down t h e p o t e n t i a l e n e r g y s u r f a c e , u n t i l i t r e a c h e s t h e 

s c i s s i o n p o i n t , w h e r e a r a p i d n e c k i n g - i n o f t h e n e c k c o n n e c t i n g t h e n a s c e n t f r a g m e n t s 
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o c c u r s . A l l t h e o r e t i c a l c a l c u l a t i o n s - f r o n M a c r o s c o p i c t o m i c r o s c o p i c m o d e l s - o f t h e 

p o t e n t i a l e n e r g y s u r f a c e a g r e e t h a t t h e p o t e n t i a l e n e r g y g a i n A E p o t ( s . F i g . 1 ) b e t w e e n 

s a d d l e a n d s c i s s i o n i n c r e a s e s s m o o t h l y w i t h t h e f i s s i l i t y Z 2 / A o f t h e compound n u c l e u s . As 

a n e x a m p l e , i n F i g . 4 t h e f i g u r e s f o r A E , as r e p o r t e d by M . A s g h a r a n d R . W . , H a s s e f o r a 
pot 2 

l i q u i d d r o p m o d e l c a l c u l a t i o n / 2 4 / , a r e p l o t t e d a s a f u n c t i o n o f Z / А . 

T h i s b e h a v i o u r o f ^ „ t i s i n t r i g u i n g f o r t h e f o l l o w i n g r e a s o n . I f n u c l e a r m a t t e r 

s h o w s a n y v i s c o s i t y , t h e d i s s i p a t e d e n e r g y E Q i 8 h a s t o be s u p p l i e d by t h e e n e r g y g a i n 
A E p o t a r , d o n e w o u l d h e n c e e x p e c t E Q i t o f o l l o w a t r e n d s i m i l a r t o A E p o t as a f u n c t i o n 2 о 
o f Z / А . B u t i f t h e d i s s i p a t e d e n e r g y E D i s g e t s l a r g e r w i t h i n c r e a s i n g Z £ / A , t h i s s h o u l d 

f a v o u r p a i r b r e a k i n g t h e h i g h e r t h e Z 2 / A v a l u e s a r e . T h e r e f o r e , t h e o d d - e v e n e f f e c t s h o u l d 

s l o p e d o w n w a r d s when p l o t t e d v e r s u s Z / А . T h i s i s e x a c t l y w h a t i s o b s e r v e d e x p e r i m e n t a l l y . 

I n t h e f o l l o w i n g we w i l l t a k e t h e c o n j e c t u r e f o r g r a n t e d t h a t i n t h e r m a l n e u t r o n f i s s i o n 

o f t h e a c t i n i d e s t h e m a j o r i t y o f p r o t o n ( a n d n e u t r o n ) p a i r s a r e b r o k e n i n t h e d e s c e n t f r o m 

t h e s a d d l e t o t h e s c i s s i o n p o i n t . 

Figure 4: Gain in potential energy between saddle and 
2 

scission vs. fissility Z /А of the compound 

nucleus. 

So f a r we h a v e c o n s i d e r e d t h e o d d - e v e n e f f e c t a v e r a g e d o v e r t h e f r a g m e n t e n e r g i e s . B u t 

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

I n F i g , 5 we show t h e d e p e n d e n c e o f t h e o d d - e v e n e ' f f e c t 6 o n t h e k i n e t i c e n e r g y E L o f t h e 

l i g h t f r a g m e n t . E v i d e n t l y , t h e o d d - e v e n e f f e c t g e t s more p r o n o u n c e d w i t h t h e k i n e t i c 

e n e r g y i n c r e a s i n g . F r o m e n e r g y c o n s e r v a t i o n , a n i n c r e a s e o f t h e k i n e t i c e n e r g y h a s t o be 

c o m p e n s a t e d by a d e c r e a s e o f t h e e x c i t a t i o n e n e r g y o f t h e f r a g m e n t s . I t i s t o be e x p e c t e d 

t h a t f o r a s m a l l m e a s u r e d e x c i t a t i o n e n e r g y , b o t h t e r m s c o n t r i b u t i n g ( s . e q . ( 1 ) ) , v i z . 

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

w i l l be s m a l l . T h e r e f o r e , t h e o b s e r v e d d e p e n d e n c e o f t h e o d d - e v e n e f f e c t o n t h e k i n e t i c 

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

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

e x c i t a t i o n e n e r g y a n d v i c e v e r s a . 

Figure 5: Proton odd-even effect vs. light fragment 

kinetic energy for thermal neutron fission of 
2 2 9 m „ 2 3 3„ 2 3 9„ ,, Th, U, Pu and Cf. 

90 100 n o 

Light Fragment Energy / MeV 

T h e o d d - e v e n e f f e c t s l o p i n g u p w a r d s w i t h k i n e t i c e n e r g y i n F i g . 5 means t h a t t h e h i g h e r 

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

o d d o n e s . S t a t e d o t h e r w i s e , t h e k i n e t i c e n e r g y d i s t r i b u t i o n s o f e v e n c h a r g e f r a g m e n t s a r e 

s h i f t e d t o h i g h e r e n e r g i e s r e l a t i v e t o t h e d i s t r i b u t i o n s f o r o d d - c h a r g e n e i g h b o r s . The 

mean l i g h t f r a g m e n t k i n e t i c e n e r g y E L f o r a g i v e n l i g h t f r a g m e n t c h a r g e Z L i s s h o w n i n 

F i g . 6 f o r some o f t h e c o m p o u n d n u c l e i s t u d i e d by t h e r m a l n e u t r o n i n d u c e d f i s s i o n . ' A w e l l 
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/ Y V \ / \ 231 I 

2Í0 Pu 

Figure 6: Light fragment kinetic energy vs. light 

fragment charge for thermal neutron fission 

of 229Th,233U,239Pu anä249Cf. 

Light Fragment Charge 2L 

d e t e c t a b l e p r o n o u n c e d o d d - e v e n s t a g g e r i n g of the m e a n light f r a g m e n t k i n e t i c e n e r g y is 
m a n i f e s t . S i m i l a r l y to the o d d - e v e n e f f e c t in the y i e l d s , the s i z e of the o d d - e v e n s t a g -2 
gering of the k i n e t i c e n e r g i e s g e t s s m a l l e r the h i g h e r the f i s s i l i t y Z / А of the c o m p o u n d 

2 4 9 
n u c l e u s i s . F o r the h e a v i e s t n u c l e u s s t u d i e d , C f ( n , f ) , the s t a g g e r i n g is b a r e l y v i s i b l e . 
This d e p e n d e n c e of the o d d - e v e n s t a g g e r i n g on f i s s i l i t y is not r e a d i l y o b v i o u s and w i l l 
have to be i n t e r p r e t e d in t e r m s of a m o d e l in the next s e c t i o n . 

4. E v a l u a t i o n of D a t a 

T h e q u a l i t a t i v e a r g u m e n t s h a v i n g been put f o r w a r d so far, s u g g e s t i n g a c o r r e l a t i o n 
b e t w e e n the p r o t o n o d d - e v e n e f f e c t 6 and the i n t e r n a l e x c i t a t i o n e n e r g y E i n t at s c i s s i o n , 
and h e n c e also the e n e r g y E Q i s b e i n g d i s s i p a t e d in f i s s i o n , have now to be s u p p o r t e d by a 
more q u a n t i t a t i v e a n a l y s i s . As a l r e a d y p o i n t e d o u t , s t a r t i n g from a ( e v e n , e v e n ) c o m p o u n d 
n u c l e u s any o b s e r v e d o d d - Z f r a g m e n t s i n d i c a t e that p r o t o n p a i r s h a v e been b r o k e n . In f a c t , 
in p r i n c i p l e it is s u f f i c i e n t to b r e a k one p r o t o n p a i r o n l y and to d i s t r i b u t e the two 
p r o t o n s w i t h e q u a l p r o b a b i l i t y o n t o the two f r a g m e n t s in o r d e r to c o m p l e t e l y w a s h out any 
o d d - e v e n e f f e c t 6 . It is thus s e e n that 6 is v e r y s e n s i t i v e to p a i r b r e a k i n g . 

S e v e r a l m o d e l s h a v e been p r o p o s e d l i n k i n g the o d d - e v e n e f f e c t to p a i r b r e a k i n g and i n t e r -
n a l e x c i t a t i o n e n e r g y or i n t r i n s i c t e m p e r a t u r e at s c i s s i o n . W i t h i n the f r a m e w o r k of the 
v e r y s u c c e s s f u l v e r s i o n of the s c i s s i o n point m o d e l by B . D . W i l k i n s et a l . / 2 5 / the o d d -
- e v e n e f f e c t 6 is r e l a t e d to the p a i r i n g gap p a r a m e t e r / 1 2 , 2 6 / . T h e p a r a m e t e r Д d e p e n d s 
on the i n t r i n s i c t e m p e r a t u r e or e x c i t a t i o n e n e r g y . F o r h i g h t e m p e r a t u r e s the gap p a r a m e t e r 
A d e c r e a s e s . T h i s f a c i l i t a t e s p a i r b r e a k i n g and for high i n t e r n a l e x c i t a t i o n e n e r g i e s the 
o d d - e v e n e f f e c t 6 is p r e d i c t e d to c o n v e r g e to z e r o . 

A d i f f e r e n t a p p r o a c h being based on the s t a t i s t i c s of q u a s i p a r t i c l e e x c i t a t i o n s has b e e n 
s u g g e s t e d by G . M a n t z o u r a n i s and J . R . N i x / 2 7 / . T h e final r e a s o n i n g is v e r y s i m i l a r to the 
one just d e s c r i b e d . Let us s t r e s s that in both t h e s e m o d e l s the i n c r e a s e of the p o t e n t i a l 

2 
e n e r g y g a i n д E

p o t w i t h f i s s i l i t y Z /А w i l l e n t a i l a raise in the i n t r i n s i c t e m p e r a t u r e 
t h r o u g h v i s c o s i t y e f f e c t s and h e n c e w i l l lead to a d r o p of the o d d - e v e n e f f e c t 6, in fair 
a g r e e m e n t w i t h e x p e r i m e n t . 

F o r the q u a n t i t a t i v e e v a l u a t i o n of the p r e s e n t d a t a we h a v e c h o s e n to rely on yet an-
o t h e r d e s c r i p t i o n of the o d d - e v e n e f f e c t 6, s i n c e this d e s c r i p t i o n a p p e a r s to d e p e n d less 
on the d e t a i l s of the u n d e r l y i n g n u c l e a r f i s s i o n m o d e l . From a p u r e l y c o m b i n a t o r i a l a n a l y -
sis of p a i r b r e a k i n g H . N i f e n e c k e r et a l . / 2 8 / h a v e d e r i v e d the f o l l o w i n g f o r m u l a for the 
p : u t o n o d d - e v e n e f f e c t 6: 

8 = (1 - 2p Eq) N m a i. ( 3 ) 

In e q . ( 3 ) N is the m a x i m u m n u m b e r of p r o t o n and n e u t r o n p a i r s w h i c h may be b r o k e n , q 
is the p r o b a b i l i t y to b r e a k a p a i r , e is the p r o b a b i l i t y for this p a i r to be a p r o t o n 
p a i r , w h i l e p is the p r o b a b i l i t y for the i n d i v i d u a l n u c l é o n s of a p a i r to go i n t o c o m p l e -
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m e n t a r y f r a g m e n t s . The maximum p o s s i b l e number o f b r o k e n p a i r s N n a x w i l l d e p e n d o n t h e 

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

e q . ( 3 ) t h e a v e r a g e n u m b e r o f b r o k e n p a i r s <N> i s s i m p l y 

<N> = q N ( 4 ) 
max V ' 

T h e t w o p r o b a b i l i t i e s e a n d p f r o m e q . ( 3 ) may be f i x e d by s i m p l e a r g u m e n t s . T h e p r o b a -

b i l i t y e for t h e b r o k e n p a i r t o be a p r o t o n p a i r i s s e t t o be p r o p o r t i o n a l t o t h e p r o t o n 

number Z o u t t h e A n u c l é o n s : 

e = Z/A ~ 0.39. ( 5 ) 

F o r t h e p r o b a b i l i t y p i t i s a s s u m e d t h a t t h e t w o p r o t o n s f r o m a b r o k e n p a i r h a v e a n e q u a l 

c h a n c e t o e n d up e i t h e r i n o n e s i n g l e f r a g m e n t , o r i n t h e t w o f r a g m e n t s o f b i n a r y f i s s i o n . 

T h i s a s s u m p t i o n i s i n l i n e w i t h t h e v i e w t h a t n u c l e ó n p a i r s a r e b r o k e n i n t h e l o n g d e s c e n t 

b e t w e e n s a d d l e a n d s c i s s i o n . A c c o r d i n g l y we p u t 

Р = 1/2. (6) 
E v e n w i t h t h e s i m p l i f i c a t i o n s b r o u g h t a b o u t by e q s . (5) a n d (6), one i s n o t i n a p o s i t i o n t o 

c a l c u l a t e f r o m t h e m e a s u r e d o d d - e v e n e f f e c t 6 t h e n u m b e r o f b r o k e n p a i r s , u n l e s s t h e b a s i c 

p r o b a b i l i t y q t o b r e a k a p a i r i s k n o w n . H o w e v e r , f o r t u n a t e l y e n o u g h t h e p r o b a b i l i t y q d o e s 

n o t e n t e r i n a c r u c i a l way i n t o t h e c a l c u l a t i o n o f t h e i n t e r n a l e x c i t a t i o n a t s c i s s i o n , 

t h e q u a n t i t y we a r e f i n a l l y i n t e r e s t e d i n . I n f a c t , t h i s e n e r g y may be c a l c u l a t e d f r o m 

E. t = 2Д <N> = 2AqN ,-, > int * m a x ( 7 ) 

i f i t i s a s s u m e d t h a t i t a l w a y s t a k e s t h e e n e r g y 2Д = c o n s t t o c r e a t e a t w o q u a s i p a r t i c l e 

e x c i t a t i o n f r o m p a i r b r e a k i n g . T h i s a p p r o x i m a t i o n t e n d s t o o v e r e s t i m a t e t h e c a l c u l a t e d 

e n e r g y E - n t . F o r 2Д we a d o p t t h e f i g u r e r e - c o m m e n d e d by H . C . B r i t t a n d 3 . R . H u i z e n g a / 2 9 / 

f o r t h e gap p a r a m e t e r a t t h e s a d d l e p o i n t , n a m e l y 

2Д = 1.7 MeV. ( 8 ) 

From e q s . ( 3 ) a n d ( 7 ) t h e e x c i t a t i o n e n e r g y may now be d e d u c e d f r o m t h e m e a s u r e d o d d - e v e n 

e f f e c t by t r e a t i n g q as a f r e e p a r a m e t e r . L e t t i n g v a r y q b e t w e e n i t s l i m i t i n g v a l u e s q = 0 

a n d q = 1 one f i n d s E. _ = - 4 . 3 6 l n ó a n d E. .. = - 3 . 4 4 l n ó , r e s p e c t i v e l y . E v i d e n t l y , t h e л i n t i n t 
c a l c u l a t e d e n e r g y E i n t i s n o t s e n s i t i v e t o t h e e x a c t f i g u r e o f q . We t h e r e f o r e p r o p o s e as 

t h e f i n a l f o r m u l a we a r e l o o k i n g f o r 

E i n t = - 4 l n ó M e V . ( 9 ) 

T h i s c o r r e s p o n d s r o u g h l y t o t h e c h o i c e q = 0.5. 

E q . ( 9 ) t e l l s t h a t f o r no p a i r b r e a k i n g a t a l l ( 6 = 1 ) t h e r e c a n n o t be a n y e x c i t a t i o n 

e i t h e r ( E i n t = 0 ) , w h i l e t h e m o r e p a i r s a r e b r o k e n ( 6 0 ) , t h e h i g h e r i s t h e i n t e r n a l 

e x c i t a t i o n e n e r g y . The f o r m u l a t h u s r e p r o d u c e s i n a s t r i k i n g l y s i m p l e way t h e p h y s i c a l 

i n p u t . 

T u r n i n g now t o t h e e v a l u a t i o n o f t h e t h e r m a l n e u t r o n d a t a , we make u s e o f t h e o b s e r v a -

t i o n d i s c u s s e d i n s e c t i o n 3 t h a t h e r e t h e m a i n p a i r b r e a k i n g m e c h a n i s m i s v i s c o u s h e a t i n g 

b e t w e e n s a d d l e a n d s c i s s i o n . To f i r s t a p p r o x i m a t i o n we t h e r e f o r e i d e n t i f y t h e i n t e r n a l 

e x c i t a t i o n e n e r g i e s E i n t . c a l c u l a t e d f r o m t h e c h a r g e m e a s u r e m e n t s w i t h t h e . h e l p o f e q . ( 9 ) . 

w i t h t h e e n e r q i e s E „ . d i s s i p a t e d i n t h e c o u r s e o f f i s s i o n . Some o f t h e s e e n e r g i e s E,, . a D i s r 3 D i s 
f o r t h e a c t i n i d e s u n d e r s t u d y a r e d i s p l a y e d i n F i g . 7 . F o r c o m p a r i s o n w i t h t h e g a i n i n 

p o t e n t i a l e n e r q y ЛЕ v a l u e s b e t w e e n s a d d l e a n d s c i s s i o n , t h e Д Е . v a l u e s f r o m F i q . 4 r pot p o t 3 

h a v e a g a i n b e e n p l o t t e d i n F i g . 7 . As a n t i c i p a t e d i n t u i t i v e l y , t h e d i s s i p a t e d e n e r g y E D i g 

c l o s e l y f o l l o w s t h e t r e n d of AEp0t w i t h f i s s i l i t y . M o r e o v e r , t h e r a t i o ^ s ^ p o t i s 

f a i r l y c o n s t a n t a n d i t i s c o n c l u d e d t h a t 30 - 4 0 % o f t h e a v a i l a b l e e n e r g y i s c o n v e r t e d 

i n t o e x c i t a t i o n . I t s h o u l d be s t r e s s e d t h a t t h e q u o t e d f i g u r e f o r t h e p e r c e n t a g e o f d i s s i -

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

l a r g e e r r o r s . T h i s i s d u e , f i r s t , t o t h e s i m p l i f i c a t i o n s w h i c h w e r e n e c e s s a r y t o d e r i v e 
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Figure 7: Dissipated energy vs. fissility Z /А for 
229 235 239 249 

thermal fission of Th, U, Pu and Cf. The 

potential energy gain between saddle and scission 

from Fig. 4 is given for comparison. 

Fissility ZVA 

e q . ( 9 ) a n d , s e c o n d , t o t h e u n c e r t a i n t i e s i n t h e c a l c u l a t i o n o f t h e p o t e n t i a l e n e r g y d r o p 
AE , w h i c h d e p e n d s s t r o n g l y o n t h e f i s s i o n m o d e l , pot Э ' 

T h e r e i s , h o w e v e r , a s l i g h t i n c o n s i s t e n c y i n t h e t r e a t m e n t o f d a t a p r e s e n t e d i n F i g . 7 

w h i c h has t o be r e m e d i e d . We r e c a l l t h a t t h e e n e r g y g a i n i E p o t c a l c u l a t e d f r o m f i s s i o n 

m o d e l s i s t h e p o t e n t i a l e n e r g y d r o p b e t w e e n t h e s a d d l e a n d t h e s c i s s i o n p o i n t . F o r a f a i r 

c o m p a r i s o n w i t h t h e o r y one s h o u l d , t h e r e f o r e , g e t h o l d o f p r e c i s e l y t h e e n e r g y d i s s i p a t e d 

t h r o u g h v i s c o s i t y i n t h e d e s c e n t f r o m s a d d l e t o s c i s s i o n . The e n e r g y h a v i n g b e e n \ 

d i s c u s s e d i n c o n n e c t i o n w i t h t h e b r e a k i n g o f p r o t o n p a i r s i n e q . ( 9 ) i s i n g e n e r a l máde 

up f r o m t h e t r u l y d i s s i p a t e d e n e r g y E Q i s a n d t h e e x c i t a t i o n e n e r g y E y g c j t h e n u c l é o n s \ 

a l r e a d y has a t t h e s a d d l e p o i n t , i . e . Г i ¡ 

E i n t E + E 
D i s Sad ( 1 0 ) 

T h i s e q u a t i o n s t a t e s t h a t i n t e r n a l e x c i t a t i o n e n e r g i e s a t t h e s a d d l e a n d t h o s e a c c u m u l a t e d , i i i • 1 " ' ! 
t h r o u g h v i s c o u s f o r c e s b e t w e e n s a d d l e ! a n d s c i s s i o n a r e t r e a t e d on an e q u a l f o o t i n g as f a r M l i f ; 
as p a i r b r e a k i n q i s c o n c e r n e d . F o r t h e r m a l • n e u t r o n f i s s i o n E.„ , i s much s m a l l e r t h a n E n . 

r 3 j ' i Sad D i s 
a n d t h i s means t h a t ¡ the i n t e r p r e t a t i o n o f t h e r m a l n e u t r o n f i s s i o n d a t a we h a v e g i v e n a b o v e 

i s t o f i r s t a p p r o x i m a t i o n j u s t i f i e d . T h i s i s no l o n g e r t r u e f o r f a s t n e u t r o n f i s s i o n . 

F o r n e u t r o n i n d u c e d f i s s i o n r e a c t i o n s w h e r e t h e i n c o m i n g n e u t r o n e n e r g i e s do n o t e x c e e d 

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

w h i c h f i s s i o n p r o c e e d s i s w e l l d e f i n e d . A s s u m i n g t h a t a n y e n e r g y w h i c h i s n o t n e e d e d t o 

o v e r c o m e t h e f i s s i o n b a r r i e r s t a y s w i t h t h e f i s s i o n i n g n u c l e u s as e x c i t a t i o n e n e r g y E g a t j 

a t t h e s a d d l e , one has 

: S a d + E n * 8 f ( 1 1 ) 

w i t h B n a n d E t h e n e u t r o n b i n d i n g a n d k i n e t i c e n e r g y , r e s p e c t i v e l y , a n d B f t h e f i s s i o n 

b a r r i e r h e i g h t . 

W i t h t h e h e l p o f e q s . ( 1 0 ) a n d ( 1 1 ) i t now becomes f e a s i b l e t o h a v e an i n d e p e n d e n t t e s t 

o r e v e n c a l i b r a t i o n f o r t h e 6 - t h e r m o m e t r e o f i n t e r n a l e x c i t a t i o n p u t f o r w a r d i n e q . ( 9 ) . 

I n f a c t , any c h a n g e d E n i n i n c o m i n g n e u t r o n e n e r g y i s e q u i v a l e n t t o a c h a n g e d ^ s a d 

s a d d l e p o i n t e n e r g y a n d h e n c e a c h a n g e d E i n t o f t h e t o t a l e x c i t a t i o n e n e r g y . U p o n . v a r y i n g 

E n ( a n d h e n c e E ¿ n t ) by known a m o u n t s a n d m e a s u r i n g t h e c o r r e s p o n d i n g s h i f t i n t h e o d j j - e v e n 

e f f e c t 6 t h e b a s i c e q u a t i o n ( 9 ) may be c h e c k e d . I n v i e w o f t h e many a s s u m p t i o n s w h i c h h a d 

t o be made when d e r i v i n g t h i s e q u a t i o n , an e x p e r i m e n t a l t e s t o f e q . ( 9 ) i s h i g h l y d e s i r -

a b l e . 
2 3 5 

U n f o r t u n a t e l y , t h e r e i s o n l y o n e f i s s i o n r e a c t i o n , v i z . U ( n , f ) , w h e r e n u c l e a r c h a r g e 

m e a s u r e m e n t s h a v e b e e n p e r f o r m e d f o r a t l e a s t t w o d i f f e r e n t n e u t r o n e n e r g i e s E n > B e s i d e s 

t h e r m a l n e u t r o n m e a s u r e m e n t s , r a d i o c h e m i c a l d a t a a r e a v a i l a b l e f o r E n = 1 . 9 MeV / 3 0 / a n d 

E n = 3 . 0 MeV / 2 6 / . T h e p r o t o n o d d - e v e n e f f e c t d e d u c e d f r o m t h e s e d a t a i s g i v e n i n F i g . 8 . 

