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Замечания.от редакции 

Этот сборник содержит сообщения о проведенных в Польше 
в период от мая 1976 до апреля 1977 исследованиях в облас-
ти физики! средних энергий, связанных с деятельностью Коми-
тета по Ядерным Данным Международного Агенства Атомной 
Энергии. 

Не включены результаты исследований с области применения 
нейтронов в физике твердого тела. Доклады не являются полны-
ми и не рекомендуется ссылаться на них без согласия авторов. 
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A N G U L A R D I S T R I B U T I O N O F 1 4 M e V N E U T R O N S S C A T T E R E D 

O N S I L I C O N T O I S O L A T E D S T A T E S I N A V E R Y W I D E 

A N G U L A R R A N G E 

S . K l i c z e w s k i , Z . L e w a n d o w s k i 

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 C r a c o w , P o l a n d 

T h e p r o b l e m o f o b t a i n i n g r e l i a b l e e x p e r i m e n t a l d a t a f o r t h e a n a l y s i s 

o f n u c l e a r s c a t t e r i n g i s o f g r e a t i m p o r t a n c e . U s u a l l y the d a t a a r e r e s t r i c -

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

to e x t e n d the k n o w n r a n g e to the s m a l l a n g l e s c a t t e r i n g a n d t o t h e b a c k w a r d 

s c a t t e r i n g r e g i o n , 2 , 33 . 

D i f f e r e