As e x p e c t e d f r o m t h e g e n e r a l d i s c u s s i o n g i v e n a b o v e , 6 d e c r e a s e s r a p i d l y w i t h i n c r e a s i n g 

n e u t r o n o r i n t e r n a l e x c i t a t i o n e n e r g y . T h i s i s a g r a t i f y i n g r e s u l t s i n c e i t c o n f i r m s by 

e x p e r i m e n t t h e i d e a s p u t f o r w a r d f o r t h e i n t e r p r e t a t i o n o f Ó . Y e t , t h e e r r o r b a r s i n t h e 

d a t a a r e l a r g e a n d p r e v e n t d e t a i l e d c o n c l u s i o n s t o be d r a w n . B u t t a k i n g t h e d a t a p o i n t s 

s e r i o u s l y o n e r e a d i l y r e a l i z e s t h a t t h e y a r e i n c o n f l i c t w i t h t h e p r e d i c t i o n s f r o m e q . ( 9 ) . 
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Figure 8: Proton odd-even effect vs. incoming neutron 
235 

energy for U(n,f); 

- I o i J 3 i 

Incoming Neutron Energy / MeV 

I n s t e a d , t h e e x p e r i m e n t a l d a t a f r o m F i g . 8 a r e w e l l r e p r o d u c e d by t h e e q u a t i o n 

E i n t = - 2 1 n 6 MeV . (12) 

T h i s c o u l d i n d i c a t e t h a t t h e e x c i t a t i o n e n e r g i e s c a l c u l a t e d f r o m e q . (9) a r e o v e r e s t i m a t e d 

by a f a c t o r o f t w o . S i n c e i t h a s a l r e a d y b e e n p o i n t e d o u t i n t h e d e r i v a t i o n o f e q . ( 9 ) t h a t 

t h i s f o r m u l a s h o u l d y i e l d u p p e r l i m i t s t o E i n t » t h e a b o v e r e s u l t i s n o t a t a l l s u r p r i s i n g . 

S t i l l , f o r a r e l i a b l e c a l i b r a t i o n o f t h e 6 - t h e r m o m e t r e more a c c u r a t e e x p e r i m e n t a l d a t a a r e 

n e e d e d . C h a r g e m e a s u r e m e n t s f r o m ( d , p f ) r e a c t i o n s a r e u n d e r way w h i c h - a t l e a s t p r e l i m i -

n a r y - seem t o f a v o u r more e q . (9) t h a n e q . (12). We w i l l , t h e r e f o r e , c o n t i n u e t o u s e 

e q . ( 9 ) i n t h e f o l l o w i n g . 

I n t h e n e x t s t e p we p u t t o g e t h e r a l l a v a i l a b l e d a t a o n t h e p r o t o n o d d - e v e n e f f e c t , b o t h 

f o r t h e r m a l a n d f a s t n e u t r o n f i s s i o n . F rom t h e m e a s u r e d o d d - e v e n e f f e c t 6 , t h e t o t a l 

i n t e r n a l e x c i t a t i o n e n e r g y E i f ) t i s c a l c u l a t e d u s i n g e q . ( 9 ) a n d f r o m e q s . ( 1 0 ) a n d ( 1 1 ) 

t h e e n e r g y d i s s i p a t e d b e t w e e n s a d d l e a n d s c i s s i o n i s d e d u c e d . F i g u r e 9 s u m m a r i z e s a l l 

" D i s d a t a h a v i n g b e e n c o l l e c t e d up t o d a t e / 1 5 , 1 6 , 1 7 , 1 9 , 2 2 , 2 3 , 2 6 , 3 0 / a n d d i s p l a y s t h e i r 
1111.11. • 1 1 — 
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Figure 9: Energy dissipated between saddle and 

scission for the actinides Th,U,Pu and Cf. 

Full circles: thermal neutron fission, physical 

method. Triangles: fast neutron fission, radio-

chemistry [ 3 0 ] . Squares: fast neutron fission, 

radiochemistry [26]. Crosses: fast neutron 

fission, radiochemistry [ 1 2 ] . 
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Fissility Z ! / A 

d e p e n d e n c e orí t h e f i s s i l i t y Z / А . S i m i l a r l y t o F i g . 7 t h e s m o o t h v a r i a t i o n o f t h e e n e r g y 

E q í s w i t h t h e f i s s i l i t y i s f a i r l y w e l l e s t a b l i s h e d . The t h e r m a l a n d f a s t n e u t r o n d a t a f i t 

t o g e t h e r q u i t e s a t i s f a c t o r i l y . A l s o i n c l u d e d i n F i g . 9 a r e v a l u e s f o r E D i g w h i c h h a v e been 
2 3 2 o b t a i n e d f r o m r a d i o c h e m i s t r y by O . E . G i n d l e r e t a l . / 1 2 / f o r f a s t n e u t r o n f i s s i o n o f Th , 

D i s i s c o m p l e t e l y d i f f e r e n t 
2 2 ЧЯ 5 U a n d U . S i n c e i n t h i s c a s e t h e a p p r o a c h u s e d t o d e d u c e E 
f r o m t h e p r e s e n t o n e , i t i s r e a s s u r i n g t o f i n d a c l o s e a g r e e m e n t b e t w e e n t h e two m e t h o d s . 

Upon c o m p a r i n g t h e e n e r g y E Q i s d i s s i p a t e d ( F i g . 9 ) w i t h t h e e n e r g y AE ¡ ) ( ) t a v a i l a b l e 

b e t w e e n t h e s a d d l e a n d t h e s c i s s i o n p o i n t ( F i g . 4 ) one n o t i c e s t h a t t h e r a t i o Е ^ / д е ^ 

s t a y s f a i r l y c o n s t a n t f o r a l l Z 2 / A i n t h e r a n g e s t u d i e d . A s i m i l a r c o n c l u s i o n h a d a l r e a d y 

b e e n r e a c h e d f r o m t h e f i r s t a p p r o x i m a t e e v a l u a t i o n o f t h e r m a l n e u t r o n f i s s i o n d a t a ( s . 

F i g . 7 ) . The f i g u r e w h i c h i s o b t a i n e d f o r t h i s r a t i o w i t h E 0 i s f r o m e q s . ( 9 ) t o ( 1 1 ) a n d 

¿VEpo t f r o m r e f . / 2 4 / i s Е ^ / А Е р ^ ~ 0 .3 . A g a i n i t i s d i f f i c u l t t o g i v e e r r o r b a r s f o r t h i s 

l a t t e r q u a n t i t y . D e s p i t e t h e s e u n c e r t a i n t i e s as t o t h e a b s o l u t e v a l u e o f E p ^ / A E ^ » 

c o n s t a n c y o f ^ ¿ ¡ / Д Е р о ^ f ° r t h e n u c l e i s t u d i e d a p p e a r s t o be w e l l e s t a b l i s h e d . T h i s a l l o w s 

f o r a s i m p l e p a r a m e t r i z a t i o n o f n u c l e a r v i s c o s i t y i n f i s s i o n p r o c e s s e s . 

So f a r we h a v e o n l y c o n s i d e r e d t h e o d d - e v e n e f f e c t 6 a v e r a g e d o v e r t h e k i n e t i c e n e r g y 

d i s t r i b u t i o n s o f t h e f r a g m e n t s . We f i n a l l y h a v e t o d i s c u s s t h e v a r i a t i o n o f 6 w i t h t h e 
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k i n e t i c o r t o t a l e x c i t a t i o n e n e r g y o f t h e f r a g m e n t s ( F i g . 5 ) a n d t h e o d d - e v e n s t a g g e r i n g 

o f t h e k i n e t i c e n e r g y w i t h t h e f r a g m e n t c h a r g e ( F i g . 6 ) f o r t h e r m a l n e u t r o n f i s s i o n . 

Neglecting neutron evaporation, the relation between the light fragment kinetic energy 
E l a n d t h e t o t a l k i n e t i c e n e r g y TKE r e a d s TKE = E L A p / A H , w i t h Ap a n d Aj^ t h e m a s s e s o f t h e 

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

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

o d d - e v e n s t a g g e r i n g 6 TKE o f t h e t o t a l k i n e t i c e n e r g y . F o r t h e r m a l n e u t r o n f i s s i o n o f t h e 

n u c l e i s t u d i e d , t h e c o r r e l a t i o n b e t w e e n t h e o d d - e v e n e f f e c t i n t h e c h a r g e y i e l d s 6 a n d t h e 

s t a g g e r i n g o f t h e t o t a l k i n e t i c e n e r g i e s 6TKE i s g i v e n i n F i g . 1 0 . T h e r e i s e v i d e n t l y o n e 

Uranium data point to the right of the figure spoiling on otherwise clear correlation 
2 3 2 

b e t w e e n 6 a n d 6 T K E . T h i s p o i n t s t a y s f o r t h e U ( n , f ) r e a c t i o n w h i c h h a s b e e n s t u d i e d 

by t h e ДЕ-Е i o n i z a t i o n c h a m b e r m e t h o d ( s . s e c t i o n 2 ) . L a t e r t e s t s h a v e s h o w n t h a t t h i s 

m e t h o d may be s u b j e c t t o c o n s i d e r a b l e e r r o r s a s t o t h e e n e r g y d e p e n d e n c e o f c h a r g e y i e l d 

m e a s u r e m e n t . I t i s t h e r e f o r e j u s t i f i e d t o d i s c a r d t h i s d a t a p o i n t f r o m t h e d i s c u s s i o n . 

T h e c o r r e l a t i o n b e t w e e n 6 a n d 6TKE h a s l e d t o t h e c o n j e c t u r e t h a t t h e e n e r g y 

n e c e s s a r y t o b r e a k a p a i r i s t a k e n f r o m t h e p r e s c i s s i o n k i n e t i c e n e r g y . W i t h t h e p r e m i s e 

t h a t a t m o s t o n e p r o t o n p a i r i s b r o k e n H . - G . C l e r c e t a l . / 3 1 / h a v e d e r i v e d t h e f o r m u l a 

26 6TKE = 2Д 1+6 ( 1 3 ) 

Adopting for the pairing gap parameter the value 2Д = 2.3 MeV a rather good fit to the 
data in Fig. 10 is achieved. However, the assumption that only one proton pair has been 
split is not consistent with the analysis having been outlined for 6 as a function of 
fissility. 

Figure 10: Correlation between proton odd-even effect and 

odd-even staggering of total kinetic energy of fragments 

for thermal neutron fission. 

Kinetic Energy Odd-Even Effect / MeV 

A more general combinatorial treatment, but again assuming that pair breaking drains 
prescission kinetic energy, leads to a slightly more involved relation between 6 and 
ÔTKE / 2 8 / : 

6TKE = 2Д 51n5/(ô2-l) (14) 

Again choosing 2Д = 2.3 MeV, the fit for the Cf, Pu and U data points is Satisfactory but 
one fails to reproduce the Th data. It is questionable whether a proper choice for 2Д 
can be found at all, since the data seem to imply a linea" relationship between 6 and 
6TKE which is not foreseen from eq. (14). In fact, the basic ad hoc assumption to corre-
late ó and 6TKE, invoking the prescission kinetic energy, may be put into question. After 
all, first there 5is an odd-even effect 6 0 already present in the available energy Q and 
second for even and odd charge fragments the deformabilities may be different leading to 
different scission configurations and hence Coulomb energies. 

Another approach to the correlation between 6 and 6TKE goes back to Fig. 5 showing the 
dependence of the odd-even effect 6 in the charge yields on the kinetic energy E L of the 
light fragment. As already argued qualitatively in the preceding section, the slope 
dó/dt L is intimately connected to the odd-even staggering 6 E L (S. Fig. 6). Switching from 
E l to the total kinetic energy TKE one can indeed deduce the following relation /32/: 

5 TKE = го^иб/атш (15) 
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2 230 w i t h « Т К Е t h e v a r i a n c e o f t h e TKE d i s t r i b u t i o n . F o r t h e T h n u c l e u s w i t h t h e s t e e p e s t 

s l o p e d ó / d E ^ i n F i g . 5 o n e c a l c u l a t e s a s l o p e d ô / d T K E 1 % M e V . T h e d e p e n d e n c e o f 6 f r o m 

TKE i s t h u s s e e n t o b e r a t h e r w e a k a s c o m p a r e d t o t h e d e p e n d e n c e o f 6 f r o m t h e i n t e r n a l 

e x c i t a t i o n e n e r g y E.. f a t s c i s s i o n . I n f a c t , f r o m e q . ( 9 ) o n e f i n d s f o r t h e s l o p e d ô / d E . 
p " i f i 1 n t i П t 

f o r t h e same T h n u c l e u s o n t h e a v e r a g e d 6 / d E i n t = - 1 0 % M e V . T h i s f a c t o r o f t e n f o r 

t h e r a t i o b e t w e e n t h e t w o s l o p e s i s a l s o o b s e r v e d f o r t h e o t h e r a c t i n i d e s . T h e r e a s o n f o r 

t h e p r o p o r t i o n a l i t y b e t w e e n t h e t w o s l o p e s may be u n d e r s t o o d f r o m 

dô/dTKE = (d6/dE.nt)(dEint/clTKE). (16) 

S i n c e we a r e c o n c e r n e d h e r e w i t h t h e r m a l n e u t r o n f i s s i o n o n e may s u b s t i t u t e E . _ b v t h e ' i n t ' 
e n e r g y E Q i g d i s s i p a t e d b e t w e e n s a d d l e a n d s c i s s i o n a n d f i n d 

dS/dTKE = ( d 5 / d E . n t ) ( d E D i s / d T K E ) . 

F r o m e q . ( 9 ) o n e h a s f o r t h e f i r s t f a c t o r 

d6 /dE. ^ = - 6 / 4 MeV - 1 . ; ( 1 8 ) int 

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

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

k i n e t i c e n e r g y a n d t h e C o u l o m b e n e r g y a t s c i s s i o n c o n t r i b u t e t o T K E . T h e w i d t h o f t h e TKE 

d i s t r i b u t i o n t h e n c o m e s a b o u t b y l e t t i n g move t h e l o c a t i o n o f t h e s c i s s i o n p o i n t o n t h e 

p o t e n t i a l e n e r g y c u r v e v s . d e f o r m a t i o n o f F i g . 1 . A s i m i l a r a r g u m e n t h a s b e e n u s e d t o 

e x p l a i n t h e v a r i a t i o n o f t h e a v e r a g e o d d - e v e n e f f e c t 6 w i t h f i s s i l i t y Z / А i n t h e a b o v e 

d i s c u s s i o n . Of c o u r s e , i f t h e f a c t o r d E o i s / d T K E i n e q . ( 1 7 ) w e r e t o be c o n s t a n t , t h e n t h e 

t w o s l o p e s d ó / d T K E a n d d ó / d E i n t w o u l d be s t r i c t l y p r o p o r t i o n a l t o e a c h o t h e r . S i n c e E Q i s 

a n d TKE s h o w a s m o o t h t r e n d , t h o u g h o p p o s i t e i n s i g n , w i t h t h e d e f o r m a t i o n o f t h e s c i s s i o n 

c o n f i g u r a t i o n , a t l e a s t a n e a r c o n s t a n c y o f d E D i g / d T K E i s a n t i c i p a t e d . 

P u t t i n g t o g e t h e r t h e e q s . ( 1 5 . ( 1 7 ) a n d ( 1 8 ) o n e f i n a l l y o b t a i n s 

= - 2 4 k e ( d W d T K E ) M e V - ( 1 9 ) 

T h o u g h f o r a q u a n t i t a t i v e c o m p a r i s o n w i t h e x p e r i m e n t t h e l a s t t e r m o n t h e r i g h t h a n d s i d e 

o f e q . ( 1 9 ) h a s n o t y e t b e e n c a l c u l a t e d , t h e f o r m u l a s h o w s t h a t ÓTKE a n d ó a r e p r o p o r t i o -

n a l t o e a c h o t h e r . T h i s f e a t u r e i s i n g o o d a g r e e m e n t w i t h e x p e r i m e n t ( s . F i g . 1 0 ) . L a s t 

n o t l e a s t i s s h o u l d be p o i n t e d o u t t h a t , d u e t o t h e l i n e a r c o r r e l a t i o n b e t w e e n 6 a n d ÓTKE, 

t h e d e p e n d e n c e o n f i s s i l i t y Z / А o f t h e a v e r a g e o d d - e v e n e f f e c t 6 e n t a i l s a s i m i l a r d e -

p e n d e n c e o f t h e o d d - e v e n s t a g g e r i n g 6TKE o f t h e k i n e t i c e n e r g y . T h e e x p e r i m e n t a l o b s e r v a -

t i o n f r o m F i g . 6 w i t h 6TKE t a p e r i n g o f f f o r i n c r e a s i n g f i s s i l i t i e s t h u s f i n d s a s i m p l e 

e x p l a n a t i o n . 

5 . C o n c l u s i o n s 

I t h a s b e e n s h o w n t h a t m e a s u r e m e n t s o f t h e n u c l e a r c h a r g e d i s t r i b u t i o n s a n d , m o r e s p e c i -

f i c a l l y , t h e p r o t o n o d d - e v e n e f f e c t s o f f i s s i o n f r a g m e n t s f r o m ( e v e n , e v e n ) c o m p o u n d n u c l e i 

may be e v a l u a t e d t o y i e l d t h e e n e r g y E D i s d i s s i p a t e d b e t w e e n t h e s a d d l e a n d t h e s c i s s i o n 

p o i n t . T h e i d e a b e h i n d i s t h a t - i n t h e d y n a m i c a l e v o l u t i o n o f a f i s s i o n i n g n u c l e u s -

d i s s i p a t i v e f o r c e s w i l l l e a d t o i n t e r n a l e x c i t a t i o n e n e r g i e s , w h i c h i ñ t u r n i n d u c e n u c l e ó n 

p a i r s t o be b r o k e n ; t h e n u m b e r o f b r o k e n p a i r s s e r v e s as a m e a s u r e o f t h e d i s s i p a t e d e n e r -

g y o n o n e h a n d , w h i l e o n t h e o t h e r h a n d i t g o v e r n s t h e m a g n i t u d e o f t h e o b s e r v a b l e o d d -

- e v e n e f f e c t s . 

2 
I t i s f o u n d t h a t t h e d i s s i p a t e d e n e r g y i n c r e a s e s s m o o t h l y w i t h t h e f i s s i l i t y Z / А 

o f t h e f i s s i o n i n g nucleus for all actinides s t u d i e d , f r o m T h u p t o C f . T h i s b e h a v i o u r i s 

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

A E p o t b e t w e e n s a d d l e a n d s c i s s i o n . T h e c l o s e c o r r e l a t i o n b e t w e e n E 0 i e a n d A E p o t i s 
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c o n s i d e r e d t o be a p r o o f f o r t h e c o n j e c t u r e t h a t , i n t h e d e s c e n t f r o m t h e s a d d l e t o t h e 

s c i s s i o n p o i n t o f f i s s i o n , n u c l e a r v i s c o s i t y i s r e s p o n s i b l e f o r t h e b r e a k i n g o f n u c l e ó n 

p a i r s . . ^ 

E s p e c i a l l y f o r f a s t n e u t r o n f i s s i o n a n y p a i r b r e a k i n g w h i c h may a l r e a d y o c c u r a t t h e 

s a d d l e p o i n t h a s t o be t a k e n i n t o a c c o u n t . I n t h e p r e s e n t a p p r o a c h t h i s has been done by 

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

c e s s i t s e l f on e q u a l g r o u n d s . I t c o u l d be shown t h a t w i t h t h i s p r o c e d u r e t h e v a l u e s o b -

t a i n e d f o r t h e d i s s i p a t e d e n e r g y E 0 i s f r o m t h e r m a l and f a s t n e u t r o n f i s s i o n a g r e e r e a s o n -

a b l y w e l l w i t h e a c h o t h e r , i f due a l l o w a n c e , i s made f o r t h e s i m p l i f y i n g a s s u m p t i o n s i n t h e 

e v a l u a t i o n . I t s h o u l d be s t r e s s e d t h a t t h e q u o t e d f i g u r e s f o r E q í s ( s . F i g . 7 ) a r e u p p e r 

l i m i t s a n d t h a t t h e a c t u a l v a l u e s may be down by a f a c t o r o f t w o . 

From t h e p r e s e n t a n a l y s i s a t y p i c a l v a l u e f o r t h e d i s s i p a t e d e n e r g y i n t h e s t a n d a r d 
2 3 \ l ( n , f ) r e a c t i o n i s E D i s ~ 5 MeV. F rom t h e o r e t i c a l c a l c u l a t i o n s / 5 , 1 1 / , t h e f i g u r e 

E Q i s ~ 14 MeV i s r e p o r t e d . E v i d e n t l y , t h e d i s c r e p a n c y i s r a t h e r l a r g e ( a n d g e t s e v e n 

l a r g e r c o n s i d e r i n g t h a t o u r v a l u e i s t h o u g h t t o be an u p p e r l i m i t ) . I t s h o u l d be p o i n t e d 

o u t , h o w e v e r , t h a t i n t h e t h e o r e t i c a l l y c a l c u l a t e d . e n e r g y o f d i s s i p a t i o n , b e s i d e s a p r o p e r 

c h o i c e o f t h e v i s c o s i t y f o r c e s , t h e d e f i n i t i o n o f t h e s c i s s i o n o r e x i t p o i n t e n t e r s as a 

c r u c i a l pa rame t e r . T h e a b o v e d i s c r e p a n c y c o u l d be l a r g e l y r e m o v e d i f i n t h e c a l c u l a t i o n s 

t h e e x i t p o i n t o f f i s s i o n w e r e t o be p l a c e d a t s m a l l e r d e f o r m a t i o n s o f t h e s c i s s i o n c o n -

f i g u r a t i o n . T h i s w o u l d e n t a i l b o t h , s m a l l e r p o t e n t i a l e n e r g y d r o p s A E p o t a n d d i s s i p a t i o n 

e n e r g i e s / 5 . 1 1 / . By t h e w a y , t h e r a t i o E D i s ' i E p o t c a l c u l a t e d i n / 5 . 1 1 / i s p r e t t y c l o s e t o 

t h e f i g u r e d e d u c e d i n t h e p r e s e n t w o r k . I n f a c t , t h e e n e r g i e s A E n o t g i v e n i n / 2 4 / f o r 
О 7C 1 put 

U a n d u s e d h e r e a r e by a f a c t o r 2 o r e v e n more s m a l l e r t h a n i n / 5 / and / 1 1 / . S i n c e 

a l s o t h e d i s s i p a t e d e n e r g i e s E Q i s d e d u c e d f r o m o u r c h a r g e m e a s u r e m e n t s a r e s m a l l e r by 

a b o u t t h i s f a c t o r t h a n i n / 5 , 1 1 / , t h e a g r e e m e n t f o r t h e r a t i o E D i s ^ i E p o t m a Y ' 3 e r a t h e r 

f o r t u i t o u s . I t n e v e r t h e l e s s a p p e a r s t h a t t h e t h e o r e t i c a l m o d e l s c o u l d be made t o come i n t o 

a g r e e m e n t w i t h t h e E n . v a l u e s f o u n d i n t h e p r e s e n t s t u d y . I n t h i s c o n t e x t i t i s i n t e r -235 
e s t i n g t o n o t e t h a t t h e f i g u r e E Q i s = 6 * 2 MeV has been c l a i m e d i n / 3 3 / f o r J U { n , f ) f r o m 

a s e m i - e m p i r i c a l a n a l y s i s o f e x p e r i m e n t a l d a t a c o m b i n e d w i t h p o t e n t i a l e n e r g y c a l c u l a t i o n s 

f o r t h e s c i s s i o n c o n f i g u r a t i o n . 
F i n a l l y , i t s h o u l d be s t r e s s e d t h a t t h o u g h i n f i s s i o n p a i r i n g o r s u p e r f l u i d i t y i s n o t 

f u l l y p r e s e r v e d t h e d a m p i n g f o r c e s n e v e r t h e l e s s a r e r a t h e r s m a l l , w i t h t h e d i s s i p a t e d 
22Q 24Q 

e n e r g i e s r a n g i n g b e t w e e n 3 a n d 1 1 MeV i n g o i n g f r o m v T h ( n , f ) t o - 7 C f ( n , f ) . 

I n t h e r m a l n e u t r o n f i s s i o n , e x p e r i m e n t a l d a t a f o r b o t h , t h e d e p e n d e n c e o f t h e o d d - e v e n 
e f f e c t ó on t h e f r a g m e n t k i n e t i c e n e r g y and t h e o d d - e v e n s t a g g e r i n g o f t h e t o t a l k i n e t i c 
e n e r g y ÓTKE, h a v e been p r e s e n t e d . The a n a l y s i s shows t h a t n o t o n l y t h e s l o p e d ó / Т К Е , b u t 
a l s o t h e a v e r a g e o d d - e v e n e f f e c t 6 i n t h e c h a r g e y i e l d s i s p r o p o r t i o n a l t o 6 T K E . D i f f e r e n t 
m o d e l s h a v e b e e n d i s c u s s e d t r y i n g t o u n d e r s t a n d t h e c o r r e l a t i o n b e t w e e n 6 a n d ÓTKE. A new 
m o d e l h a s b e e n p r o p o s e d w h i c h i s b a s e d on a s i m i l a r r e a s o n i n g as a l r e a d y e m p l o y e d f o r t h e 
i n t e r p r e t a t i o n o f t h e a v e r a g e 6 d a t a a n d t h e i r d e p e n d e n c e on f i s s i l i t y . T h i s l a t t e r a p -
p r o a c h seems t o o f f e r a s i m p l e e x p l a n a t i o n f o r t h e l i n e a r c o r r e l a t i o n b e t w e e n 6 a n d 6TKE . 
H o w e v e r , f o r a q u a n t i t a t i v e t e s t o f t h i s m o d e l t h e c a l c u l a t i o n o f t h e v a r i a t i o n o f t h e 
d i s s i p a t e d e n e r g y E Q i s w i t h t h e t o t a l k i n e t i c e n e r g y TKE i s s t i l l m i s s i n g . 
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FLUCTUATIONS OF FISSION CHARACTERISTICS AND THE STRUCTURE OF FISSION CHANNELS. 
V.I.Furman and J.Kliman*. 
Joint Institute for Nuclear Research, Dubna, P.O.Box 79, Moscow, USSR. 
•Institute of Physics EPRC,Dubravska cesta 9» Bratislava, Czechoslovakia. 
Abstract ; The fluctuations of the total kinetic energy, the independent yields 
and the anisfotropy of an angular distribution of fission fragments in the indi-
vidual resonances with J =4 are analysed. The possible way to unify the stan -
dard channel picture of a fission with recent ideas about fission paths are in -
vestigated. 

1. Introduction 
Impressive advances recently obtained at the study of detailed fission frag-

ments characteristics 1),2),3) and also the successes 4) in theoretical treat -
ment of their mass and kinetic energy distributions somewhat overshadowed quan -
tum mechanical aspects of fission physics. The cause, may be, is in that this 
aspects clearly appear only in the rare cases when the fission results from in-
dividual states of nuclei. The quantum - mechanical effects can appear in the 
first place in the form of interference between fission channel amplitudes, ob -
served in the (n,f) cross sections 5)as well as in the P-even 6) and P-odd 7),8) 
angular correlation of fission fragments. Secondly, the sharp changes in the dif-
ferential and integral characteristics of fission for different initial states 
of a fissile nucleus with given spin and parity that appear, for example, in 
strong fluctuations of fission widths of neutron resonances 5). in relative yield 
fluctuations'^) of given fission fragments, and also in an anisotropy variation of 
fission fragments angular distribution 10), are related to the fact that the num-
ber of fission channels is limited to a few units and each of them has its wave 
function 11). If we suppose that the nucleus conserves the axial symmetry during 
the process of fission the wave function of a channel on the way to scission 
point is characterised' by the values of spin J and its projection К to the defor-
mation axis. Thus, the angular characteristics in a fixed channel are described 
11) by the wave function of symmetric topS^jQ), and the internal properties of 
channels are determined by the detailed features of movement in the nuclear space 
of large deformations. The basic properties of the fission fragments, the coup -
ling of amplitude of forming separate fragments have to be programmed into the 
channel wave function!^ , since without this it is impossible to understand the 
existence the above-mentioned interference effects. Let us remark that the theo-
retical description of P-even and P-odd angular correlations, observed in the 
study of (n,f) reactions with slow polarized neutrons 12),13) was constructed on 
basis of direct generalisation of Bohras idea. 

The aim of our paper is the modification of the fission picture proposed in 
11) to insert into (this approaoh) the quasiolassic characteristics of different 
fission paths which may define 4) the main featuree of mass and kinetic energy 
distributions of fission fragments. The generalization is based on analysis of 
the experimental data sets for a compound nucleus unique in its completness 
The knowledge of spin separated cross - sections of (n,f) reaction 14) permits to 
analyse in detail the fluctuation (from one resonance to other) of mean kinetic 
energies 1), of the fission fragment yields 9),15)t16) and also of the fragments 
angular anisotropy coefficients 10). The important part of our analysis consists 
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in the use of the results 17), where authors obtain the weights of separate fis-
sion channels in neutron resonanoes extracted from the detailed investigation 
of the interferences revealed in the fission cross-sections 14) of 2^U(n,f) 
reaction. 

2. The basic formulas. 
The wave function of compound state with the characteristics J,7i,M is de-

scribed in the form 

Ь = t + W (1) 
i.ijTTu ll/ЭГМ 

w h e r e d e n o t e s the part of function r^ not connected to fission, and quan-
tum fission channel is described by a standard function of the deformed nucleus 
(see e.g. 18) formulas 4.19 or 4.39). Further the projection of J to the z-axis 
in a laboratory system of coordinates denoted by M is omitted. The coefficients 
а^д defining the value of admixture of a given fission channel (here for simpli-
city we take into account only one channel with fixed J,VÍ,K) to the state .A ran-
domly fluctuate for differentЛ-s. Due to strong mixing in К 19) caused by Corio-
lie interaction we have<a¿f>x~ const/(2J+1). 
In the frame of statistical approach to the structure of neutron resonances 
j2 

<e*K)>'A/4ijK , where N̂ >>1 is the total number of components in the wave function 
(1). Moreover we suppose chat ^ ,ГГк п/ЖК 

гр 
.jïïK * U 

Щ * = zfcj fj (2) 

where the function TJ describes the properties of the bulk of fission fragments 
connected to path of fission 4) (walley) "d 1'. The coefficientscLj of dynamical 
mixing of contributions of walleys to a given channel are normalised by 

У - 1 (3) 
taking into account the orthogonality of functions Y^ for different d. Then the 
total fission width, of the state , has the form 

Г ж /V,7 |2 rJlr« V Гз!Гк 

У* г4 = f fe W 

"Ъ*™ г,"* x Z ' C j Q 3 " ' (5) 
+ ol к 

The nontrivial meaning of the dependence of "partial" w i d t h , related to the 
sum of contributions of all fragments from a given walley d to the total probabi-
lity of fission, on the value of К lies in the fact that the height of the fission 
barrier is naturally connected with the saddle configuration of nucleus on the 
fission path d in a full analogy with ref.4). Transmission of the fission barrier 
in channel J,S£,K is formed by dynamical weighting (via the coefficients d j ) of 
transmissions in separate walleys. 
We introduce the relative contribution of the channel J,9Í,K in the total fission 
widths _ _ p = г 7 P7T = i 

Псх - VA with £ «* (в) 
So in a given resonanceXthe relative yields of fission fragments (i,3) (Mi,Zi, 
MjjZjtE^) with kinetic energy of relative movement E ^ we describe in the form 
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In analogy with the paper 1) we assume that the mass and energy distribution be-
longing to a given walley d may be deecribed through the universal (normalised) 
function (i, ó) while the weights of walley W ^ m a y fluctuate for different A . 
We omit below the Indices J,9£, if. it does not lead to misunderstanding. 
The weights W ^ a r e expressed -by the relation 

Wj^XP^lQ"/^ ( 8 ) 

with Z (9) 
к 

Finally as is follows from (7) the mean total kinetic energy (over all fission 
fragments) for the fission through a state X may be written as 

J 
where E^UM^^E^'TjCLJ) 

(10) 

(11) 

3. The analysis of experimental data and discussion of results. 
2-56 

If we consider a compound - nucleus U formed by s-neutron capture there 
exist only states with J =4~ and 3~• As it has been shown in ref 14) for the 
resonances with J =4" essential contribution give only two fission channels 
having K=1 and 2. This is connected to the forbideness of the channel having 
J,9u,K = 4~0 under the condition of the axial symmetry of a fission and to the 
strong hindrance of the channels having K=3 and 4 caused by a low transmission 
of the fission barrier. For the states with = 3~ the situation is more com -
plex because an essential contribution give at least three values of K=0,1 and 2, 
so below we restrict ourselves only to an investigation of fission characteris -

tics of the compound - states with J*= 4-. 
Let us consider firstly the fluctua -

ation for different states Л of the mean 
total kinetic energy E^, measured in the 
paperl) as a difference E^- E ^ « where E ^ 
is the value of total kinetic energy for 
thermal neutrons. Taking into accounts only 
two channels K=1 and 2 and using formulas 
(8),(6) and (10) one has 

.3 

AEKA 
MeV 

.2 

-.1 

- 1 

_l > I i L . 

where 

(12) 

(13) 
It is clear that д E^ has to depend linear-
ly on P^^. , as it is confirmed by fig.1, 
where the relation between values д Ё ^ and 
P ^ from ref. 17) for resonances X with 

lying in the interval neutron energy 
.8 eV^.En^ 35 eV is shown. (We use in our 

X1 
Fig. 1. Correlation of the weights 
of the fission channel with J®K=4~1 
with respect to the total kinetic 
energy fluctuations. 

J ™ =4" 
. 1 
analysis only rather definite resonances, 
with very small J u =3 admixture.) 
Hence we may conclude that the fluctuations 
of the total kinetic energy are satisfacto-
rily described taking into account only 

random contributions of two fission channels 
with K=1 and K=2. 
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Note, that from (12) easily follows the correlation betweenДЕ^ and 
( ^ i ^ / v / ^ ) / ( w ^ / W ^ ) established in the paper 15). Indeed as implied by 

1) the superlong walley can be neglected, if we consider the values directly de-
termined by the symmetric fission yield. So from (9) it follows that ди/^П-ДИ^-д 
Then 

^A = w£b>lfi+2 ) 
WS 

and д £"A — AWrx(EL-EE) + Con si. 

(14) 

(15) 

Using the formula (13) we are able to explain simultaneously the small magnitudes 
of the 
rence i i j / ig — « y ¡J / if 
Such a situation is fully attainable. 

fluctuations b W j ^ O ß i and the large ones of P ^ 
Ы$Г//г/ -oíjQVrfj + O.i. 

( P 1 X £ 0.5), if the diffe-

Yï / f 

3.5 

3.0 

2.5 

144, Ba 

J L. i l l ' ' I L_ 

Yj/f 
4.0 

3.5 

3.0 

.2 .6 

X1 

~i г 
100 

~i 1 1 1 г 

Zr 

i i I I i i i i i 

XI 
Fig. 2. Corrélation of .the independent Fig. 3« The same as a Fig.2 for the 
yields of l w B a with respect to the yields of 1 0 0zr. 
Weights of the fission channel JlTK=4~1. 

144 
In Fig. 2 and 3 the fluctuations of the independent yields of nuclei Ba and 

are shown in a correlation with P^y . As it follows from (7) 

a (Ya (ß^/Yf, J « - л de) 

(17) 

In last formula ~ ] > Q so using (13) we can qualitatively describe 
by the relations' (16) and (17) the experimental situation. However it is necessa-
ry to note that the magnitudes of the yield fluctuations are larger than expected 
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in comparison with the energy fluctuationsДE^ 

.2 .3 

дЕкХ[МеУ] 

In Fig.4 we compare the 
ratios Sx = (Wctlty) 
from ref.15) with the values 

. It is important to note 
that the large fluctuations 
( 100%) ofS> cannot be explai-
ned if we take into account only 
two fission channels with K=1;2. 
If one include the channels 
having K=3 and 4 with small 
weights it permits in principle 
to explain the absence of the 
correlation between «S^and д 
and a large dispersion of§^?too. 

Fig. 4. Comparison between the fluctuations of 
the total kinetic energy and of the peak-to-walley 
yields ratio for the compound states 23°u with JK =ц~-

In ref. 1 0 ) the authors have measured the anisotropy of an angular distri -
bution of fission fragments and extracted the values of so called A^ 3 3, expressed 
for by the formula 

. oès r f- j 
A, (EJ = 

<ry{£J+<TyfEJ 

The coefficients A ^ for the fixed neutron resonance У may be written as 

(18) 

(19) 
377K 

of A g ^ Ç F ^ ) we use the value of an effective spin 
where A3~ depends only on the angular variables. As a measure of a spin purity 

, obsf 

(20) J 
<rh}~ÍEJ + %yr£j 

In the Fig. 5 together with the respective values of P^^ the coefficients 
A 2 b s ( E n ) for neutron energies Е д where_ ^ (and hence s A ^ ) 
are shown. For the case under study -1.31 P ^ - 1.17 and the large fluctu-
ations of A ^ have to exist. As it is seen from Fig.5 this relation qualita -
tively describes the experimental situation. 

However it is necessary to keep in mind that the values А ^ ^ Е д ) are 
rather sensitive to the small contributions of fission channels with К = 3 
and К =- 4. 

It has been stressed that in our approach there is a natural explanation 
for the small fluctuations of the total kinetic energy of the fission fragments 
and the large fluctuations of the coefficients k^y 
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0,8 

0,6 

го In conclusion it may be 
noted that our analysis 
gives the direction of a 
possible way to unify the 
standard channel picture 
of a fission 11) with the 
recent ideas 4) about 
fission paths. 

0,4 The authors are indeb-
ted to Drs. A.B.Popov and 
S.G.Kadmensky for the 
valuable discussions. 0,2 • — 

0 
2,6 2,4 2,2 2,0 1,8 1.6 1,4 

-A2 

Fig. 5. Correlation of the weights of the fission chan-
nel j K К = 4~1 with respect to the anisotropy coeffici-
ents A~. . 
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CONSISTENT THEORETICAL DESCRIPTION OF ENERGY AND ANGULAR DISTRIBUTIONS OF PROMPT 
FISSION NEUTRONS 

H. Märten, A. Ruben, and D. Seeliger 
Technische Universität Dresden, GDR 

Basic requirements to be met for the physically ^consistent calculation of energy and 
angular distributions of prompt fission, neutrons are summarized. Main emphasis is 
pointed to an adequate statistiçalrmodel approach (SMÄ) to cascade neutron evaporation 
from a fragment diversity specified by the occurrence probability P(fp^}) as function of 
a fragment parameter! Wet {Pf} ("internal" consistency) as well as to the SMA application 
to any^fission reaction depending on the P({pfj)-description as function of the 
fissioniog'-nucleus parameters ÍPpjji ("external" consistency). 

I. Introduction 

A large number of microscopic measurements has shown that the energy spectrum of prompt 
fission neutrons (PFN) is an evaporation-like distribution phenomenologically described 
by either a Maxwellian or a Watt spectrum. Most of the observations are consistent with 
the theoretical concept of neutron emission from highly excited and rapidly moving 
fragments. However, PFN emission has to be understood as a superposition of different 1 
components corresponding to specific mechanisms. In addition to the main one, the 
so-called "scission neutron" emission due to rapid nuclear-potential changes close to 
scission, the neutron emission during fragment acceleration (probably including non-
equilibrium effects), and neutron emission from n-unstable light charged particles 
(^He, 6He +,etc.) after ternary fission can be assumed. The possible role of these secon-
dary mechanisms has been discussed in Refs. 1,2. 
Several characteristics of secondary neutrons (mostly considered as a central component 
in the lab. frame of fissioning nucleus) have been derived from experimental PFN data 
(in particular, the dependence of the probability distribution on emission angle) in 
comparison with statistical-model approaches to the predominant evaporation component. 
It has been emphasized in Ref. 1 that most of the contradictions of informations deduced 
are due .to rough ansatzes for the description of PFN spectra in the centre-of-mass system 
of fragments (CMS) and the neglection of the intricate fragment occurrence probability 
P(fPfj)t i.e. average fragment parameters are used. Furthermore, the CMS spectra have 
been often adjusted on the basis of the experimental distributions themselves. 
Several questions appear: 
(i) What are the requirements to be met in adequate calculations of PFN characteri-

stics? 
(ii) What role do secondary mechanisms play? 
(iii) Is their consideration necessary for practical SMA applications to PFN emission 

at all? 
(iv) How can the distribution P(ip f}) be predicted, in particular in the case of 

induced fission reactions as function of incidence energy? 
The questions stated above concern basic problems of PFN theory and their practical 
application. 

2. "Internal" consistency of PFN theory 

Several attempts have been made to describe PFN energy and angular distributions 
assuming that all prompt neutrons are evaporated from fully accelerated fragments 
(SMA).-'-^ These approaches can be classified according to 
(i) the ansatz of an evaporation spectrum as function of {p f j (either Hauser-
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Feshbach or Weisskopf-Ewing or approximative), 
(ii) the complexity of P({pf}) considered. 
The physical constraints of a pure SMA have been emphasized in a recent review.8 
The importance of the consideration of a complex P({pfj) distribution for the precise 
description of PEN emission distributions has been studied in the framework of the 
cascade evaporation model ( C E M ) ^ indicating certain deviations if neglecting special 
features of PEN emission. However, the applicability of a SMA. is restricted in most 
cases due to the lack of knowledge of the P({pfJ) distribution. Provided that P({pf}) is 
known accurately, the agreement of SMA calculations with experimental data (energy and 
angular distributions, in particular as function of certain } variables) is a 
measure of the "internal" physical consistency of the SMA. It should be assumed that any 
deviations are due to 

- the influence of secondary-neutron emission as discussed above, 
- the non-adequate SMA ansatz (e.g. neglection of PFN characteristics). 

In the case of 2-*2Cf spontaneous fission, P(ipf/) can be deduced from experimental data 
on neutron and y-ray emission as function of fragment variables (mass number A, charge 
number Z, total kinetic energy TKE, excitation energy E*, angular momentum I) with 
reliable precision.'7 
The СЕМ considering the whole dependence of PEN emission on A, TKE, and E*, e.g. 
FP-PJ = {A,TKE,E*J , as well as on averages Z(A) and 1(A), has recently been used to 

1 0 ? 5 2 describe new experimental data on energy and angular distributions N(E,9) of Cf(sf) 
PEN. In particular, the center-of-mass system anisotropy of neutron emission (due to-
fragment angular momentum) and neutron/if-competition of de-excitation, have been 

11 

considered. As shown in Appendix A, the parameter-free СЕМ reproduces the measured 
data within the experimental as well as theoretical uncertainties. 
No significant indications of secondary neutrons have been found. The upper limit of 
their relative yield was estimated to be ~ 5 %. 
At present, the СЕМ can obviously be assumed as a "internally" consistent SMA to describe 
the whole distribution N(E,ö). In particular, the crucial polar regions at E close to the 
average fragment kinetic energy per nucleón E^, i.e. at low centre-of-mass frame energy, 
have satisfactorily been reproduced due to the consideration of neutron/-»—ray competition 8 11 and reliable choices of the global optical potential. » 
Concerning the analysis of N(E,e:fp^}) data, a more detailed investigation should provide 
further informations on PEN emission. The new experimental data obtained by Knitter and 

л ? 
Butz-J^rgensen, i.e. N(E,9sA,TKE), are a comprehensive base for further studies; 
The Madland-Nix model (MNM). has widely been used for the description of PEN spectra N(E). 
It incorporates an approximative spectrum ansatz. Furthermore, the calculations are 
performed for average fragment parameters pf of both groups in binary fission reactions. 
The consideration of the spectrum dependence on A has been introduced in the generalized 
MNM (GMNM)13, i.e. fpfJ = {e*,A}, TKE^/Ag), S*(A), Z(A), I t o t a l. However, some 
refinements had to be taken into account to obtain a consistent description of N(E,9) 
for any fission reaction, namely the consideration of n/y-competition (simulated by a low 
limit T„ of rest-nucleus temperature) as well as semi-empirical level density parameter 8 11 
a(A) instead of the Eermi-gas model approach a ~ A . ' Including these modifications, the 
GMNM provides the basis for a reliable prediction of PEN energy and angular distributions. 
The a(A) scaling factor considered as well as the limit TQ are handled as model para-
meters defining the spectrum hardness and the shape of angular distribution at Б close to 
Ef, respectively. Both have been adjusted on the basis of 2^2Cf(sf) data. They are not 
changed in case of GMNM applications to any fission reaction. Both the СЕМ and the GMNM 
are suitable to describe N(E.Q) for 2^2Cf(sf) with adequate accuracy, i.e. within 
experimental as well as theoretical uncertainties (internal consistency). However, their 
application to any fission reaction requires the knowledge of the relevant P(£pf}) 
distribution. 
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Â reliable prediction of Р({р^}), i.e. the precondition of the "external" consistency 
of PFN theory, is only possible in the framework of the more simple GMNM. 
In the case of СЕМ, it can be derived neither from fission theory nor from experimental 
data with sufficient accuracy and/or completeness. Hence, we'll focus on GMNM discussing 
possibilities of P({pfj)-prediction for any fission reaction. 

3. Prediction of fragment distribution for complex SMA applications 

As outlined above, the application of complex SMA requires the knowledge of P({pfJ s 
ípjjjl), where t p ^ i denotes a parameter set of the fissioning nucleus as mass and charge 
number, excitation energy, angular momentum, etc. Since basic fission theories fail to 
reproduce this occurence probability with adequate accuracy, the GMNM has been combined 
with semi-empirical fission theories providing Р(А;Е*(А),ТЙ(А 1/А 2) s f o r 

actinide fission (Th-Cf) at E* F N below about 25 MeVs 

(i) two-spheroid model (TSM)^, i.e. a scission point model including semi-empirical, 
temperature-dependent shell correction energies, for the prediction of E*(A) and 
TKE(A^/A2) (energy partition as function of mass asymmetry); 

(ii) 5-Gaussian approach'1-' (justified theoretically16 as well as experimentally1^) for 
the prediction of P(AsA F N,Z-^,E*^) (mass yield curve); 

In addition, the angular distribution of fragments with reference to incident-beam 
direction, W(ß), which causes a PFN anisotropy with reference to incident-beam direction, 
is approximated by a 

Л Q — 
(iii) statistical-model description of WißsA^.Zpjj.E j,N) based on the distribution in 

angular-momentum projection (K) depending on fissioning-nucleus temperature 
(calculations based on an adjustment to experimental data). 

In the case of multiple-chance fission reactions, e.g. (n,xnf)-reactions, the fragment 
occurence probability is predicted for each chance separately. Consequently, the GMNM 
can be applied to each chance. In our first applications, this has been done for average 
E*j,jj for X 5 1 . The weight of each chance, i.e. the partial fission cross section a^• , 
as well as the spectra of pre-fission neutrons are calculated within the Hauser-Feshbach 
model including fission channel (code STAPRE).7 In summary, the following scheme should 
be realized: 
Input : Ë*(A),TŒ X(A 1/A 2),P X(A) v v / 

U 
GMNM 

ii vx(A),Nx(E,e),Nx(E), etc. 

• W X(B) 

GX(E, 3tT) (emission probability with reference 
to incident-particle direction) 

- °f v -
Results: V t o + = Z • (v_ + x) 

t o t f,tot x 

x 

(multiplicity including pre-fission and post-fission neutrons) 

o(E,3tO = Z o f j X . v x . G X ( E , Ю 

(cross-section of post-fission neutron emission) 

etc. 
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(Рог some applications, see Appendix В as well as Refs. 20,21). 
The semi-empirical fission theories mentioned above reproduce the following remarkable 
trends in the dependence of fragment variables on E ^ : 

(i) Due to the diminution of shell effects with increasing scission point temperature 
(which increases as eJjj increases), E*(A) and consequently, У ( A ) changes in a 
definite manners The strong saw-tooth like behaviour becomes less pronounced with 
increasing Е ^ . E*(A) shows the strongest rise at A around 132 (double-magic 
fragment) as a consequence of the diminuished stiffness. The TSM reproduces the 

o/i 
energy partition results as measured (cf. Refs. 22,23). 

(ii) Position, width, and weight of the 5 Gaussians describing the mass yield curves 
л fi 

(two asymmetric "standard" fission paths, one symmetric fission path ) have 
been adjusted on the basis of experimental data as in Ref. 19. 
The higher Ep N, 

- the higher the weight of the symmetric mode, 
- the higher the widths. 

The relative weights of both asymmetric modes depend on E j N . Whereas A H (mass 
number of the heavy-fragment group) is almost independent on Apjj at very low E ^ , 
it is remarkably dependent on E ^ itself. 

(iii) The fragment anisotropy decreases with increasing E^(except threshold region where 
special fission channels are important). 

It should be emphasized that experimental fragment occurence probabilities are commonly 
used for the calculations if they are known with sufficient accuracy. This is necessary 
in the case of threshold fission specifically. Here, channel effects are considerable. 
So far, they are not included in the semi-empirical fission theories. 
The reliable description of P({pf}s fPjjjj) is of high importance to predict PFN data for 
any induced fission reaction ("external" consistency of PFN theory). Some results are 
shown in Appendix B. So, it becomes possible to study v(Ep N), E(E*N), and, in particular, 
the correlation function E(v) (cf. Ref. 25). 
As shown in Appendixes A and B, the shape of PFN spectra is neither Maxwellian nor Watt 
type. Whereas E increases as E ^ increases, the shape of the PFN spectrum with reference 
to Maxwellians corresponding to given E is little changed. However, this result is a pure 
theoretical one. So far, the accuracy of measured PFN spectra is not sufficient to confirm 
this behaviour found for pure (n,f)-reactions. In the case of multiple-chance fission, 
remarkable deviations from the approximatively linear increase of E and v with increa-

О Л Л Г 

sing incidence energy appear at higher-order thresholds ( x i l ) . ^ ' " This is due to the 
diminished E ^ for x » 1 as a consequence of pre-fission neutron emission. 

4. Conclusions 

(i) PFN energy and angular distributions N(E,Ö) can be well described by a complex SMA 
based on the assumption that all neutrons are evaporated from fully accelerated 
fragments characterized by an intricate occurence probability Р({р.Л ) (СЕМ without pro J» 
free parameter, GMNM based on parameters adjusted for Cf(sf)). 

(ii) However, such a SMA should probably simulate emission probability distributions of 
secondary neutrons (scission neutrons, neutrons emitted during fragment acceleration) 

ОС 
to a certain extent. In contrast to previous assymptions (central component ), 

27 ?8 
recent theoretical works '' indicate that scission neutrons aré preferentially 
emitted in polar direction. Further, the neutron component during fragment accele-
ration is strongly influenced by dissipation mechanism (relaxation) . 

(iii) The TUD concept for calculations of PFN spectra, angular distributions, and 
multiplicities in any fission reactions relies on a combination of GMNM with semi-
empirical fission theories, since basic fission theories fail to reproduce the 
fragment occurence probability in a> complete and sufficiently accurate manner. In 
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spite of this alternative compromise, PFN data are well described/predicted. 
Especially, multiple-chance fission reactions are considered separately in 
connection with Hauser-Feshbach theory including fission channel for the calcula-
tion of scattered-neutron cross sections, fission cross-sections, and y-production 
cross sections. 
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Appendix A ' 

Selected results of OEM and GMNM calculations 
for 2^ 2Cf(sf) (check of internal consistency) 

2 5 I0 
E [MeV] 

Pig. A 1 
Differential 2 5 2 c f ( s f ) neutron spectra for 
polar (0=0°) and equatorial direction 
(6=90°). Experimental data 1° are compared 
with CEU calculations based on several 
optical potentials as indicated 

O.l 0.2 

Fig. A 2 

2 S TO 
E[MeV] 

As for Fig. A 1, but for 0=180 

Fig. A 3 
Ratio R of the Cf neutron spectrum to 
a Maxwellian with'1.42 MeV temperature 
parameter (dots - evaluated data 2", 
continuous line - СЕМ, dashed line -
GMNM) 

Fig. A 4 
Cf neutron angular distribution at 
E = 1.0 MeV (histogram - experimen-
tal datai0, curves - GMNM based on 
different parameters To, i.e. low 
limit of rest-nucleus temperature 
simulating n/y-competition) 

Fig. A 5 
As for Fig. A 4, but for 
E = 0.55 MeV 
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¿ p p a n d l - g В , , 

GMHM applications to induced fission reactioas 

Fig. В 1 
Ratio of PFN spectra calculated in 
the framework of GMNM (curves) to 
reference Maxwellians with 
T = 1.383 MeV and T = 1.318 MeV 
for n-induced fission of 2 ^ P u and 
2 3 5 U , respectively (dots -
experimental data 3 0) 

Fig. В 2 
Anisotropy ratio R Q (0°/90°) of PFN 
emission with reference to fragment 
anisotropy ratio R^ (parameter) for 
actinide fission (average behaviour) 
(cf. Ref. 30 for experimental data) 

Fig. В 3 
Partial PFN cross sections for 

fission induced by 14.5 MeV 
neutrons (cf. Ref. 21) 

Fig. В 4 
Partial PFN anisotropics R of PFN 
emission with reference of incidence 
beam direction for J U induced 
by 14.5 MeV neutrons 
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FISSION ENERGETICS AND PROMPT FISSION NEUTRON EMISSION 

H. Märten, A. Ruten, D. Seeliger 
Technische Universität Dresden, Dresden, GDR 

Abstract 

Fission energetics are studied in the framework of a simple two-spheroid model including 
semi-empirical shell correction energy. For the neutron induced and the multiple chance 
fission the calculated energy partitions are discussed in comparison with experimental 
results. A further application of this model shown in this paper is the evaluation of 
neutron multiplicities. 

I. Introduction to the Two-Spheroid-Model 

For several applied purposes, for instance the calculation of fission neutron spectra, 
the exact knowledge of the total kinetic energy (TKE) and the average excitation energy 
(E*) of the fragments is required. The Two-Spheroid-Model (TSM) /1/ allows the calcula-
tion of those energy partitions on the basis of a general treatment of energy. 
The foundation of the TSM is according to Terrell /2/ the assumption of spheroidically 
shaped fragments, whose major semi-axes nearly meet at the scission point. The deviation 
from the spherical shape effects the deformation energy (E-def) of the fragments, which 
is assumed to be quadratic in radius change and linear in the deformability parameter o. 
The total kinetic energy (TKE) is equal to the coulomb energy of the two charges, effec-
tively located at the centres of the two fragments. 
Setting, up a general energy balance we introduce a nuclear potential F, which is equal 
to the sum of kinetic and deformation energies of the complementary fragments. By using 
the classical method of minimizing this potential at the scission point we get a set of 
equations, which allows to deduce TEE and E-def of the fragments, if knowing the defor-
mability parameter a. 
According to Kildir and Arras /3/ a is determined by the fragment shell correction 
energies 6w with reference to the a-value deduced in the framework of thé liquid drop 
model. In the energy balance the dissipative energy according to the results of Gönnen-
wein /4/ and a simple approximation of pairing effects are included. 
On the basis of the well-known fragment data for 252-Cf(sf) and 235-U(n,f) we deduce the 
deformability parameter a and the shell correction energies 6w of the fragments for both 
fission reactions. Using the formalism of Bohr and Mottelson /5/ to fixe these shell 
energies for the nucleare temperature т=0 we gat a set of shell correction energies as 
the foundation for several applications. The results of further researches have pointed 
out, that the ów-values of other fission reactions are nearly linear in the mass of the 
fissioning nucleus. 
Interpolating the parameter-sets deduced and taking into account the diminuation of the 
shell effects due to the intrinsic temperature т at scission it is possible to calculate 
by the TSM the fragment deformability parameters a for a fission reaction of any actinide 
nucleus. These parameters allow then the calculation of the TEE and E * as a function of 
mass split within the minimizing equations described above. With a further energy balance, 
it is possible to calculate the average fragment neutron multiplicities. 

2. Application to neutron induced fission 

In the following part of this paper the calculated energy partitions and neutron multi-
plicities are discussed in comparison with experimentally received values. A systematic 
study of the dependence of the total kinetic energy on the incidence energy and the frag-
ment mass showed in the case of the neutron induced fission of 235-U a behaviour similar , 
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to Straed.es experimental results /6/ (Fig. 1-3). 
The maximum of TKE is stipulated by the extrem negative shell correction energies of the 
heavy fragments around the mass number 130, which lead to a strong stiffness. An increa-
sing incidence energy causes the diminution of shell effects. The stiffness decreases 
and the TKE-maximum has a smaller value. In the region of the positive shell correction 
energies, for instance in the symmetrical region, the washing-out of shell effects leads 
to an increasing fragment stiffness, which is connected with higher TKE-values. 

+ 2 

ДТКС 
CMEU3 

216 U(n, fJ e.=5Mev 

129 ISS 148 FRAGMEHTHASSE 

+ 2 ".. 

ДТКЕ 
CMEU1 
-2 235 U tri , fi 

Et-в.SMOU 

ISS 145 FRAGHËNTMAiSE 

\ 

Fig. 1 
TKE-differences between 5 MeV 
and thermal neutron induced 
fission of 235-U as a func-
tion of mass split 
line - TSM, points -
Straede et al. /6/ 

Fig Л 2 
The same as for figure 1, 
but for 0.5 MeV incidence 
energy \ 

In the first two figures, the calculated differences between the TKE of thermal and 
higher-energetic induced fission of 235-U as a function of fragment mass are shown in 
comparison with the results of Straede et al. /6/. The small differences between the 
calculated and experimental values point to a stronger washing out of the shell effects 
than assumed up to now. Figure 2 shows the increasing TKE in the whole mass region in the 
range of small incidence energies caused by pairing effects, considered in the calcula-
tion of the level density parameter according to Ignatjuk /7/. 

дтке 
CMCUÍ 

x;ea, :. ...».¡и XMZXBBMZKN 

Fig. 3 
Average TKE-difference with 
reference to thermal-neutronv 
induced fission of 235-U as a 
function of incidence energy 
line - TSM, 
points - Straede et al. /6/ 

J 



The average TKE-differeaces, shown in Figure 3, were deduced by folding the total kinetic 
energy with the fragment mass distribution. This average value is mostly determined by the 
region of the TKB-maximum. That leads to the increase above 1 MeV incidence energy. Below 
this energy, the excitation of the fissioning nucleus does not suffice for pair braiking. 
This leads to an increasing TKE. 

3. Application to multiple chance fission 

The high-energy induced fission reactions are characterized by the simultaneous existance 
of the (n,xnf) attendant reactions. In the framework of our model, multiple chance fission 
is evaluated by separate calculation of fragment energy distributions of the partial 
reactions and a summation, weighted up by the partial fission cross sections. In the 
following figure, the results of such calculations are shown for the 14.5 MeV neutron 
induced fission of 238-U. Yamamoto et al. /8/ found experimentally similar results. 

3 . 0 . 

— t "î" - T T -T— r — r 

M Ii fi -X. = 0 
Z . 0 . \\\ 

f " ... •*-. 1 

1.0. ^ • 

238 IJ (n , xn f ) - ' i— 1 j j h j— J 

Fig. 4 
Calculated average neutron multi-
plicities for the three partial 
reactions of the 14.5 MeV neutron 
induced fission of 238-U 
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4. Evaluation of neutron multiplicities 

A further application of the TSM is the evaluation of experimentally received neutron 
multiplicities. The general energy balance fixes the sum of the neutron multiplicities 
of two complementary fragments. As the only free parameter remains the partition on the 
fragments. This allows the comparison of neutron multiplicities with, the energy balance 
or the adaption to the energy balance. Because of the well-known total kinetic energies 
and the rather accurate calculation of the Q-value such adaptions are possible for many 
fission reactions. 
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Fig. 5 
Experimentally received /9/ 
and adapted (thick line) 
neutron multiplicities for 
235 U (n,f) 
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Fig. 6 
Experimentally received and 
adapted (thin line) neutron 
multiplicities for 252 Cf(sf) 

The last figures show the results for two fission reactions. Ia the case of uranium we 
get the thick: line by adapting Apalins experimental values /10/ to the energy balance. 
For the spontaneous fission of californium we can approximately reproduce the newer 
results of Walsh and Boldeman /11/ by adapting the values from Signarbieux /12/. 

5. Conclusion 

The semi-empirical formalism used in the TSM allows the calculation and the analysis of 
fission energetics and prompt fission neutron emission in the range of fissioning nuclei 
between thorium and californium. The accuracy of the calculated energy partition is 
comparable with that of experimental results. 
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THE F I S S I O N NEUTRON SPECTRUM OF 2 3 2 T h 

H . M ä r t e n , D . R i c h t e r , A . R u b e n , D . S e e l i g e r 

T e c h n i s c h e U n i v e r s i t ä t D r e s d e n , GOR 

G . N . L o r c h i k o v a , S . E . S u k h i k h , A . M . T r u f a n o v 

I n s t i t u t e f o r P h y s i c s a n d Power E n g i n e e r i n g , O b n i n s k , USSR 

A b s t r a c t : 

2 3 2 
T h e f i s s i o n n e u t r o n s p e c t r u m has b e e n m e a s u r e d f o r n e u t r o n - i n d u c e d f i s s i o n o f Th a t 

7 . 3 MeV i n c i d e n c e e n e r g y u s i n g t i m e - o f - f l i g h t t e c h n i q u e i n c o n j u n c t i o n w i t h t h e e f f i c i e n t 

p u l s e s h a p e d i s c r i m i n a t i o n o f b a c k g r o u n d y - r a y s ( t h r e e - d i m e n s i o n a l s p e c t r o s c o p y o f n e u t r o n 

t i m e o f f l i g h t , s c i n t i l l a t o r l i g h t o u t p u t , a n d p u l s e s h a p e a m p l i t u d e ) as w e l l as s l i d i n g -

b i a s m e t h o d . 

S y s t e m a t i c e r r o r s h a v e been d i m i n u i s h e d o r e x c l u d e d due t o t h e s p e c t r u m a n a l y s i s w i t h 

r e f e r e n c e t o t h e 2 ^ C f ( s f ) n e u t r o n s p e c t r u m ( n u c l e a r s t a n d a r d ) m e a s u r e d u n d e r i d e n t i c a l 

e x p e r i m e n t a l c o n d i t i o n s . 2 3 2 
T h e e x p e r i m e n t a l p o s t - f i s s i o n n e u t r o n s p e c t r u m o f Th i s c o m p a r e d w i t h c a l c u l a t i o n s 

p e r f o r m e d i n t h e f r a m e w o r k o f t h e g e n e r a l i z e d M a d l a n d - N i x m o d e l w i t h a c c o u n t o f m u l t i p l e -

c h a n c e f i s s i o n . \ 

I . I n t r o d u c t i o n 
232 • 2 3 3 

N u c l e a r d a t a f o r t h o r i u m a r e o f i m p o r t a n c e f o r r e a c t o r p r o j e c t s b a s e d o n t h e T h - U 

f u e l c y c l e . On t h e o t h e r h a n d , i n v e s t i g a t i o n s o f n e u t r o n n u c l e a r r e a c t i o n s w i t h f i s s i o n a -

b l e n u c l e i a r e a s s u m e d t o g i v e c l u e s f o r t h e f u r t h e r u n d e r s t a n d i n g o f r e a c t i o n m e c h a n i s m s 

i n c o n j u n c t i o n w i t h t h e d e v e l o p m e n t a n d / o r c h e c k o f f i s s i o n n e u t r o n m o d e l s . 

T h o r i u m a s a l i g h t - a c t i n i d e n u c l e u s has a r a t h e r s m a l l f i s s i o n c r o s s s e c t i o n . T h e r e f o r e , 

t h e m e a s u r e m e n t o f t h e f i s s i o n n e u t r o n s p e c t r u m b y t h e u s e o f a f i s s i o n c h a m b e r ( a s r e -

q u i r e d f o r h i g h i n c i d e n c e e n e r g y ) i s d i f f i c u l t due t o t h e r e l a t i v e l y l o w f o r e g r o u n d / b a c k -

g r o u n d r a t i o . P r e v i o u s e x p e r i m e n t s a r e o n l y k n o w n f o r t h e i n c i d e n c e e n e r g i e s 1 . 5 » 2 , a n d 

14 MeV / 1 , 2 , 3 , 4 / . H i t h e r t o , t h e s p e c t r a h a v n ' t y e t b e e n d e s c r i b e d t h e o r e t i c a l l y . 
\ 

T h e p r e s e n t p a p e r i n c l u d e s t h e r e s u l t s o f t h e e x p e r i m e n t a l a s w e l l as t h e o r e t i c a l s t u d y 
2 3 2 

o f t h e p r o m p t n e u t r o n s p e c t r u m f r o m t h e 7 . 3 MeV n e u t r o n - i n d u c e d f i s s i o n o f T h , i . e . 

b o t h ( n , f ) a n d ( n . n ' f ) r e a c t i o n c h a n c e s a r e o p e n . I n t h i s c a s e , p r e - f i s s i o n n e u t r o n s 

a r i s i n g f r o m t h e ( n , n ' f ) r e a c t i o n h a v e a maximum e n e r g y o f a b o u t 1 MeV. H o w e v e r , t h e p r e -

s e n t w o r k c o n c e r n s t h e p u r e p o s t - f i s s i o n n e u t r o n s p e c t r u m a b o v e 1 MeV. The t h e o r e t i c a l 

d e s c r i p t i o n b a s e d o n t h e g e n e r a l i z e d M a d l a n d - N i x m o d e l / 5 . 6 / i n c o m b i n a t i o n w i t h a s e m i -

e m p i r i c a l s c i s s i o n p o i n t m o d e l f o r t h e c a l c u l a t i o n o f f r a g m e n t e n e r g i e s ( e x c i t a t i o n e n e r g y , 

k i n e t i c e n e r g y a v e r a g e s ) as a f u n c t i o n o f mass a s y m m e t r y has t o a c c o u n t f o r b o t h f i s s i o n 

c h a n c e s ( c f . / 7 / ) . 

2 . E x p e r i m e n t a l m e t h o d a n d d a t a a n a l y s i s 

The e x p e r i m e n t has b e e n c a r r i e d o u t a t t h e R o s s e n d o r f 10-MeV t a n d e m a c c e l e r a t o r . 7 . 3 - M e V 

i n c i d e n c e n e u t r o n s h a v e b e e n p r o d u c e d by t h e u s e o f a g a s e o u s d e u t e r i u m t a r g e t v i a 

D ( d , n ) ^ H e r e a c t i o n a t an a v e r a g e beam c u r r e n t o f 2 ц А . The m u l t i - p l a t e f i s s i o n c h a m b e r 
2 3 2 

/ 8 / w i t h 4 0 h e m i s p h e r e p l a t e s a n d 7 5 0 mg Th ( t o t a l ) has b e e n l o c a t e d a t 18 cm d i s t a n c e 

f r o m t h e n e u t r o n - p r o d u c i n g g a s e o u s t a r g e t . A ( 5 " x 1 . 5 " ) NE 2 1 3 s c i n t i l l a t o r v i e w e d by a 

XP 2 0 4 0 p h o t o m u l t i p l i e r was a p p l i e d a s n e u t r o n d e t e c t o r l o c a t e d w i t h i n a h e a v y s h i e l d i n g 

a n d c o l l i m a t o r s y s t e m a t 9 0 ° w i t h r e f e r e n c e t o i n c i d e n c e n e u t r o n d i r e c t i o n . 

The t i m e - o f - f l i g h t m e a s u r e m e n t b a s e d o n a 1 . 3 2 - m f l i g h t p a t h h a s b e e n c o m b i n e d w i t h the 
e f f i c i e n t p u l s e s h a p e d i s c r i m i n a t i o n / 9 / t o r e d u c e t h e b a c k g r o u n d . T h e three-dimensional 
m e a s u r e m e n t o f n e u t r o n t i m e o f f l i g h t ( T O F ) , l i g h t o u t p u t ( L O ) , a n d p u l s e shape amplitude 
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( P S A ) e n a b l e s 

( i ) t h e o f f - l i n e d i s t i n c t i o n b e t w e e n n e u t r o n a n d y - f a y s ( b a c k g r o u n d ) a n d , h e n c e , a c a r e -

f u l b a c k g r o u n d s u p p r e s s i o n w i t h o u t e f f i c i e n c y l o s s e s , 

( i i ) t h e a p p l i c a t i o n o f t h e s l i d i n g - b i a s m e t h o d i n s p e c t r u m a n a l y s i s / 1 0 / a n d , c o n s e q u e n t -

l y , t h e r e d u c t i o n o f u n c e r t a i n t i e s ( o p t i m u m f o r e g r o u n d / b a c k g r o u n d r a t i o f o r a g i v e n 

n e u t r o n e n e r g y E d e p e n d s o n b i a s ) . 

I n a d d i t i o n , t h e 2 ^ C f ( s f ) n e u t r o n s p e c t r u m h a s b e e n m e a s u r e d by t h e u s e o f t h e same e x -

p e r i m e n t a l a r r a n g e m e n t ( C f f i s s i o n c h a m b e r , 5 • f i s s i o n s / m i n ) t o a n a l y s e t h e m e a s u r e d 

Th s p e c t r u m w i t h r e f e r e n c e t o t h e w e l l - k n o w n s t a n d a r d / 1 1 / . 

A t y p i c a l t w o - d i m e n s i o n a l ( T O F , LO) s p e c t r u m d e d u c e d f r o m t h e t h r e e - d i m e n s i o n a l d a t a 

( s e q u e n t l y s t o r e d o n m a g n e t i c d i s c ) by a s o r t i n g p r o c e d u r e w i t h n / y - d i s c r i m i n a t i o n ( d e -

f i n e d PSA r a n g e s d e p e n d i n g o n LO) a r e shown i n F i g . 1 . T h i s s p e c t r u m i t s e l v e s p r o v i d e s o n e 

p o s s i b i l i t y t o c a l i b r a t e t h e LO c o - o r d i n a t e by c o m p a r i n g t h e LO r e s p o n s e f u n c t i o n s a t 

f i x e d n e u t r o n e n e r g i e s w i t h t h e c o r r e s p o n d i n g d i s t r i b u t i o n s c a l c u l a t e d by t h e use o f a 

M o n t e - C a r l o c o d e / 1 2 / . 

I n a d d i t i o n t o t h e s p e c t r u m a n a l y s i s o n t h e b a s i s o f t h e c a l c u l a t e d e f f i c i e n c y d a t a d e -

p e n d i n g o n n e u t r o n e n e r g y E a n d LO b i a s ( t w o - d i m e n s i o n a l m a t r i x f o r d i r e c t a p p l i c a t i o n 

o f t h e s l i d i n g - b i a s m e t h o d ) , t h e m e a s u r e d T h f i s s i o n n e u t r o n s p e c t r u m h a s b e e n a n a l y s e d 

w i t h r e f e r e n c e C f s t a n d a r d s p e c t r u m . I n t h i s w a y , u n c e r t a i n t i e s due t o s c a t t e r e d - n e u t r o n 

b a c k g r o u n d , r e s o l u t i o n , c a l i b r a t i o n e t c . a r e d i m i n u i s h e d o r e x c l u d e d . 

B o t h t h e T h a n d t h e C f n e u t r o n s p e c t r a m e a s u r e d h a v e b e e n c o r r e c t e d f o r t i m e r e s o l u t i o n 

/ 1 0 . T h e y - p e a k FWHM o f t h e p r e s e n t m e a s u r e m e n t s a r e 1 . 8 ns a n d 3 . 8 ns f o r t h e Cf a n d t h e 

Th e x p e r i m e n t , r e s p e c t i v e l y . I n t h e c a s e o f t h e Th m u l t i - p l a t e f i s s i o n c h a m b e r whose 4 0 

e l e c t r o d e s a r e c o m b i n e d t o 4 s e c t o r s e a c h y i e l d i n g one o u t p u t s i g n a l , t h e r a t h e r h i g h 

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

T h e m e a s u r e m e n t h a s b e e n c a r r i e d o u t i n a 2 0 0 h nm. 

3 . R e s u l t s 

T h e m e a s u r e d T h f i s s i o n n e u t r o n s p e c t r u m a t 7 . 3 MeV i n c i d e n c e - n e u t r o n e n e r g y has b e e n 

f i t t e d t o a M a x w e l l i a n d i s t r i b u t i o n y i e l d i n g a " t e m p e r a t u r e " p a r a m e t e r T в ( 1 . 3 1 - 0 . 0 3 ) 

MeV, i . e . Ё = 1 . 9 6 5 M e V . T h e d a t a a r e r e p r e s e n t e d i n f i g . 2 i n c o m p a r i s o n w i t h t h e s p e c -

t r u m c a l c u l a t e d i n t h e f r a m e w o r k o f t h e g e n e r a l i z e d M a d l a n j d - N i x m o d e l (GMNM). The f r a g m e n t 

mass y i e l d c u r v e s , t h e a v e r a g e k i n e t i c e n e r g i e s a n d e x c i t a t i o n e n e r g i e s o f t h e f r a g m e n t s 

as a f u n c t i o n o f t h e i r mass n u m b e r , a n d t h e f r a g m e n t a n g u l a r d i s t r i b u t i o n s h a v e b e e n d e -

d u c e d f o r t h e p o s s i b l e f i s s i o n c h a n c e s ( n , x n f ) s e p a r a t e l y . U s i n g t h e GMNM t h e d o u b l e - d i f -

f e r e n t i a l e m i s s i o n p r o b a b i l i t y G X ( E , Y ) ( n o r m 1 . ) ( ? - n e u t r o n a n g l e w i t h r e f e r e n c e t o 

i n c i d e n c e beam d i r e c t i o n ) c a n be c a l c u l a t e d f o r t h e p o s s i b l e c h a n c e s ( x = 0 , 1 i n t h e p r e -

s e n t c a s e ) . We o b t a i n t h e t o t a l c r o s s s e c t i o n o f f i s s i o n n e u t r o n e m i s s i o n by 

m̂q* _ 

( - p a r t i a l f i s s i o n c r o s s s e c t i o n f o r c h a n c e x , V x - a v e r a g e n u m b e r o f n e u t r o n s p e r 

f i s s i o n i n c h a n c e x ) . The t o t a l n u m b e r o f f i s s i o n n e u t r o n s i n c l u d i n g p r e - f i s s i o n n e u t r o n s 

i s g i v e n by 4 wax Co r v /— \ 
+oî x-o O I^ot 

As s h o w n i n f i g . 3 , t h e a v e r a g e e n e r g y Ё o f p o s t - f i s s i o n n e u t r o n s i n c r e a s e s w i t h i n c r e a -

s i n g i n c i d e n c e e n e r g y , b u t i s c o n s i d e r a b l y i n f l u e n c e d b y t h e s e c o n d - c h a n c e f i s s i o n r e a c -

t i o n a t t h e ( n . n ' f ) t h r e s h o l d . T h i s e f f e c t h a s b e e n o f t e n n e g l e c t e d i n p r e v i o u s w o r k s . 

C o n c l u s i o n s 
2 3 2 

T h e s p e c t r u m o f n e u t r o n s f r o m T h f i s s i o n i n d u c e d - b y 7 . 3 - M e B n e u t r o n s h a s b e e n m e a s u r e d . 
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I t c a n be f a i r l y w e l l r e p r o d u c e d by a M a x w e l l i a n d i s t r i b u t i o n w i t h T = ( 1 . 3 1 - 0 . 0 3 ) MeV. 
The GMNM, whose f r e e p a r a m e t e r s h a v e been a d j u s t e d i n t h e c a s e o f t h e 2 ^ 2 C f ( s f ) s t a n d a r d 
n e u t r o n s p e c t r u m , has been u s e d f o r t h e c a l c u l a t i o n o f t h e Th f i s s i o n n e u t r o n s p e c t r a 
w i t h o u t any f u r t h e r a d j u s t m e n t s . 

The v e r y g o o d a g r e e m e n t b e t w e e n e x p e r i m e n t a l and t h e o r e t i c a l d a t a i s a c o n f i r m a t i o n o f 
t h e t h e o r e t i c a l scheme a p p l i e d i n t h e p r e s e n t w o r k . S p e c i f i c a l l y , t h e p o s s i b l e f i s s i o n 
c h a n c e s a t i n c i d e n c e e n e r g i e s h i g h e r t h a n a b o u t б MeV have been c o n s i d e r e d s e p a r a t e l y . 
The p r e s e n t w o r k shows t h e i n f l u e n c e o f m u l t i p l e - c h a n c e f i s s i o n on t h e s p e c t r u m shape 
( r e p r e s e n t e d by t h e a v e r a g e e m i s s i o n e n e r g y ) i n t h e c a s e o f Th a t i n c i d e n c e e n e r g i e s 
c l o s e t o t h e ( n . n ' f ) t h r e s h o l d . 
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ANGULAR DISTRIBUTIONS OF- PROMPT GAMMA-RAYS IN THE BINARY AND TERNARY FISSION 

OF 2 5 2 C f • • . ' . - ' 
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K. Arnold, D. Lucas, H. Märten 
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ABSTRACT 

Double-differential emission probabilities W(B,Ejl) of the prompt ¿(-rays accompany-
ing t h e b i n a r y and ternary fission of 252-Cf were measured. An average angular mo-
mentum L— lb has been derived for the binary fission mode. The gamma angular-di-
stributions of the ternary fission mode show similar asymmetries but other shapes 
than the binary distributions. 

1. INTRODUCTION 

The analyse of preceding experiments, e.g./1,2/, has confirmed that the angular mo-

mentum of fission fragments after binary fission is aligned in a plane perpendicu-

lar to the axis defined by the two fragments like the angular momentum of compound 

nuclei relativ to the beam axis. The behaviour.of the resulting angular distribu-

tions of the emitted prompt ^-rays was investigated in the theoretical work of 

Strutinsky /3/. Average angular momenta have been derived by fits of the measured 

double-differential angular distributions W(8,Ev) as shown by Skarsvâg /1/. Similar 
252 

results for characteristic ^-transition's, produced in the s.f. of Cf were pub-

lished by Wolf and Cheifetz 111. The hitherto existing measurements deal with the 
binary fission only. For the ternary fission mode there is only an estimate con-

9 5 9 

cerning Cf for 0 deg/90 deg anisotropy by Ivanov /4/. He stated a ratio 

R [0 deg / 90 deg]s¡l, but he has not measured this, magnitude as a function of the 

^-ray energy. Therefore, this measurement raises some questions. In this paper we 

present a first measurement of double-differential emission probabilities Wv(8,Ev) 252 * * 
of prompt ^-rays accompanying the ternary fission of Cf. 

2. EXPERIMENTAL SET-UP 

Fig. 1 shows a sketch of the experimental set-up to study the angular distributions 252 
of prompt ^-rays from both the binary and ternary fission of Cf. The fission 

fragments were registered position-dependently in coincidence with the ^-rays, de-

tected by fixed detectors. We used two silicon detectors in order to increase the 

registration efficiency of the equatorial light charged particles (LCP) indicating 

the ternary fission mode. Each of these detectors (ri=23mm) covers an angular aper-

ture of about 45 deg. Two ^-ray detectors were used: (i) a 2,0x2,0 inches NaJ(Tl) 

crystal which provides sufficient position-resolution for the measurement of the 

gamma angular distribution of the binary mode and (ii) two 5,0x6,5 inches NaJ(Tl) 

crystals in order to increase the registration efficiency (necessary for the terna-

ry mode) and to check the forward-backward emission symmetry. 

The 2 ^ C f - s o u r c e on Ta-backing (~10 4 fission acts per sec.), the transmission 

parallel plate avalanche counter (PPAC), the position sensitive PPAC and the sili-

con surface barrier detectors were mounted in a glass shade filled.with 10 Torrs 
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V. ЕТ-

of n-heptane. The position sensitive PPAC (35x180mm ) covered an angular range from 

-3,5 deg to +92,4 deg with respect to the axis defined by the source and the centre 

of the forward Na3(Tl) crystal. The transmission PPAC was mounted some mm's apart 

from the source and it delivered the start signal for both the TOF branch of the 

fission fragments (separation of the light and heavy groups) and the TOF of the 

^-quanta. 

Disturbing effects were eliminated by the following measures. The 6.12 MeV 
252 

oC-particles from the g.st. decay of Cf were shielded by 36pm Al foils in front 

of the Si-detectors. A time window of 10ns around the prompt ^-peak eliminated ne-

arly completely the prompt fission neutrons at 

the given flight path of 50cm. The arrangement 

with two large NaJ(Tl) crystals allowed also 

to estimate the level of multiple (two-fold) 

gamma rays and accidental coincidences which 

was found to be about 4% (ternary case) and 

6% (binary case) of the true ones. The conta-

mination of the detection system was found to 

be negligible ( after the run of 1.5 months 

only 0.6% of coincidences came from the con-

tamination). The influence of background con-

tributions düe to scattering in the surroun-

ding materials was taken into account by mea-

surements with lead shadow cones inserted between the glass shade and the NaJ(Tl) 

detectors. Sumarizing, the true coincidence counting rates for each ^-branch 

amounted to be 2500 per min., 360 per min. and 1.2 per min. for the binary fission 

configuration with the large and small NaJ(Tl) crystals and the ternary fission 

measurement, respectively. The experimental arrangement including the data acquisi-

tion system has been already described elsewhere /5/. 

NoJITU T 
COORDINATE 

Fig.l Detector arrangement 

3. DATA EVALUATION AND MONTE-CARLO-SIMULATION 

For each coincidence event three parameters were stored onto a magnetic disc: the 

fission fragment TOF, the coordinate of one fragment and the ^-ray response ampli-

tude of each scintillation counter. The energy of the LCP was measured simultaneou-

sly with a multichannel analyser. The data evaluation starts with the generation of 

two-dimensional distributions, i.e. the fragment 

TOF vs. the coordinate. This procedure allowed 

a separation of events belonging to the light 

and the heavy fragment groups. By this it was 

possible to cover the angular range from 0 deg. 

to 180 deg. for the ^-rays with respect to the 

emission direction of the light fragments. The 

^-response axes ( 100 keV) were divided into 

17 bins (binary case) or 10 bins (ternary case). 

The projections onto the position coordinate axis 

we generated within each bin. Then, a Gaussian 

deconvolution procedure was applied to the well 

resolved position spectra. Then the evaluated 

Fig.2 Example of a calibration 

spectrum 0 B Y 
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distributions were normalized by geometrical "efficiencies" of the position sensi-

tive PPAC. For this purpose, two-dimensional distributions of the fragment TOF and 

the coordinate were measured for the following conditions: (i) swich-off the coin-

cidence with ^'s and ac 's (binary "efficiency") and (ii) break of the coincidence 

with the ^'s only (ternary "efficiency"). The resulting ^-ray distributions are re-

presented with respect to the direction of the light fragment. The response func-

tions of the used NaJ(Tl) crystals were measured with calibrated ^-ray sources and 

an improved procedure like that described in /6/ was used to fit these calibration 

spectra (Fig.2). The response matrix was evaluated from this set of data. 

The double-differential emission probabilities W^(9,E^) have been simulated 

by a Monte-Carlo-code which was applied up to now to reproduce the binary angular 

distributions only. 

This code presupposes (1) the input of the fragment-mass yield distribution, 

(2) an average energy distribution of the emitted ^-rays, (3) the velocity distri-

butions of the fragments including the stopping process in the Ta-backing, (4) the 

estimation of the moment of the ^-emission /7/, (5) the ^-multiplicity vs. fragment 

mass, (6) an energy-dependent ratio of the multipol orders El and E2, taken from 

/1/, (7) the c.m. angular distributions of El and E2 radiation according to 

Strutinsky's theory /3/, were we used a temperature of T=0.4 MeV and a moment of 

inertia J = 0.5 J ^ g ^ i (8) an initial angular momentum distribution as described in 

/8/ and (9) our evaluated response 

functions of the NaJ(Tl) crystals. 

The Doppler effect was taken into 

account for each simulated event. 

After that, the emission angle and 

emission probability are transfor-

mat into lab.system. These calcu-

lated distributions were compared 

with the measured ones in order to 

determine the average angular mo-

mentum of the fragments. A satis-

factory agreement with the experi-

mental binary fission angular di-

stributions was achieved for an 

average angular momentum of L a 7 ti 

(Fig.3). 

The angular distributions of 

the prompt ^-rays from the ternary 

fission mode are also given with 

respect to the direction of the 

emitted light fragment in order 

to compare these distributions 

with the binary ones. Fig.4 shows 

angular distributions of ^-rays 

associated with LCP and fission 

fragments for three selected ener-

gy intervals. The same data évalua 

tion procedure was used as in the 

Fig.3 Measured and calculated binary 

angular distribution 
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case of the binary mode in order to represent the data points in the angular range 

from 0 deg to 180 deg. The intensities were normalized in each angular bin with 

the measured geometrical efficiency of the PS PPAC which takes into account regi-

stration probability of the LCP. For comparison, the angular distributions are gi-

ven without and with regard of the response matrix of the large NaJ(Tl) crystals. 

On principle, the behaviour of the corrected distributions is similar to the direct 

experimental points in these energy bins. 
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Fig.4 Measured ternary angular 

distributions 

x Measurement after normaliza-

tion with the geometrical 

efficiencies 

• The "x"-distribution after 

multiplication with the 

inverse response matrix 

( T ) ( 2 8 0 - 4 3 0 ) k e V , 

© E ^ = (540-820)keV, 

(J) Ej = (820-1500)keV 
(all distributions are normali-

zed to maximum hight of 1000) 

Fig.5 ^-angu l'ar : d i st r ibu t ions , if a 

light fragment was registered 

л binary fission 

• ternary fission (backward 

NaJ-detector ) 

x ternary fission (forward 

Na J-detector ) 

© E ¡j, response 
=(200-430)keV, 

= (430-1130 )keV l, response 

(all distributions are norma-

lized to a maximum hight of 

1000) 

The shapes of the angular distributions for both the binary and the ternary 

mode are compared in Fig.5 for the angular range from 0 deg. to 90 deg with respect 

to the direction of the light fragment. Only the direct experimental values ( nor-

malized by the geometrical efficiencies) are shown. 
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In conclusion we have found anisotropic angular distributions of prompt «-rays 
2 5 2 

in the ternary fission of Cf contradictory to the result of ref./4/. In our opi-

nion, the 0 deg / 90 deg ratio, R = 1.015, given in ref./4/, comprehends no further 

physical information. Our measurements show different shapes of the gamma angular 2 5 2 

.distributions in. the binary and the ternary fission mode of Cf. This result 

challenges further theoretical investigations of the ternary fission•process. 
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APPLICATION OF BRAGG CURVE SPECTROSCOPY TO NUCLEAR FRAGMENTATION PROCESSES 
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ABSTRACT 

An axial ionizstion chamber for the determination of the energy and nuclear charge 
of fragments was constructed and has been tested with butane and pentane. Separated 
element distributions have been registered in low-energy heavy-ion reactions and in 
proton-nucleus collisions at 1 GeV incidence energy. 

INTRODUCTION 

Nuclear fragmentation induced by intermediate-energy projectiles is a current field 

of investigation. Relative light target-fragments are produced in the energy range 

from 1 MeV/u to 10 MeV/u in dependence on the target mass. This energy range enab-

les us to test the methods of Bragg Curve Spectroscopy(BCS), ref.l), to resolve 

single nuclear charges of the emitted fragments. 

PRINCIPLE OF BCS 

This method is based on the generation of an ionization current signal in an axial 

ionization chamber characterized by the electric field parallel to the particle 

track. In this case, the anode signal represents the time reversal of the stopping 

process of the detected particle in the active chamber volume (Bragg curve). The 

height of the Bragg peak (BP) is directly related to the nuclear charge Z and,fur-

thermore, the BP signal is independent on the energy of the registered particle. 

Therefore, a shaping time less than the duration of the current signal delivers the 

BP information. The measurement of the deposited energy requires a shaping time 

longer than the total collection time. 

DETECTOR CONSTRUCTION AND OPERATION 

The operation conditions were tested with a sample ionization chamber which has a 

distance of 11 cm between the cathode (Ni foil of 130pg/cm"2,^)=20mm) and the anode 

(polished Cu plate). Ten equidistant guard rings between the cathode and the Frisch 

grid (separated by a distance of 2cm from the anode) maintain an electrical field 

nearly parallel to the incoming particles. Negative high voltage is supplied to the 

cathode and a divider chain determines the potentials of the field shaping rings 

and the Frisch grid. The ionization chamber was operated with a fixed ratio 

(E/p) A_p G/(E/p)p G C=1.4 which was calculated from the screening inefficiency of 

the Frisch grid. 

The gas pressure was adjusted to stop the incoming particle along the active cham-

ber lenght. We tested three different gases: vapour of n-heptane, commercial butane 

and purified n-pentane. Heptane was refused because no regular pulse shape distri-

butions were obtained. Perhaps, the electron recombination is too high in this gas. 
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Commercial butane with about 6Bvol.% of isobutane content was found to be a sui-

table chamber gas. We prefered butane in the experiments at the Tandem generator 

on account of its simple handling. But it has the drawback that the signal amplitu-

de goes down without gas flow-through by about 24 per hour after a new filling. 

An enlarged ionization chamber was constructed based on the experience with the old 

one. The following improvements were introduced: 1) The entrance window was increa-

sed to 70 mm in the diameter and it serves as the cathode avoiding any dead gas la-_ 2 
yer. The entrance window is a Formvar foil of 60-70 pgcm supported by a wire 

mesh of about 974 transparency. This window keeps the gas pressure up to 150 Torr 

in the ionization chamber. 2) The Frisch grid was grounded resulting in an improved 

h.f. trouble hardness. 3) Purified n-pentane (repeated freezing by means of liquid 

nitrogen and distillation into the evacuated ionization chamber) was used. The use 

of purified pentane resulted in a better long-term signal stability (linear ampli-

tude loss óf 0.5% per hour after new filling, established during 60 hours). The me-

asured energy resolution amounts to be 55 keV FWHM for alpha particles of 5.15 MeV. 

MEASUREMENTS AT THE ROSSENDORF TANDEM ACCELERATOR 

:: i CL 

35Cl (32M6V) + ™B 
80 

• ) - '3 • U - 52 
¡2Í? 
• >474 

60-

40 

20 

•0 . 

The properties of the sample ionization chamber filled with butane were studied with 
1 2 - 2 

"fragment-like" С ions of 20 MeV scattered by a Au target (290pgcm ). The shaping 

times for the BP and E signals were chosen experimentally regarding the timing limi-

tations of the available electronics. The total charge released by the ionization 

was measured with a pulse sha-

ping of 2ps. Under this conditi-

ons, nearly full charge collec-

tion was attained for 

B/p̂ . 2.0 V/Torr ca. The separa-
tion of different nuclear char-
ges was tested with a target eft* 
riched in 10B (mixed with 120) 
which was bombarded by a 32 MeV 
3 5 C 1 beam. The incidence energy 

exceeds the Coulomb barrier 

( » 2 2 MeV) and the occurence 

of some transfer products is fa-

voured by positive Q-values. In-

deed, we observed pronounced 

branches of C,N, and 0 out of 

the products of elastic scatte-

ring. The 1 0 8 and 1 2 C constitu-

ents of the target scatter the 

incoming'^Cl ions elastically 

Fig.l Bragg Peak amplitude (BP) 
vs. released energy (E) 
for products of the 
35 CI (32 MeV)-«- 10 В re-
action, p=52.5 Torr of bu-
tane, T(BP)=0.25MS, 
r(E)=2ps. 

« ZÉT dwnnel 
ENERGY 20 (мм) 
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into narrow cones which are not accepted by the ionization chamber mounted at 27.5 
deg. with respect to the beam axis. This feature enables us to follow the low in-
tensity branches of N and 0 down to about В MeV. Nevertheless, the upper branch in 
fig.l belongs to the beam particles partially scattered from the Al target holder. 

10 The lower branch in fig.l is formed by the ^ В 
target recoils. The range of these recoils _ о 
(o;2.5 mgcm in butane) exceeds somewhat the о 
depht of the ionization chamber (1.85 mgcm 
The observed vertical fringe seems to be 
caused by no physical reasons. 
Fig.2 shows the projection of the events 
(along the inclined isotopic branches) onto 
the BP-axis. In spite of the moderate energy 
resolution the nuclear charges from Z=5 to Z=B 
are well separated. A linear relationship bet-
ween the BP amplitude and the nuclear charge 
up to Z=17 was observed for butane. 

Fig.2 Distribution of nuclear charges obtai-
ned from fig.l BRAGG PEAK AMPLITUDE 

DETECTION OF FRAGMENTS IN RELATIVISTIC PROTON NUCLEUS COLLISIONS 

The new improved axial ioniza-
tion chamber was tested at the 
1 GeV proton beam extracted 
from the Gatchina synchrocyc-
lotron. The ionization chamber 
was mounted at a distance of 
50 cm from a thin nickel target 
located in the centre of an 
evacuated reaction chamber. 
Fragments were detected at 144 
deg. with respect to the beam 
axis. The ionization chamber was 
filled with purified n-pentane 
of 55 Torr and operated at a re-
duced field strenght of 
E/p=2,2 V/Torrcm in the cathode-
anode volume. The BP signal was 
generated.with a shaping time of 
0.5ps. The CAMAC data acquisiti-
on system allows to accept an 
expanded range of shaping times 
for the E-signal. 

Fig.3 BP vs. E for the reaction 
p(lGeV)—••Ni 
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The measurements were carried out with r=4ps. A double-grid avalanche counter lo-
cated near to the target served-as fast trigger for the appearance of a fragment. 
Well separated isotopic branches from Z=2 to Z=ll were obser-
ved.As in the experiments with 
heavy ions we found an ascent of 
about 5% for the isotopic bran-
ches with increasing fragment en-
ergy. The plot shown in fig.3 is 
corrected for this effect. There-
fore, events which belong to the 
same nuclear charge are located 
in branches parallel to the ener-
gy axis. As also seen in fig.3, 
the isotopic distributions corres-
pond to a limited energy range of 
the registered fragments. For fi-
xed Z, the distribution starts on 
the left where the BP amplitude 
becomes independent on the par-
ticle energy. 

Fig.4 Distribution of nuclear 
charges in the target frag-
mentation of p+Ni (bottom) 
and relation between the 
fragment chargé and BP am-
plitude (top) 

The limit on the right is determined by the depht and the gas pressure of the ioni-
zation chamber, some of the produced fragments punch through the active chamber 
depht and, consequently, we see back-bendijngof some branches of equal nuclear char-
ge. On account of the relative low pentane pressure, we observed only the low-en-
ergy part of the fragment distribution. Fig.4 shows the projection onto the BP axis 
The resolution of adjacent'nuclear charges amounts to be Z/AZm38...40. This encou-
raging result opens a wide field for application of BCS in studies of nuclear frag-
mentation processes. 
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DYSON BOSON MAPPING THEORY A N D NON-UNITARY REPRESENTATION 
OF THE SELFCONSISTENT COLLECTIVE-COORDINATE METHOD 

K. Takada, Y.R. Shimizu and H. Thorn 

Department of Physics, Kyushu University, Fukuoka 812, Japan 

Abstract: The Dyson boson mapping theory for the multi-phonon collective 
subspace in the many-fermion Hilbert space is surveyed and the merit of this 
theory is emphasized. The Dyson-type reformulation of the selfconsistent 
collective-coordinate (SCC) method of Marumori, Maskawa, Sakata and Kuriyama 
is given and the relation between these two theories is discussed. Applying 
these theories to a simple SU(3) model and comparing the results with the exact 
solutions, we discuss the advantages of these theories. 

1. Introduction 
Various types of boson mapping theories, which transform the physics in 

the original collective subspace in the many-fermion Hilbert space into the 
physical boson subspace, have been proposed for the description of collective 
motions in the space of many-nucleon (or many-quasiparticle) states. 1 ) 

The most popular one is the Holstein-Primakoff-type mapping . The merit 
of this type of boson mapping is that it is unitary and the hermiticity of 
the original fermion hamiltonian is conserved in the boson space. However, 
it has the demerit that the mapped operator is, in general, expanded in an 
infinite power series of boson operators. This causes serious discussions 
concerning the convergence of the expansion. 2 ) 

Another popular one is the Dyson-type boson mapping whose merit is that 
the mapped operator is of a finite series of boson operator monomials. There-
fore, we can avoid the problem coming from the infinite boson expansion as 
in the Holstein-Primakoff mapping. However, this type of mapping has an outward 
demerit; namely, the mapping is non-unitary and it does not conserve the 
hermiticity of the hamiltonian. It has therefore been thought that it is very 
difficult to calculate the B(E2) values in the Dyson boson mapping and to study 
the properties of the boson eigenstates. 

Recently it has been clarified that complete information about the eigen-
states in the hermitian boson theory (the Holstein-Primakoff boson mapping) 3 ) 
can be obtained from the results of the Dyson boson theory . Furthermore, 
it has been clarified that the non-hermitian eigenvalue problem in the Dyson 
boson theory is precisely converted into a hermitian eigenvalue problem 4 ) 
equivalent to that in the Holstein-Primakof f theory in a very easy way 
Today, one can thus fully make a good use of the finiteness of the boson expan-
sion in the Dyson boson mapping, since the difficulty of the non-unitarity 
of the Dyson boson mapping (or the non-hermiticity of the Dyson boson 3 4 ) 
hamiltonian) has completely been solved ' . 

When we intend to apply the boson mapping theories to realistic nuclei, 
we inevitably start from some truncated collective subspace in the full 
many-fermion Hilbert space and we map the subspace onto the corresponding boson 
space. One of the simplest truncations is the "phonon truncation" in which 
the space of many-fermion states is truncated to the multi-phonon subspace 

{ |i> ^ X+M •••• |0> ; n = 0, 1, 2, • * ' У, (1.1) 
^ 1 2 n 

where X- is the collective Tamm-Dancoff (TD) phonon with spin J=2 and the 
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algebra of the fermion-pair operators is forced to be closed within the above 
TD phonons. Under this truncation approximation, the Dyson mapping gives us 
a very simple but non-hermitian hamiltonian which consists of up to sixth-order 
boson operators. The eigenvalue problems for this non-hermitian boson 
hamiltonian are precisely converted into the hermitian eigenvalue problem equi-
valent to that in the Holstein-Primakoff mapping without being bothered by 

4 ) 
infinite boson expansions . In this sense, the Dyson boson mapping theory 
is quite useful. 

However, what we have to emphasize is that the contribution from the 
non-collective phonon degrees of freedom cannot be taken into account in the 
above collective subspace (1.1). It is however well-known that the anharmo-
nicity effect due to the coupling, between the collective and non-collective 
degrees of freedom plays an essential role in the transitional region of nuclei. 
In order to take the anharmonicity effect into account, we have to extend the 
subspace (1.1) to involve the non-collective phonons, but it is difficult since 
there are usually a great number of non-collective phonons. 

Marumori, Maskawa, Sakata and Kuriyama^' proposed a new method called 
the selfconsistent collective-coordinate (SCC) method to describe the large-amp-
litude collective motion within the framework of the time-dependent Hartree-Fock 
theory. This has made it possible to treat the above mode-mode coupling effect 
in a very systematic way. Recently, we have reformulated the SCC method in 
a Dyson-type non-unitary representation and we have clarified the relation 
to the generalized Dyson boson mapping®'. 

In the present paper, we survey the main points of the Dyson boson mapping 
theory and the Dyson-type non-unitary representation of the SCC method. And 
we apply these theories to a simple SU(3) model. Comparing the results with 
the exact solutions, we will discuss the advantages of the Dyson boson mapping 
theory and the Dyson-type representation of the SCC method. 

2. Dyson boson mapping 
Let us define the quadrupole TD phonon in the multi-phonon subspace 

( 1 .1 ) by 

X*M = S ct Cj . (2.1 ) 

Corresponding to the collective fermion subspace (1.1), we introduce the collec-
tive boson subspace 

{ Ю = (*.)-*/> blMy2Mi..-. bt„Jo) }, <2-2> 

where is the quadrupole boson operator satisfying commutation relations 

Г ь а м } btM/ ] = £M M " , 

С b i M ) b i M 0 = Z ь!м , bt„/] = o. (2.3) 

In order to give the precise definition of the Dyson mapping, we have 
to introduce a set of orthonormalized basis vectors in the multi-phonon subspace 

4 
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(1.1). To do this, we use a representation in which the norm matrix N whose 
matrix elements are defined by N^j = <i|j> is diagonalized as 

I С Nej - Scj ) < = 0 . (2.4) 
3 

It is easily seen that the eigenvalues are n
a ï L et us denote the 

zero-eigenvalue solution by a = a^. One can assume the following orthonor-
mality relations: 

Z "-X* U b - . (2.5) t 
Using these, we can define orthonormalized basis vectors of the multi-phonon 
subspace as 

(2.6) t 
which satisfy the orthonormality relation 

The corresponding orthonormalized basis vectors in the boson space are 
given by 

I A)) = Z I O . (2.7) 

Thus the physical subspace in the boson space is { |a)) ; a ^ ag } , in which 
every state has its counterpart in the original fermion space, i.e. the 
multi-phonon subspace. Therefore the projection operator to the physical 
subspace in the boson space is defined by 

P = Z I « - ) ) < ? . (2.8) 
а.ф a„ 

Using the orthonormal basis vectors introduced above, we can define the 
Dyson mapping by the following transformation operators: 

U, = Z (2.9a) 

14 = Z < < / a | 0 . K M . (2.9b) ч-f <*-0 
In the Dyson mapping, we have two types of boson state vectors obtained 

by transforming a fermion state vector t 5̂, » ° n e is a bra (ф| and the other 
is a ket |ф ) as 

(Ф1 = I , I t ) = U, >. (2.10) 

An arbitrary fermion operator 0_ is transformed into 0_, as £ IJ 

0Ъ = u , o F u í = Z Z I 0 F | j>0L¡ V « 4 . (2.11) 4o Cj 
In order to calculate the matrix element of the original fermion operator O p, <i|o_|j> » we use the phonon-t/runcation approximation explained before, in 
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which the following approximate commutation relation is assumed: 

CXzm,, --a 2 Cl<2.m,im1|lm><*mí>.m*|<-m>xiM,m <2-12> 
L» 0,1,4 

where С is the structure constant determined by the amplitudes x(aß ) appearing lj 
in the phonon operator (2.1). Then the matrix element of the original fermion 
operator 0_ is written in the form of r 

<C| 0 F | j > = Ъ fck < Ь I j >• (2.13) 
к 

Substituting this in (2.11), we have 

O „ - P C O F ; 9 P - ( O J R ) V P , C¿L C Q F ) D I J ) = I C J . ( 2 . 1 4 ) 

What should be noticed here is that the norm matrix element <i|j> in 
(2.13) is cancelled by the inverse of the eigenvalue n^ in (2.11). This cancel-
lation is the biggest merit of the Dyson mapping at the expense of losing 
unitarity of the transformation, because we have no more to treat the explicit 
form of matrix element N^^ = <i|j>. 

The quantity f.. = (О-)., can, in general, be expressed by matrix elements г Li 
of simple boson operators; for example, if Op is the collective phonon operator, 
then we have 

= BTM - Z C . C C B + B I (2.15a) " L=e,b 4- ' 

( XiM >1, = b2M } (2.15b) 

where [•...]„ denotes an angular momentum coupling. 3) 
As discussed in the previous paper , as long as we do not make the maximum 

boson number extremely large in a practical case, we can consider P = 1 . 
Moreover, we proposed a method to verify whether P = 1 is correct or not in 
a given boson space^'. 

Although we have so far formulated a case of only one kind of retained 
phonon (the collective TD phonon) for simplicity, it should be noted that it 
is quite straightforward to generalize it to cases of more kinds of retained 
phonons. 

3. Hermitian treatment of Dyson boson hamiltonian 
In the hermitian boson theory we need to consider only the eigenket 

I 4"̂ ) belonging to an eigenstate X , while in the Dyson boson theory we have 
to consider both the eigenket and the eigenbra(ф^|. Expanding these eigen-
vectors as 

lix) - I*a) = Z/afli), (kl - Z R £ W * C I - | F ч3.1 ) £ »• 1 t. 
we have three types of eigenvalue equations, 



176 

Z С - Е л 0 ' / Л ) = ö , (3.2а) 

(3.2b) z с q - Е л ^ ) ^ ' = в, 

z - = 0' <3-2c> 
where 1\..НР = ( i l H ^ l j ) and h i j

L ' = ( i | H D | j ) . The first equation of (3.2) is 
the eigenvalue equation in the Holstein-Primakoff boson theory and the second 
"änd the third are, respectively, the right- and left-hand-side eigenvalue equa-
tions in the Dyson boson theory. 

The orthonormality conditions for the amplitudes a > ß and y are 

i i (3.3a,b) 

The second orthonormality (3.3b) is still not enough to determine the amplitudes 
^ | = к " 1 ( ф л | and = k x | V ß and у , because (ф1, | = к 7 1 ( ф , | and |ф* ) = к.|ф.) also satisfy (3.3b), 

where к ^ is an arbitrary nonzero constant. Namely, there still remains an 
arbitrariness by a constant k^. 

We can calculate the correct matrix element of an arbitrary Dyson operator 
without obtaining the explicit form of the correctly normalized eigenstates. 
Let a n <^ l^x^ k e e i 9 e n v e c t o r s which satisfy the orthonormality condition 
(3.3b) but are not necessarily correctly normalized. The corresponding correct-
ly-normalized eigenvectors ( ф I and |ф ) are related to them through 

А Л 

С ФА I , ) = *л (3.4) 

where one can assume without loss of generality that к ia a real positive л constant. Let 0_ be the Dyson boson image of an arbitrary fermion operator 
— t + + Op, and 0 D be that of 0 p ; notice that Ü D = (0j,)D 4 ''(Op). For these operator, 

the relation 

C Í a I о ъ \ ( 3 . 5 ) 

should hold. Putting (3.4) in (3.5), w e have 

= ( t A l ô * l 4 v ) / c < M ô 1 > | f A ) * (3.6) 

Then the correct matrix element is given by 

cîxie,i»xO - (Фаю.КАОГ L СФа|оь|^аО J (3.7) 

We can generalize^ the above discussion. Let |i)be a basis vector of the 
boson space and let (il and |i) be the corresponding correctly-normalized bra 
and ket vectors. Then w e have the following correct matrix element between 
the boson basis states i and j: 
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> Г Ci I О ь Ю * "I Л С«-' I Op I i ) = CtlOpK-) , . (3.8) J i CZ I OD I j ) j i 
Assume that O q and 0 D in (3.8) are the Dyson boson Hamiltonian HQ. Then we 
have 

аМт>i ¿y* i 
L ( I I He Ij) J 

(3.9) 

This is hermitian. An eigenvalue problem consisting of the matrix elements 
(3.9) is equivalent to the eigenvalue problem for the hamiltonian H H p. Thus 
we have got a method to exactly hermitize the non-hermitian Dyson boson 
hamiltonian. 

4. Application of Dyson boson mapping to simple SU(3) model 
Let us apply the Dyson boson mapping theory to a simple SU(3 ) model consis-

ting of three single-particle levels, each of which has a same j value and 
then same degeneracy 2Я = 2j+1. In this model, a single-particle state is 
specified by a set of quantum numbers (jm). 

We consider the generators K ^ of the SU(3) Lie algebra: 

га + 
^J = , Ccn Ci"rt / = a>. (4.1) 

We assume the following hamiltonian: 

HF - . Z í í O f c í 1- V, z fc.-e K0-«•« I if =• 1 J 

+ r ^ z с кСо fc-0 K0,k0¿) Cj=1 J J 

+ Vâ „2, . С Kio Kj k + fckj ko¿) . (4.2) 

And we also assume that the lowest single-particle level (i = 0) is completely 
filled; so that we are considering 2i2-particle system. 

Now let us introduce the TD phonon operator by 

xl = ¿ i ГлСО Kio . (4.3) 
In this model, we have two kinds of TD phonons ( Л = 1, 2). We start from 
the following multi-phonon subspace containing both the phonons: 

{ - ('».Hj.f'^CXffCxîy'-loï -, Oi^^xilÄ. } . (4.4) 

Corresponding to the fermion subspace (4.4), we introduce the boson subspace 

- O l ! - И г О ^ Ч ь Т Г Ч Ь ^ Г 1 I e) i O á ^ + n í i i í . ] . (4.5) 
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where the boson operators satisfy 

СЬЛ,Ь+Л'3 = Sax'. ГЬа.ЬдО « [>1,|>v3 -0. (4.6) 

According to the procedure of the Dyson boson mapping shown in sect. 2, 
we have the Dyson boson images of the generators as follows: 

с £<„)„ = i ГхСО ь+л ( I - п А л ) ( СКос\ = л[Га. Í *-лС£ЭЬл, 

= i хлсг) Xx'Cí) bt ЬА/, (4.7) J AA'=| 
where n is the boson number operator n = У bîb,. Using these, we have À A A 
the Dyson boson hamiltonian 

H t> = ^ I* = P, 

hd = 2 ECA,VJ kl bv D ЛЛ' 
+ 2. Vx ( A, AO b\ ( 2Л - -n. ) bv a A' 
+ _L -2 VvCx,xO f bí Схл - л) (»-л - л) + ь Л'М 

Л А' 

+ -1= 2. V r CA, V) í bí ОЛ Ь+л, ЬА» + Ьл" ЬЛ/ЬА } . (4.8) 
1/IjT- АА' 

Since there is a strict one-to-one correspondence between subspaces (4.4) 
and (4.5), P = 1 holds exactly in the boson subspace (4.5). Therefore, 
diagonalizing the original hamiltonian H„ is exactly equal to diagonalizing 
the boson hamiltonian H D = Hp within the subspace (4.5). 

Next let us consider the collective subspace in which only the collective 
phonon ( A = 1 ) is retained and non-collective one ( A = 2) is neglected. 
This just corresponds to the Dyson boson mapping for the collective subspace. 
The numerical results and the comparison with the exact solution are shown 
in Fig. 1 . 

5. The Dyson representation of the selfconsistent 
collective-coordinate method 

In applying the Dyson boson mapping so far discussed, we start from some 
collective fermion subspace; usually, we take the multi-phonon subspace 
consisting of the collective TD phonon. However, this choice of subspace is 
not always good, when the coupling effects between collective and non-collective 
phonon degrees of freedom are large, for instance, in the so-called transitional 
nuclei. Marumori et al. proposed the selfconsistent collective-coordinate 
(SCC) method to describe the large-amplitude collective motion within the frame-
work of the TDHF theory. This has made it possible to treat the above coupling 
effects in a very systematic way. 

We have recently reformulated the SCC method using a.non-unitary represent-
ation6'. Taking a special kind of representation in this reformulation, we 
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can obtain just the original version of the SCC method, but what we are most 
interseted in is the Dyson-type representation, which corresponds to the Dyson 
boson mapping whereas the original version of the SCC method corresponds to 
the Holstein-Primakoff boson m a p p i n g ' L e t us explain this below. 

A quantum state at a time t is described by a bra <Ф ( t ) j and a ket 
I Ч1 (t)> whose time-development is determined by the variational principle 

s<$ct) I ;fc ̂  - и i-ic-k) > = о. (5.1) 

We should assume that <î>(t)| and | i' ( t ) > satisfy the normalization condition 
<Ф(t)I У(t)> = 1. 

Now we restrict our space under consideration to the time-dependent 
Hartree-Fock (TDHF) manifold; namely, every statevector. is restricted within 
the space of states consisting of time-dependent single Slater determinants. 

We also assume that the time dependence of < Ф {t ) ] and [ 4* {t ) > is specified 
by two kinds of time-dependent parameters Ç(t) and n(t) which we call the 
collective coordinates. In the original version of the SCC method^), the 

* 

corresponding parameters are n ( t ) and its complex conjugate П (t) . There 
exist infinite numbers of ways of parametrization with the use of the collective 
coordinates Ç and ri . In order to specify the parametrization, we assume 
the canonical-variable conditions (CVC) introduced for the first time by 
Marumori et al.5'; the CVC in the present case are 

«£С1,Ч>1 ^ I 4 <£,-?)>= T S, <iCî,i = (5.2) 

Under the CVC, we get the following canonical equations of motion from the 
variational principle (5.1): 

à / Ъ Э£г> 
% ~ a f ' ' = ъ > (5.3) 

+ f = t'a-TVyr, 

where the "collective hamiltonian" Ж-^íír Л) is not always real. 
According to Thouless's theorem, we can express the statevectors as 

l<L(ï,v)>= /v1(í,v)e^l <§CS.V) ¡~ еЧ <5-4> 

where l^g5- :'"s stationary Hartree-Fock ground state and 

q, = I ^CvfO A+bj, 2 gkc^K-'v, (5-5) pi ' [ii 1 

and a^ and bt are the particle and hole creation operators, respectively, and 
g1 and g 2 are functions of the parameters Ç and f| . The normalization condition 

U 
id 

leads to 

N, = N (l,y¡) - <<Ы eq"- | (s-6) 

Now, let us assume 



180 

л/,с§,ч> = ) = (5.7) 
The explicit form of S ( Ç , л ) will be given later. We can obtain 

<<Ы е ^ е а ' I ío> - exp{Trr/oj.C< + 3,9.^]}, (5'8) 

where g^ and gj are matrices consisting of the matrix elements g ^ ( i u ) and 
g2<Ui). We introduce matrices f and g whose matrix elements are defined 
by 

c-f)t> = CC< + âi )„>, = (5-9) 

If we choose a special representation called the Dyson-type representation; 
namèly we choose к = 1 and 

s 1 ) = T t t 9 3 . (5.10) 

Then we have a much simplified expression of the SCC method. The CVC are simply 
written 

т. C-F If- - Ц-.91 = 1 , TrTf Щ. - J î - j ] = - 1. (5.11, 

And the expectation values of the fermion operators are written as 

< $ l 4 b t | * > = <4|bt-o.r|í > = C-f)t>, 

. < $ I o f a „ I-î > » C g - f ) ^ , < i l b H j l ^ > - (5.12) 

So that the collective hamiltonian (Ç, П) are also simply written in terms 
of f and g. 

The functions f and g of the canonical variables Ç and л are, in 
principle, obtained by solving the CVC (5.11) and the variational equation 
(5.1). Expanding f and g in power series of Ç and л , we can get order by 
order solutions. However, since the expression is somewhat lengthy, we omit 
here. One can refer to ref. 6). 

It should be noted that, if we take only the first order of the (5, л 
)-expansion of f and g and replace £ and n by a boson creation operator b^ and 
an annihilation operator b, respectively, then the results correspond to the 
Dyson boson mapping within the collective multi-phonon subspace. Therefore, 
we can take into account the coupling effect between the collective and 
non-collective phonon by taking the higher-order terms than the first order. 

In Fig. 1 , the results of the application of the present theory to the 
simple SU(3) model are shown. We took up to the third-order terms in this 
calculation. Comparing them with the results of the Dyson boson mapping 
discussed in sect. 4 and the exact solution, one can see that the Dyson-type 
representation of the SCC method is quite useful. 
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X 
Fig. 1 Energy eigenviaues of the SU(3) model. The abscissa denotes the inter-
action strength x • The values of the parameters in the fermion hamiltonian 
( 4 . 2 ) are taken as follows: e(1) = 1 . 0 , e < 2 ) = 2 . 5 , V 1 = V 2 = X , and V 3 = 0 . 5 X 

The solid lines denote the exact eigenvalues of the hamiltonian. The dashed 
lines denote the results of the Dyson boson mapping retaining the collective 
TD phonons only. The dotted lines denote the results of the SCC method, in 
which the Dyson ordering is used in the quantization procedure and the Fock 
terms (1/2ß-terms) in the collective hamiltonian _(Ç, Л ) are neglected. 
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6. Summary 
(1) The Dyson boson mapping method became very useful for' the collective 

multi-phonon subspace, because there is no problem relating to the convergence 
of the boson expansion and the problem of non-hermiticity of the boson 
hamiltonian has completely been resolved. 

(2) It has been clarified that the Dyson-type non-unitary representation 
of the SCC method is quite useful in order to take into account the coupling 
effect between the collective and non-collective phonon degrees of freedom. 
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PHONONS IN SOFT NUCLEI-AMD DYNAMICAL 0(5)-SYMMETRY 

O.K. Vorov, V.G. Zelevinsky 
Institute of Nuclear Physics, 630090 Novosibirsk, USSR 

The review of results obtained in the semimicroscopical theory of anharmonic nuclear 
vibrations is given. Main publications are the following: 

O.K. Vorov, V.G. Zelevinsky, Yad. Fiz. 37 (1983) 1392 
Nucl. Phys. A 439 (1985) 207 
Proc. XXI LINP winter school, Leningrad (1986) 195 

V.G. Zelevinsky, Sov. Phys. Izvestia, ser. fiz. 4-8 (1984) 79 
Nuclear Structure, Dubna 1985, 173 
Nuclear Structure, Reactions and Symmetries, 
Dubrovnik 1986. 

The theory is based on the traditional picture of quadrupole phonons in superfluid nuclei. 
In soft nuclei the vibrational frequency is low and the vibrational amplitude is large 
giving rise to strong nonlinear effects. The microscopic consideration reveals the 
dominance of quartic anharmonicy and, as a consequence, 0(5) symmetry of spectra. The 
resulting pattern of spectra and transition probabilities (B2 and M1) is found to be in 
good agreement with data for practically all spherical non-magic nuclei. The physical 
picture emerging is -that of two boson condensates, nemely usual s-boson (Cooper pair) 
condensate and the new one, the d-boson pair.0(3) - and 0(5) - symmetrical condensate. 
Artificial IBM postulates (strict conservation of the boson number, out of collective 
bands and so on) become redundant and the data description is, as a rule¿ better than in 
the IBM using the parameter number less than that of various IBM versions. 

Prospects of developing the full microscopic theory are discussed. 



184 

THE NEUTRON-RICH N=59 ISOTONES-TIES BETWEEN SPHERICAL AND STRONGLY DEFORMED NUCLEI 

H. Ohm and K. Sistemich 

Institut für Kernphysik, Kernforschungsanlage Jülich 

Postfach 1913, D 5170 Jülich, F.R.Germany 

G. Lhersonneau, В. Pfeiffer and K.-L. Kratz* 

Institut für Kernchemie, Universität Mainz 

Postfach 3980, D 6500 Mainz 

Abstract: The neutron-rich N=59 isotones lie at the unusually rapid transition between spherical 
nuclei with N < 58 and well deformed isotopes with N > 60. In accordance with this unique posi-
tion, evidence for shape coexistence has been observed which is reviewed here. At present there 
is no indication of a particular softness of these nuclei with respect to deformations. 

1. Introduction 

The study of products of nuclear fission has revealed the existence of a new region of deformed 

nuclei at A ~ 100. This has been a surprising finding since calculations in the frame of the 

spherical shell model predicted remarkable subshell closures at Z=38,40 and N=56 which indeed 

showed up in the properties of the nuclei around ^Zr^g. An even more surprising result was the 

fact that the transition from spherical to deformed nuclear shapes in this mass region is un-

usually sudden. It is by now well known that several nuclei with N>60 are strongly deformed 

while their close neighbours with N<58 have properties of spherical nuclei. This leaves the N=59 

isotones as candidates for a "transitional region". Consequently one would expect softness or 

shape coexistence for these isotopes which makes their investigation very appealing. One 

important aspect in these studies is the relevance of the shapes and of a possible softness of 

the A ~ 100 nuclei for the calculations of the energy balance in the fission process. In this 

paper the presently available knowledge on the N=59 nuclei is discussed, after the evidence for 

the spherical nature of the lighter isotopes and for the deformations of the heavier ones have 

been outlined in sections 2 and 3. 

2. The properties of the nuclei with N<58 

Some of the experimental data which characterize the individual nuclei of the A ~ 100 region are 

compiled in Fig. 1. There is little doubt that the nuclei with N<58 are basically spherical at 

least in their ground states, as will be discussed in the following. 
9 6Sr: This nucleus 1) seems to have vibrational character where the 0| level at 1229 keV may be 

an intruder. 

The ground state is based on the s^,, quasiparticle configuration 2) in accordance with 

the shell-model expectation for the 57 t h neutron, cf. Fig. 2. The 556 keV level is a good 

candidate for being the state while the interpretation of the 352 keV level as poses 

some difficulties 3). 

* Support granted by the BMFT under contract 06MZ552 
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Fig. 1: Selected experimental information on the nuclei atthe onset of deformation near A=100. 
The values of |ß| have been deduced from the lifetimes of the first-excited states. 
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As in the case of " S r the lowest-lying states can be understood as quasi-particle 

configurations while the levels above 1 MeV are presently investigated in terms of particle-core 

coupling calculations 4). It is interesting to note that an isomer at 3523 keV with a half-life 

of 144 ms exists 5) which probably has [*9д/2» ^ц/г* 9 7 / 2 ^ quasiparticle character. Hence, 

it is concluded that this nucleus shows single-particle nature even at high excitation energies. 
9(*Y: The experimental knowledge about the properties of the low-lying levels is especially 

extended for this isotope. Hence, calculations in terms of IBFFM could be performed 3) which 

provide a good interpretation of all known levels as being based on proton-neutron quasiparticle 
94 

configurations including some coupling to the Sr core. 
9 8Zr 

: The high-lying first excited states indicate the effect of shell closures both for protons • g p 
and neutrons [dg^ + The decay properties of the levels have led to a grouping into 

bands based on the ground and the first excited states 6). The fact that the oj level is 

strongly populated in the (d,®Li) reaction is interpreted as evidence for strong proton-pair 

neutron-pair correlations. The band which has been attributed to the level exhibits a vibra-

tional behaviour. (Here it should be mentioned that the 4 + and 6 + spin- and parity assignments 

for the levels at 1843 and 2491 keV, respectively, in this band are at variance with results of 

recent y- y angular correlation studies 7) at the fission-product separator JOSEF. 
9?Zr: This nucleus has the highest lying first excited state of all the odd-mass nuclei in this 

region in accordance with the fact that it has just one valence neutron beyond the doubly sub-

magic 9®Zr. The single-particle nature of the lo-

ht̂ - west levels has been tested in nuclear reaction 

studies 8) and through a'measurement of the 

g factor of the 1264 keV level 9). 90-n- -

Nb: The low-energy spectrum contains proton-

quasiparticle states 10). At energies around 500 

keV core-coupled states may come into play 11). 
d3'2 9 % b : The properties of this isotope are deter-
97/2 mined by a valence proton and a valence neutron 

beyond 9 6Zr 12). 

Ü 2 — ; g g /t *ввМо: The structure has been reproduced in IBA 

calculations 13) where configuration mixing 
(N =1 and N =3) has been taken into considéra-

it ir ' ti on. The ground state is a mixture of about 60% 

of the "spherical" configuration (N =1) and 40% 
* + 

of the collective one (N^=3), while the 0| level 
is orthogonal. The decay properties indicate 14) 

the band structure outlined in Fig. 1. 
99Mo: The low-lying states are also here inter-

2.27 

1.40 
1.26 

V ' S1/2 

preted as single neutron configurations 15). 

-0.69 

-0.89 

28 150 

p3/2~ Hence, the available knowledge on the levels 

'5.- -0.95 . shows that the nuclei with N<58 can well be de-

scribed in terms of the spherical shell model. In 

the special case of this is true even for 

high-lying states which indicates that the sub-

shell closures in this region are remarkably protons neutrons ... . • T ,.,98, 
efficient. In other cases like Zr collective 

Fig. 2: Single part ic le levels near 96Y , 
(energies 1n MeV) 



2374 

structures seem to exist at higher excitation energies 6) although it is still to be studied to 
which extent these structures are connected with static deformations. 

3. Rotational structures in the isotones with N>60. 

Bands with rotational level-energy sequences have been observed in several nuclei with N >60. 

Information on the size of the deformation has been obtained in some cases through the 

determination of the lifetimes of the band members by B"-Y and Y-Y delayed coincidence 

measurements and of the isotope shifts by laser spectroscopy 16). Fig. 1 shows the lowest-lying 

ones of the observed bands. 
9 % r : A rotational ground-state band exists in this nucleus. The half-life 17) of the 2| level 

of 2.7 ns shows that the 2j + transition is very collective (B(E2) = 98 single particle 

units). Under the assumption that the classical relationship between B(E2) and the deformation 

parameter ß is valid, a value of |ß|=0.39 results where the prolate shape is most probable. 

This value is remarkably large in view of the fact that the close neighbour ^ Y shows no 

evidence for any deformed structures and that an extremely low-lying 0 + state exists 18) which 

indicates configuration mixing. According to configuration-mixing calculations 19), this 

state belongs to a nuclear shape which is different from the one of the ground state. The best 

fit to the available data is found with ß(O^) = -0.2. 

"sr: A ground-state band is observed which has the pattern of a symmetric rotor 20,21). Only a 

few members of this band could be studied since these levels can be reached exclusively through 
QQ 

the ß decay of Rb. No determination of the size of the deformation has been published as yet. 

" Y : The knowledge about rotational bands is unusually rich for this nucleus. Eight members of 

the ground-state band could be identified in the study of the y radiation from an 8.7ps isomer 

with high spin. Several side bands have been observed which provide key information for the 

determination of the Nilsson parameters for this new region of deformed nuclei 22-24). The size 

of the deformation has not yet been determined. But the properties of the bands and, in 

particular, the probable Nilsson configurations of the band heads indicate a prolate deformation 

of a similar size as in the neighbours. It is interesting to note that basically all observed 

levels have been assigned to bands. Thus there is no evidence known for a coexistence in this 

isotope in contrast to the situation in both even-even N=60 neighbours 9®Sr and 
1 0 0 Y : A band based on the 11 keV level has been identified 25) which is characterized by a 

moment of inertia of about 90% of the rigid-rotor value - a result which is typical for the odd-

odd nuclei of the A ~ 100 region. 

leQzr: A rotational ground-state band coexists with a low-lying state. There is a striking 

similarity between 1 0 0 Z r and 9 8Sr with the exception that the state in 1 0 0 Z r may belong to a 

spherical structure 19). 

•^Zr: The existence of a ground-state deformation is well established 20,26). The knowledge on 

higher-lying levels is still scarce and it cannot be said whether different shapes coexist. 

and ^ N b : In both cases the energy sequences of the low-lying levels indicate deformation 
the size of which still has to be determined. 

The lifetime of the 2^ level shows that the 2j + 0j transition is collective but the 

energies of the levels (E4+/E2+ = 2.52) do not correspond to those of the band for a good rotor. 

Similar to the case of this nucleus is well described through the IBA calculations 13) 

with coexisting N =1 and N =3 configurations, 
i m " " in? l u JMo: In contrast to the situation in iu<-Mo, a rotational ground-state band has been identified 

27). In spite of the fact that only a few members could be observed in the study of 
103 

the Y radiation accompanying the ß decay of the ground-state of Nb with the probable spin 

and parity 5/2 +, the band characterizes 1 0 3Mo as a good rotor 27). 
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i n? 
Thus all the nuclei with N=60 (except maybe for Mo) shown in Fig. 1 are probably strongly 

deformed in their ground states with prolate (and symmetric?) shapes. (It should be mentioned 

that evidence for deformations has also been observed for N>60 nuclei with smaller and larger Z 

than discussed here.) An interesting fact is that the odd-mass nuclei seem to be "better" rotors 

than their even-even neighbours as can be concluded from the comparison between 9 9 Y and 9 8 S r , 
1 0 0 Z r and between 1 0 3Mo and 1 0 2 M o . A second remarkable fact is that according to the present 

knowledge the deformation of 9 8Sr is at least as large as the one 28) of 1 0 0 S r which is 

considered to bé one of the best rotors of the A ~ 100 region (E4+/E2+ = 3.23). 

4. The structure of the N=59 nuclei. 

The comparison between the properties of the isotopes with N<58 outlined in section 2 with those 

that have N>60 (section 3) shows that really an unusually drastic transition occurs for the iso-

topic chains with Z < 42. This is particularly obvious for Y and Sr: 9 7 Y has single-particle 
qq 

nature even at high excitation energies while Y shows all properties of a symmetric rotor, and 
QC 

^"Sr has a vibrational level pattern while the deformation has already gained its full size at 
9 8Sr. In fact, the deformation decreases rather than increases from 9 8Sr to * 0 0Sr 17). 

Thus the "transitional region" at A ~ 100 is basically confined to the N=59 nuclei for which 

therefore either softness with respect to shape changes or shape coexistence would be expected. 

And, indeed, there is strong evidence for shape coexistence. 

9 8Y: The best example is 9 8 Y 29) where a band of levels with a rotational energy sequence built 

upon the 496 keV level has already been discovered at the same time when information on ground-

state bands in the even-even nuclei was found. This band is very regular with very little 
98 

staggering and indicates a well pronounced deformation of Y in this excited state. 

In contrast, the levels below the 496 keV state show no rotational pattern. Recent studies 30) 

of the absolute т-ray intensities in the A=98 ß" decay chain suggest that the ground state of 
9 8Y has negative parity (in contrast 29) to earlier conclusions); the spin is probably 0 or 1. 

These configurations can be reproduced well with the available shell model orbitals 

(e.g. Щ>ц2 a n d ^¡/г'- s t r e n9 t* 1 °f the ß" decay is interpreted as evidénce for the single 

particle character of the ground state of 9 8 Y . Moreover, if a rotational band with a similar 

deformation as the one of the 496 keV level would be built on the ground state, then some 

feeding from the higher spin members of the known band above 496 keV would be expected. 

qo 
Thus it is probable that Y is spherical (or only weakly deformed) in its ground state. The un-

usually many isomeric states also point to shape coexistence in this nucleus since part of them 

can hardly be due to large differences of the spins of the involved levels 29). Additional rota-98 

tional structures may well exist in Y, and the 600 and 666 keV levels are candidates for being 

the first two members of an additional band: The у transition between the 666 and 600 keV levels 

seems to contain a highly collective E2 component with B(E2) > 100 single particle units (de-

duced from ÖL. (66 keV) = 1.5(7) and t , / 0 ( 6 6 6 keV level) < 0.8 ns). The 600 keV level is strongly 98 

fed (logft= 4.4) through the ß" decay of the deformed ground state of Sr. The results of the 

RPA calculations with the code of 31) predict strongly fed deformed 1 + levels 'at about 600 keV 

excitation energy. It is interesting to note that the energy difference of the discussed levels 

is the same as in the rotational bands of the odd-odd neighbours like and 1 0^Nb 32). 
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9 7Sr and 9 9Zr: The isotones 9 7Sr and 9 9Zr seem to be very similar nuclei 33,34) - in analogy to 

qo inn 
the properties of the neighbours J OSr and i u u Z r . Recently, it has been shown 2,16) that Q7 ~ 
properties of the ground-state of J'Sr are compatible with its interpretation as the s,,, level. 

97 
Hence it is reasonable to assume that the lowest levels of " S r have quasiparticle nature. The 

isomer at 307 keV may well be based on the g c o n f i g u r a t i o n . It is then remarkable how 

strongly the s, ,, - g 7 / , gap has decreased with respect to the situation in
 9 7Zr. This trend can 97 94 

already be observed in a comparison of J'Zr and Sr, cf. section 2. It cannot be said whether 

the 167 keV level has <Ty 2 character since the position of this quasiparticle state at A ~ 100 

is still unclear 3). 

qq 

The nature of the ground state of Zr has not been determined experimentally. But the 

similarity with 9 7Sr renders the assumption of I"=l/2+ reasonable. This has been the original 

suggestion which has later been revised 35) to 3/2+ from the analogy to heavier odd-mass N=59 99 
isotones. In any case, the lowest levels of Zr do not form a rotational band as the energies 

of the first and second excited state might suggest. The half-life of the 252 keV level rules 

out its interpretation as a band member. On the other hand, if the 121 keV level would belong to 

a ground-state band then further members should have been observed in the study of the ß - decay 

of the 5/2+ ground state of 9 9 Y . 

99 
Candidates for being members a rotational band in Zr are the 614 and 667 keV levels (in close 

analogy to 9 8Y). It is now known that the 667 keV level has a half-life 36) of 8.7(5) ns. The 

conversion coefficient of the 53 keV transition between the two levels has been determined to 

0^=2.0(7). Thus this transition must have an enhanced E2 component with B(E2) ~ 200(100) spu. A 

similar pair of states with possibly an enhanced E2 transition between them are the 645 and 714 

keV levels in 9 7Sr. Hence although there is no definite proof, it is probable that there are co-
97 99 

existing shapes in J'Sr and Nb. 

leONb: The available data are too scarce to draw any conclusions on the structure. It is 

remarkable that two completely independent sets of levels have been observed 37) in the study of 

the ß" decay of (right-hand side of the scheme of this nucleus in Fig. 1) and in the 

depopulation of a ps isomer in One of these sets is expected to be built upon the ground 

state (probably the one from the ß" decay) while the other may be based on the 3-s isomer in 
1 0 0Nb. 

The level structure, transfer data and the transition probabilities have well been 

reproduced through IBFM/PTQM calculations where ^ M o has been taken as a transitional core 4). 

Similar calculations have successfully been applied to the heavier odd-mass N=59 isotones 1 0 3Ru 

and 1 0 5Pd 38,39). 

In conclusion, it can be stated that the rapid transition into the new region of deformed nuclei 

at A ~ 100 brings about a very attractive class of N=59 nuclei. There is strong evidence for 

shape coexistence in 9 8 Y , whereas there is no hint at a particular softness with respect to 

deformations. For 9 7Sr and 9 9Zr there are indications of a similar structure but more detailed 

studies, in particular on level lifetimes, are needed to check the conjectures on the rotational 

patterns above 600 keV. The N=59 isotones with higher Z seem to have a more classical 

transitional nature in accordance with the fact that the shape transition is less sudden in the 

Mo chain and beyond than in the lighter, elements. For calculations of the energy balance in the 

fission process it can be assumed that the nuclei with N>58 will be produced in a deformed shape 

while those with N<58 might prefer spherical configurations even at high excitation energies 

(e.g. 9 7Y). It would be of interest to search for evidence of the rapid structure transition at 

N=59 in the kinetik-energy vs mass distribution in fission. 
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CHAOS AND ORDER IN ATOMIC NUCLEI 

I. Rotter 

Zentralinstitut für Kernforschung Rossendorf, Dresden, 8051, GDR 

Abstract 

The transition from the resonance reaction mechanism at low level density to the direct reac-

tion mechanism at high level density is investigated by means of numerical results obtained 

from microscopic calculations for nucleón induced reactions. The transition takes place rather 

sharply at f =• D. Here, two types of motion of the nucléons exist simultaneously: a motion in 

long-living states which are near equilibrium and a motion in short-living states which are 

far from equilibrium. A formation of new order far from equlibrium takes place only in the 

open quantum mechanical nuclear system. It is caused by the quantum fluctuations via the con-

tinuum. 

1. Introduction 

The formation oí order out of chaos is one of the most interesting problems in present time"'". 

Although it is a general problem it should be discussed carefully in some special cases which 

are proved experimentally in detail. Such a case might be the atomic nucleus the properties 

of which are investigated for more than fifty years. 

The nucleus is a physical system consisting of particles which are all of the same type. They 

move in an average central field which is created by the particles themselves. Every nucleus 

appears in different states which can be excited and investigated by means of different nu-

clear reactions. Two types of nuclear reactions induced by, e.g., low-energy nucléons are very 

well known for a long time: the fast direct reaction process and the slow resonance reaction 

process. While in the first case, information on the. target nucleus can be obtaiaed, the res-

onance process contains information on the compound nucleus. For both processes, mathematical 

methods are worked out the results of which are in good agreement with the experimental data. 

Although the methods used in both cases are completely different from each other, a regular 

motion of the nucléons inside the nucleus is proposed in both cases. Nevertheless, nuclear 
2 3 

physicists hold often the idea that nucléons in nuclei move chaotically ' . 

It is the aim of the present paper to discuss this problem on the basis of numerical results 

obtained from microscopic calculations. 

2. Bound and isolated nuclear states . 

The basis of the microscopic nuclear structure calculations is the shell model in which a 

regular motion of the nucléons is assumed to take place in a conservative field of force. The 

basic equation is the Schrödinger equation in a function space (Q space) in which all nucléons 

occupy bound and quasibound single-particle states, 

<HQQ * ERM><f>RM » 0 (1) 

with the Hamilton operator 

H = H Q + V (2) 

and Hqq = QHQ. Here, Q is the projection operator onto the Q space which is the total func-

tion space in nuclear structure calculations (Q = 1). The wavefunctions of the many-particle 

nuclear states are identified with the eigenf unctions ф ^ while the real eigenvalues Ejj^ are 

assumed to be the energies of the states. The Hamilton operator is proposed to be Hermitean 

since the system is considered to be enclosed fully into the Q space. Collective effects ad-

ditionally to the creation of the average field are enclosed in the residual interaction V^q. 
The wavefunctions 
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Ф н ' - L *Ri<f i О ) 

are mixed in the basic wavefunctions , the energies Ej^ are real. 

The results of the microscopic nuclear structure calculations describe successfully the low-
lying bound nuclear states as well as the states at higher excitation energy which are iso-
lated due to their small decay widths or (and) their large distance from other states with 
the same spin and parity. The results of the nuclear structure calculations represent the 
real nuclear theory proved by many experimental data, sometimes in a "revolutionary" manner4 

as, e.g., by the discovery of isobaric analogue resonances and of Gamow-Teller resonances. It 
must be concluded, therefore, that the nucléons move inside the nucleus with some regularity 
which is, obviously, dictated by the Pauli exclusion principle. The main cooperative effect 
is the formation of the central potential. 

It is, however, very well known that the wavefunctions ф р ^ of the nuclear structure calcula-
tions do not have the true asymptotic behaviour and that the finite lifetime of the nuclear 
states cannot be calculated within the model. The point is that the nucleus is treated as a 
closed system (Q = 1) in nuclear structure calculations although most of the nuclear states 
can decay by particle emission since they lie above particle decay thresholds. The system, 
included in the Q space, is, in reality, coupled to the continuum (P space) and must be 
treated as an open system: The nuclear states are "quasibound states embedded in the con-
tinuum" (QBSEC)5: 

Recently, a method has been worked out^'^ for treating the nucleus as an open quantum me-
chanical system. The basic Schrödinger equation H tp = E LjJ is linear in the whole P + Q func-
tion space (P + Q = 1), but nonlinear for the system confined in the Q space: 

(HQQ - = - H
Qplf ( 4 a ) 

or5'6 

<HQQ * E) Ф IT*" HQP 4 + ) H P Q 4 R M <*b> 
As a consequence, correction terms to the Hamilton operator 

HQQ f = HQQ + HQP G P + ) HPQ ( 3 ) 

as well as to the wavefunction 

J2 r = d • g£+) hpo) ф_ (6) • R P "РСГ 

appear by which the coupling of the Q subspace to the P subspace is taken into account. The 
wavefunctions 

Ф к = Z bRR1 4 R' (7) 
R' 

SM are expanded in terms of the shell model wavefunctions ф R . The wavefunction has the true 
asymptotic behaviour^'^. The Hamilton operator Hgg^ is non-Hermitean. Its eigenvalues are com-
plex, 

HQQ f Ф й = (ER " 7 r R ) ? R (8) 

describing the positions ER as well as the widths f R of the nuclear states. The widths 
are inverse proportional to the lifetimes TR of the resonance states. 

It has been shown^'^ on the basis of this model that the spectroscopic properties of the dif-
ferent nuclear states can be described by the standard nuclear structure methods to a good ap-
proximation as long as the nuclear states are either bound or well isolated. In such a case, 
the additional forces via the continuum (feedback), which appear in the open system, are 
small. As a consequence, the nuclear states may be considered as conservative structures, to 
a good approximation. The coefficients b R R, in the expansion (7) fulfill approximately the 
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c o n d i t i o n b p p , S pjpt. The energy shifts Ej^ - Ep are small but n o n v a n i s h i n g even for bound 

s t a t e s . The finite lifetime T „ of the resonan c e states follows immediately from the non-
e f f 

H e r m i t e a n part Hqq - Hqq of the Hamilton o p e r a t o r . 

The e q u a t i o n s of the open quantum m e c h a n i c a l nuclear system in the Q space are n o n l i n e a r , 2 
e q s . (4). F u r t h e r , strong c o o p e r a t i v e e f f e c t s are known for a long time to exist in the nu-

clear s y s t e m . S e l f - o r g a n i s a t i o n is expected t h e r e f o r e , from a m a t h e m a t i c a l point of v i e w , to 

take place in the nuclear s y s t e m . 

The regular motion of the n u c l é o n s supposed in all nuclear s t r u c t u r e c a l c u l a t i o n s can b e , in-
• 

d e e d , understood as a c o n s e q u e n c e of the strong c o o p e r a t i v e e f f e c t s existing between the 

individual n u c l é o n s . The f o r m a t i o n of the common potential H Q by the nucléons themselves is 

a genuine c o o p e r a t i v e e f f e c t . The residual interaction between the nucléons is relatively 

s m a l l . The d i f f e r e n t m a n y - p a r t i c l e states of a nucleus differ by the d i f f e r e n t occupation of 

the s i n g l e - p a r t i c l e states with nucléons in the common p o t e n t i a l . Only in the ground s t a t e , 

all the n u c l é o n s occupy the lowest s i n g l e - p a r t i c l e s t a t e s . In the excited s t a t e s , some of the 

n u c l é o n s occupy h i g h e r - l y i n g s i n g l e - p a r t i c l e s t a t e s , which are still b o u n d , by leaving holes 

in the low s i n g l e - p a r t i c l e s t a t e s . If these states of the m a n y - p a r t i c l e system lie above par-

ticle decay t h r e s h o l d s , they have a finite lifetime against d e c a y . i n t o the open c h a n n e l s . 

T h u s , the regular motion of the n u c l é o n s in bound and isolated nuclear states is not in con-

t r a d i c t i o n to the existence of strong c o o p e r a t i v e effects between the n u c l é o n s , as proposed 
2 

in r e f . , but is caused by t h e m . The d e s c r i p t i o n of the nuclear s t r u c t u r e by restricting to 

the Q space is a good a p p r o x i m a t i o n a c c o r d i n g to the slaving p r i n c i p l e which is u n i v e r s a l in q 
s y n e r g e t i c s . F u r t h e r , the d i f f e r e n t nuclear states should be c o n s i d e r e d as d i s s i p a t i v e struc-

tures formed by s e l f - o r g a n i s a t i o n far from e q u i l i b r i u m in a c c o r d a n c e with the definition of 

d i s s i p a t i v e s t r u c t u r e s in open systems"'" ' ̂  . 

3. C a l c u l a t i o n s for isolated and o v e r l a p p i n g resonance states 

In contrast to the s u c c e s s of nuclear structu r e c a l c u l a t i o n s at low level d e n s i t y , the experi-

mental results at higher level density are not described s a t i s f a c t o r i l y . They raise a 

number of q u e s t i o n s which are on the interface of reaction theory and nuclear s t r u c t u r e and 

force us to rethink our a s s u m p t i o n s in dealing with nuclear reactions on serveral p o i n t s . 

In standard nuclear reaction t h e o r y , the motion of the nucléons is assumed to be a chaotic 

o n e ^ . The nuclear states are proposed to be s t a t i s t i c a l l y independent although this assump-

tion could not be proven e x p e r i m e n t a l l y , e . g . , and all the nuclear s t r u c t u r e studies point 

to strong c o o p e r a t i v e e f f e c t s . The existence of the c e n t r a l p o t e n t i a l r e p r e s e n t s the basis 

not only of all nuclear structure studies but also of the standard nuclear reaction theories 

since the proposed s t a t i s t i c a l i n d e p e n d e n c e of the nuclear states makes sense only if nuclear 

states in a c e n t r a l p o t e n t i a l e x i s t . 

In order to clarify this p r o b l e m , m i c r o s c o p i c c a l c u l a t i o n s in an open nuclear system have 

been p e r f o r m e d in d e p e n d e n c e on the degree of coupling between the system (Q s u b s p a c e ) and 

the e n v i r o n m e n t (P s u b s p a c e ) . The method used is the Rossendorf c o n t i n u u m shell model (CSM) 

sketched by eqs. (1) to (8), for details see r e f s 5 ' ^ . The degree of coupling between the two 

s u b s p a c e s has been varied by h a n d . The c a l c u l a t i o n s are p e r f o r m e d in the following m a n n e r . 

(i) The shell model problem (1) is solved for the compound nucleus ^ 0 with basic w a v e f u n c -

tions Lf> i out of the c o n f i g u r a t i o n space ( IP3/2 > ̂ P1/2 ̂  2 ̂  ̂ s l / 2 ' ̂ 5 / 2 ^ a n c ' 

( i s i / 2 ( l p 3 / 2 ' 1P1 /2 ' ' T h e 7 6 states with J = 1~ (mixed i s o s p i n ) are 

mixed in the basic states e q . (3), six of which are of ( l p - l h ) type and the remain-

ing ones are of (2p-2h) t y p e . The p o t e n t i a l used is of W o o d s - S a x o n type with standard 

12 
p a r a m e t e r s 

(ii) The shell model problem (1) is solved for the residual nuclei ^ N a n d ^ O within the 

c o n f i g u r a t i o n space СIP3/2^ a n c l 1/2^ ^ using the same p a r a m e t e r s as for 1 6 0 . . 
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(iii) The Schrödinger equation (8) with the non-Hermitean operator (5) is solved in an energy 

region where the d ^ ^ single-particle resonance is not important, with 29 or 30 out of 

the 76 resonance states which are used as basic states in the coupled channel calcula-

tions (8). The 29 resonance states have small components of the basic lp-lh configura-

tions. In some calculations, another resonance state has been added to the 29 ones 

with the main component C ^ = (IP3/2) ^ ^ 5 / 2 ' e i * h e r T = 0 or T = 1. The number of 

channels taken into account in the calculations is 1 (corresponding to the ground 

state 1/2" of ^ N ) , 2 (corresponding to the two states 1/2" and 3/2" of 1 5 N ) or 4 (cor-

responding to the two states 1/2" and 3/2 in both nuclei ^ N and ^О). 

In figs. 1 and 2, the dependence of the inelastic cross section and of the widths on the 

degree of overlapping <Г/ ,/<1У> of the resonance states (where = is the mean width 

a n d < D ) ' = 0 the mean distance) is shown. The overlapping has been varied by solving eq. (8) 
SM 1 SM 

with input values E n obtained as solutions of eq. (1) as well as with other values E D 

SM changed by hand in such a manner that the differences A E„ between the energies of the dif-
SM 

ferent shell model states are reduced. The wavefunctions Cp ^ of the shell model states used 

as input in eq. (8) thereby remain unchanged. Such a procedure to vary the degree of overlapping 

is justified because the eigenf unctions (j)R and eigenvalues E R - -^íof the operator (5) depend 

only weakly on energy. The parameters of the Woods-Saxon potential and of the residual inter-

action remain unchanged in this procedure (for details see ref . ). 

tf[mb] 

30 

20 

10 

20 

10 

t 
20 

10 

31 

15n(P,P')15N3,2- <r>/<D> = 16 

зао 33.1 

<Г>/<D> = 4 

34 35 

<r>/<D> =0.2 

f[keV] 

300 

200 

100 

0 
300 

200 

300 

200 

o 4 i 

Fig. 1 

The inelastic cross seotion ^ N ( p , p ' ) in depend-
ence on the degree of overlapping < 0 / <. D У . The 
calculation has been performed with two channels 
and with 30 resonance states, 29 of which have 
dominant 2p-2h nuclear structure (corresponding 
to Fig. 1 in ref.^3) and 1 state has dominant 
lp-lh nuclear structure and T = 1. 

In Fig. 3, the dependence of X . Го o n 'the degree — - тг=1 K 
of overlapping f / D of the resonance states is shown, 

The sum runs over those m resonance states the widths 

<̂>/<b> = 16 

330 
•42 

33.1 .''3 
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ll • |li L 
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[MeVj 25 

Fig. 2 

The widths Г r of the individual 
resonance states R in dependence on 
the degree of overlapping < f > / < D > . 
The calculation has been performed 
with two channels and with the same 
30 resonance states as in Fig. 1. 

of which are the largest ones, i.e. 

f; ̂  С çz... It holds 
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F i g . 3 

The sum of the two and 
t h r e e , r e s p . , l a r g e s t 
w i d t h s and the sum of the 
r e m a i n i n g w i d t h s for t h e 
30 r e s o n a n c e s t a t e s s h o w n 
in F i g s . 1 and 2 and for 
the 29 r e s o n a n c e s t a t e s 
s h o w n in F i g s . 1 and 2 of 
r e f . i n d e p e n d e n c e o n 

the d e g r e e of o v e r l a p p i n g 
/0. 

N _ N 
Z rR - z r (9) R = 1 

w h e r e Г 

R = 1 

are the w i d t h s 

of t h e r e s o n a n c e s t a t e s R 

by t a k i n g into a c c o u o t 

the e x t e r n a l m i x i n g 

( e i g e n v a l u e s of H 

c o r d i n g e q . ( 8 ) ) and P R are t h e i r w i d t h s c a l c u l a t e d by n e g l e c t i n g the e x t e r n a l m i x i n g 

( d i a g o n a l m a t r i x e l e m e n t s of H g g ^ ) . Due to the c o n d i t i o n (9) it f o l l o w s 

eff 

QQ 

L г 
R = 1 

= c o n s t ( 1 0 ) 

and 

Z Г, 
R = m + 1 

= c o n s t rF 
R = 1 

( 1 1 ) 

at a c e r t a i n e x c i t a t i o n e n e r g y E w h e r e N is the t o t a l n u m b e r of r e s o n a n c e s . The w i d t h s s h o w n 

in F i g . 3 are c a l c u l a t e d at the p o s i t i o n s E R of the r e s o n a n c e s t a t e s . 

The d e g r e e of o v e r l a p p i n g I /D of the r e s o n a n c e s c o r r e s p o n d s to the s t r e n g t h of e x t e r n a l 

m i x i n g , i n v o l v e d in e q s . (7) and ( 8 ) , w h i c h is g i v e n by the n o n - d i a g o n a l 1 m a t r i x e l e m e n t s 

<Ф SM R 
H eff QQ H qpI4> ¡^> = < Ф П н д Р G< + ) H PQ 1Ф 

SM v 

R ' / 
(12) 

The m o r e the r e s o n a n c e s o v e r l a p , the l a r g e r a r e the m a t r i x e l e m e n t s ( 1 2 ) . The r e s u l t s s h o w n 

in f i g s . 1 to 3 i l l u s t r a t e t h e r e f o r e the b e h a v i o u r of t h e n u c l e a r s y s t e m in d e p e n d e n c e on t h e 

d e g r e e of e x t e r n a l m i x i n g of the r e s o n a n c e s t a t e s via the c o n t i n u u m . 

4 . The t r a n s i t i o n from i s o l a t e d to o v e r l a p p i n g r e s o n a n c e s t a t e s 

The e i g e n f u n c t i o n s cj> of H q q , e q . ( 3 ) , as w e l l as the e i g e n f u n c t i o n s ф R of eq. (7), 

a r e the m o r e m i x e d in the c o r r e s p o n d i n g b a s i c f u n c t i o n s ^ and ф R
M the s t r o n g e r the r e s i d -

u a l i n t e r a c t i o n V is in the f i r s t c a s e and the n o n - d i a g o n a l m a t r i x e l e m e n t s ( 1 2 ) at f i x e d re-

s i d u a l i n t e r a c t i o n V in the s e c o n d c a s e . S t r o n g i n t e r n a l m i x i n g c o r r e s p o n d s to l a r g e c o e f f i -

c i e n t s w i t h R / i in the e x p a n s i o n (3) in the same m a n n e r as s t r o n g e x t e r n a l m i x i n g l e a d s 

to l a r g e c o e f f i c i e n t s , w i t h R / R ' in the e x p a n s i o n ( 7 ) . The coefficients are real while 

the coefficients are complex since the operator Hgg is Hermitean and the operator (5) is non-Hermitean. 

The b a s i c w a v e f u n c t i o n s ук of the s h e l l m o d e l p r o b l e m ( 1 ) d e s c r i b e a r e g u l a r m o t i o n of the 

n u c l é o n s in the c e n t r a l p o t e n t i a l w h i c h is d i c t a t e d by the P a u l i p r i n c i p l e . If the e i g e n f u n c -

t i o n s cj) a r e m i x e d s t r o n g l y in the cp ̂ , i . e . no m a i n c o m p o n e n t in the e x p a n s i o n ( 3 ) can be 

f o u n d , t h e n the m o t i o n of the n u c l é o n s is u s u a l l y c o n s i d e r e d to be a c h a o t i c o n e . A n o t h e r 

r e p r e s e n t a t i o n , e . g . by t a k i n g into a c c o u n t the c o l l e c t i v e a s p e c t s in the i n t e r p l a y b e t w e e n 
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the c o n s t i t u e n t p a r t i c l e s from the very b e g i n n i n g , is more adequate in this c a s e . This fact 

is very well known from the numerous nuclear s t r u c t u r e c a l c u l a t i o n s for heavy n u c l e i . 

The motion of the n u c l é o n s in the n u c l e u s cannot be c h a r a c t e r i z e d by a simple 

time d e p e n d e n t d e s c r i p t i o n as in the c l a s s i c a l c a s e . The concept chaos used here is there-

fore more c o m p l i c a t e d than that used for c l a s s i c a l s y s t e m s . In the m o d e l , applied in this 

p a p e r , time is not fixed and the motion cannot be c h a r a c t e r i z e d by its time b e h a v i o u r . All 

the d y n a m i c s involved in the model is caused by the finite lifetime of the resonance states 

c a l c u l a t e d from the e n e r g i e s by means of the u n c e r t a i n t y relation between energy and time. 

According to the energy r e p r e s e n t a t i o n used in the model the quantum chaos is defined in this 

paper by means of the s p e c t r o s c o p i c p r o p e r t i e s of the A nucleón system: the quantum chaos 

is c h a r a c t e r i z e d by a strong mixing of the w a v e f u n c t i o n s ( e i g e n f u n c t i o n s ) of the A nucleón 

system in the basic w a v e f u n c t i o n s as well as by an information loss on its s p e c t r o s c o p i c 

p r o p e r t i e s . The m i x i n g of the e i g e n f u n c t i o n s is model dependent: a strong mixing in relation 

to a certain basis may often be t r a n s f o r m e d into a small mixing in relation to another b a s i s , 

e . g . by c h o o s i n g another shape of the central p o t e n t i a l . T h e r e f o r e , it is n e c e s s a r y to con-

sider also the i n f o r m a t i o n a s p e c t . As long as s p e c t r o s c o p i c information on the A nucleón 

system can be o b t a i n e d from the e x p e r i m e n t a l data (e.g. from the reaction or scattering cross 

s e c t i o n s ) , the m o t i o n of all A n u c l é o n s should be considered as a regular o n e . O t h e r w i s e , it 

is c h a o t i c and the d i f f e r e n t nuclear states manifest t h e m s e l v e s in the cross section not by 

isolated r e s o n a n c e s but by f l u c t u a t i o n s around an average v a l u e . The widths of the r e s o n a n ce 

states a r e , in such a c a s e , small with small d i f f e r e n c e s in absolute v a l u e . This i n f o r m a t i o n 

aspect in c o n n e c t i o n with the chaos will be d i s c u s s e d in the following on the basis of 

n u m e r i c a l r e s u l t s o b t a i n e d (figs. 1 to 3). 

It is worth m e n t i o n i n g that a d e f i n i t i o n of the quantum chaos from a s p e c t r o s c o p i c point of 

view is used also in problems of atomic physics and quantum c h e m i s t r y . 

In a closed s y s t e m , a chaotic motion of the nucléons (from the one-body point of v i e w ) cor-

responds to the formation of an e q u l i b r i u m state: the d i f f e r e n t basic states are excited 

with a p r o b a b i l i t y which is about the same for all and the lifetime of the nuclear state 

is infinite by d e f i n i t i o n . An e q u i l i b r i u m state of the system will be reached .therefore if 

the system is closed and if the r e s i d u a l interaction is not too s m a l l . 

In the open s y s t e m , the external mixing creates also an excitation of the basic states (j) 

Ф5М ^ K 

R if the e x t e r n a l mixing is not too s m a l l . But in 

c o n t r a s t to a closed s y s t e m , the open system has to organise itself in such a manner that the 

l i f e t i m e of the states reached is as long as p o s s i b l e . O t h e r w i s e , the state reached cannot be 

c o n s i d e r e d as an e q u i l i b r i u m s t a t e . 

The r e s u l t s shown in f i g . 3 i l l u s t r a t e this behaviour of the open nuclear s y s t e m . Instead of 

the lifetime of the resonance s t a t e s , their widths are c o n s i d e r e d . As long a^s the r e s o n a n ce 

states do not o v e r l a p , it holds b R R , « = The motion of the nucléons in the e i g e n s t a t e s 

of H p p f is t h e r e f o r e of the same r e g u l a r i t y as in the c o r r e s p o n d i n g e i g e n s t a t e s of H g g . As 

soon as the r e s o n a n c e states begin to o v e r l a p , the system tends to reach an e q u i l i b r i u m state 

by m e a n s of the e x t e r n a l mixing: The expansion (7) contains many terms the we'ights b R R , of 

which are of a l m o s t the same m a g n i t u d e . A d d i t i o n a l l y , the widths of most r e s o n a n c e states are 

r e d u c e d , i . e . their lifetimes are e n l a r g e d . This r e d u c t i o n of the widths m u s t , h o w e v e r , be 

c o m p e n s a t e d in the open system due to the condition (10). The n u m e r i c a l r e s u l t s show that 

the c o m p e n s a t i o n takes place by an e n l a r g e m e n t of the widths of a small number of s t a t e s . The 

stronger the e x t e r n a l m i x i n g , the larger is the d i f f e r e n c e between the w i d t h s of the many 

lo'.g-living s t a t e s and those of the few s h o r t - l i v i n g s t a t e s . The r e d i s t r i b u t i o n of the widths 

starts rather suddenly at Г » D. 

The matrix e l e m e n t s 1 H| ^ ^ /> of the operator Hq P between the wavef u n c t i o n s (j) of 

the Q space and the scattering wavef unctions ^ ^ of the P space are involved in both expres-

sions the w i d t h |~"R as well as the excitation p r o b a b i l i t y of the r e s o n a n c e state R in nucleón 

induced r e a c t i o n s . A long lifetime T o , c o r r e s p o n d i n g to a small width P R , is c o r r e l a t e d 
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g 

t h e r e f o r e with a small e x c i t a t i o n p r o b a b i l i t y . C o n s e q u e n t l y , the e q u i l i b r i u m states with a -

long lifetime are excited with a small p r o b a b i l i t y in nucleón induced r e a c t i o n s . 

The few other states of the system which appear due to the c o n d i t i o n (10) in an open system 

together with the many " e q u i l i b r i u m " s t a t e s , are far from e q u i l i b r i u m . These states have a 

large w i d t h , c o r r e s p o n d i n g to a short l i f e t i m e , and will be excited in nucleón induced reac-

tions with a large p r o b a b i l i t y . They can theref o r e be simulated by s i n g l e - p a r t i c l e r e s o n a n c e s 

in relation to the target n u c l e u s , i.e. by changing the central p o t e n t i a l . In this represen-

t a t i o n , the s h o r t - l i v i n g resonance states c o n s i s t of one unbound nucleón in relative motion 

to the target n u c l e u s which consists of A - 1 bound n u c l é o n s . The motion of these A - 1 nu-. 

c l e o n s is a regular one in the central p o t e n t i a l created by the A - 1 n u c l é o n s t h e m s e l v e s . 

In an open system the e q u i l i b r i u m state with a chaotic motion of the n u c l é o n s c a n , t h e r e f o r e , 

not be reached i m m e d i a t e l y . On the way to the e q u i l i b r i u m , another state far from e q u i l i b r i u m 

appears which b e c o m e s soon the o v e r w h e l m i n g one due to its large and fast probability of ex-

c i t a t i o n . This state can be r e p r e s e n t e d b y a regular (and not c h a o t i c ) motion of all but one 

n u c l e ó n . 

The two e x t r e m e cases of reaction m e c h a n i s m at low and high level density are very well known 

in n u c l e a r reaction t h e o r y . While i n f o r m a t i o n on the nuclear s t r u c t u r e of the r e s o n a n c e s in 

the A n u c l e ó n system can be obtained at low level d e n s i t y , this information is lost at high 

level d e n s i t y . A c c o r d i n g to the cfiaotic motion of the n u c l é o n s , the resonance states can be 

seen at high level density as f l u c t u a t i o n s around an average value o n l y ^ ' ' ^ . This average 

value is d e t e r m i n e d by the fast direct p r o c e s s which contains the information on the environ-

ment (motion of a nucleón relative to the target n u c l e u s ) . The c o r r e l a t i o n between the system 

(Q s p a c e ) and the c o n t i n u u m (P s p a c e ) is so strong at high level density that the considera-

tion of the n u c l e u s as an open system (in the Q s p a c e ) looses its m e a n i n g . The p r o p e r t i e s of 

the system at high level density are d e t e r m i n e d mainly by the P space in which the motion of 

only A - 1 n u c l é o n s is a regular o n e . 

D 
It is worthy of note that i r r e v e r s i b i l i t y on a m i c r o s c o p i c level exists still at high level 

density in the long-living s t a t e s , but is hidden partly by the fast direct scattering p r o c e s s 

which is r e v e r s i b l e as a whole in the P + Q s p a c e . The scattering p r o c e s s is described by a 

H a m i l t o n operator which is H e r m i t e a n in the closed P + Q s p a c e . 

It can be seen from f i g . 3 (see also r e f . 1 6 ) that the transition from the resonant p r o c e s s to 

the direct one takes place at Г * D, i n d e p e n d e n t l y of the nuclear s t r u c t u r e of the r e s o n a n c e 

states and of the number of c h a n n e l s taken into account in the c a l c u l a t i o n . The addition of a 

r e s o n a n c e state with mainly lp-lh nuclear s t r u c t u r e and with isospin T = 0 or T = 1 does not 

change the final result d i s c u s s e d a b o v e . The re s o n a n c e state with mainly lp-lh nuclear struc-

ture can be identified in the cross section at low level density but not at high level den-

sity . The number of c h a n n e l s taken into account in the n u m e r i c a l c a l c u l a t i o n is c o r r e l a t e d 

with the number o f ' s h o r t - l i v i n g r e s o n a n c e states at high level density as it is to be expected 

from c a l c u l a t i o n s in a s c h e m a t i c model'''''. The general picture of the t r a n s i t i o n from one type 

of regular motion to another one is, h o w e v e r , i n d e p e n d e n t of the number of c h a n n e l s . It is, 

o b v i o u s l y , the s h a r p e r , the larger the c o n t i n u u m is, i.e. the larger the number of c h a n n e l s 

is ( r e f . 1 6 ) . 

5. Summary 

The transition from the resonance reaction mechanism at low level density to the direct reac-
tion mechanism at high level density has been investigated in this paper by means of numerical 
results obtained from microscopic calculations for nucleón induced reactions. In the resonance 
reaction mechanism, a compound nucleus is formed the properties of which can be described by 
standard nuclear structure calculations. The nucléons move in an average potential in a 
regular manner. The second part of the Hamilton operator (5) is small in comparison with the 
first part. In the direct reaction mechanism, the nucleón is scattered in the field of the 
target nucleus as a whole. All but one nucleón move in an average potential in a regular 
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m a n n e r . The second part of the Hamilton operator (5) plays an important r o l e . 

The n u m e r i c a l c a l c u l a t i o n s give the following results 

(i) The transition from resonant to direct reaction m e c h a n i s m takes place rather sharply at 

r ^ D . The .transition is the sharper the larger the continuum is, i.e. the more chan-

nels are taken into account in the c a l c u l a t i o n ( r e f . 1 6 ) . 

(ii) The second part of the Hamilton operator (5) creates both an information loss on the 

n u c l e a r structure of the compound n u c l e u s and an information gain on the nuclear struc-

ture of the open c h a n n e l s , i.e. on the nuclear s t r u c t u r e of the target and residual nu-

c l e i . 

(iii) At high level d e n s i t y , two types of motion of the nucléons exist s i m u l t a n e o u s l y : a 

m o t i o n in long-living states which are near e q u i l i b r i u m , and a motion in s h o r t - l i v i n g 

states which are far from e q u i l i b r i u m . The long-living states are excited in nucleón 

induced r e a c t i o n s with a small p r o b a b i l i t y while the s h o r t - l i v i n g ones are excited with 

a high p r o b a b i l i t y . F u r t h e r m o r e , the reaction via the s h o r t - l i v i n g states is very fast. 

Due to their large w i d t h s , these states overlap the long-living s t a t e s , and the nucleus 

b e h a v e s more or less as a w h o l e . 

(iv) From the point of view of the compound n u c l e u s , the nucléons move chaotically in long-

.living states at high level d e n s i t y . These states appear in the cross seetion as fluc-

tuations around an average v a l u e . 

(v) From the point of view of the target and r e s i d u a l n u c l e i , the motion of the nucléons 

at high level density of the c o m p o u n d n u c l e u s is represented by a regular motion of all 

but one nucleón in the average field of the target and residual n u c l e i , r e s p e c t i v e l y . i 
The a v e r a g e value of the cross section is determined by the scattering of a nucleón in 

the field of the target n u c l e u s as a w h o l e . 

(vi) The n u m e r i c a l results show that order out of chaos takes place only in the open quan-

tum m e o h a n i c a l nuclear s y s t e m . In a closed s y s t e m , there are no forces to i n t r o d u c e 

a new o r d e r . If the e q u i l i b r i u m state is reached in a closed s y s t e m , it can exist a 

long time w i t h o u t any d i s t o r t i o n . 

(vii) There exists a strong c o r r e l a t i o n between the finite lifetime of the states near 

e q u i l i b r i u m in an open system and the formation of states far from e q u i l i b r i u m . In the 

states far from e q u i l i b r i u m , the target n u c l e u s behaves as a w h o l e , i.e. the m a n y - b o d y 

a s p e c t s play a s u b o r d i n a t e role in the P + Q s p a c e . 

(viii) The finite lifetime of the nuclear states creates an i r r e v e r s i b i l i t y on a m i c r o s c o p i c 

l e v e l . This i r r e v e r s i b i l i t y c o n t i n u e s to exist at high level density although the main 

p r o c e s s (scattering of a nucléon on a target n u c l e u s ) is, of c o u r s e , r e v e r s i b l e . 

A l t h o u g h m o s t of the discussed results are very well known in nuclear p h y s i c s for a long t i m e , о 
a d i r e c t e x p e r i m e n t a l test has yet to come (for a detailed discussion see ref ). The most 

direct way is to investigate the lifetime of the c o m p o u n d n u c l e u s states in d e p e n d e n c e on the 

e x c i t a t i o n energy and the c o r r e l a t i o n s between the resonance a m p l i t u d e s . In both c a s e s , 

deviations from the a s s u m p t i o n s of standard nuclear reaction theory result if the nucleus is 

c o n s i d e r e d as an open s y s t e m , i.e. if the feedback of the final state (consisting of the 

final n u c l e u s and a n u c l é o n ) on the decaying state (in the compound n u c l e u s ) is c o n s i d e r e d . 

In this p a p e r , only nucleón channels have been c o n s i d e r e d . The results h o l d , h o w e v e r , . i n an 

a n a l o g o u s manner also for, e . g . , alpha p a r t i c l e c h a n n e l s and for the coupling to the electro-

m a g n e t i c f i e l d . 
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STATISTICAL PROPERTIES OF DECAYING STATES 

V.V.. Sokolov, V.G. Zelevinsky 
Institute of Nuclear Physics, 630090 Novosibirsk, USSR 

Using the general phenomenological description of resonance reactions in terms of the Л A ¿ Л 
nonhermitian Hamiltonian 'Jf = H-g p , the statistical properties of decaying states are 
analyzed as a generalization of Wigner-Iîyson statistical spectroscopy. The hermitian • A part H is assumed to belong to GOE of N x N orthogonal random matrices. Statistical 
properties of Г having matrix elements P m n = Z A® are determined through Gaussian 

iuu ц ш и / a b \ ab a, independent random amplitudes Ащ for open channels a = 1,...,k A¿ ) = 6 6mnT /N. д 
Due to the algebraic structure of Г , for k ^ N there exist only к nonzero eigenvalues of Г 

л 
The distribution function for complex energies <fQ = fiQ - -|ГQ (eigenvalues of ) is 
found. It reveals the quadratic repulsion ~t ñ\z at small distances in accordance 
to the T-noninvariance of decaying systems. Linear repulsion of level energies EQ at 
spacings less then the widths is removed. 

A 
In the case of strongly overlapped resonances algebraic properties of Г become decisive 
generating к "collective" rapidly decaying states (k^N) which absorb the total width 
ТгГ. Similar picture has been observed in numerical calculations by I. Rotter. The 
•complex level density 9(Е,Г ) and the average S-mat'rix are obtained. 

The conclusion is that the level statistics of unstable systems differs significantly 
from that of stable systems at Г/û ~ 1 the phase transition takes place and the system 
gets into the strong overlap regime with quite different collective behaviour. 

First results are published in Proceedings of Kiev Conference on Neutron Physics 
(September 1987)» and submitted for publication to Phys. Lett. B. 
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STATES WITH FIXED EÏCIT0N NUMBER AND PARITY IN ODD - A NUCLEI 

W. Augustyniak 

Institute for Nuclear Studies, Nuclear Reactions Department, Warsaw, Poland 

Abstract 
The densities of states of doubly even nuclei at high excitation energy are very well 
described within frame of BCS theory with finite temperature. A possibility to include 
into the calculations a realistic set of simple particle states makes the results more 
credible /2,3,4/. The results are very sensitive to sequences and energies at single 
particle states as well as to the pairing forces; as opposite to quadrupole - quadrupolè 
forces /5/. The quadrupole - quadrupole forces do not alter significantly the results; 
thus the free quasi - particles model seems to describe properly the density of states at 
high excitation energy. Application of BCS theory with finite temperature and the Monte -
Carlo method has allowed to predict the parity and exciton number distributions /6/. For 
the odd - A nuclei the level density has been successfully reproduced by means of intro-
ducing of a proper shift of the excitation energy to the level density of neighbouring 
doubly even nuclei /4,7/. The fact that the level density in odd - A nuclei is well 
reproduced by shift of the excitation energy scale is rather a good prescription than 
transformation of properties of doubly even systems into odd ones. Here the blocking 
method given in ref. /3/ has been used to describe the properties of odd - A nuclei. 
Additionally, the Pauli principle has been taken into consideration. 
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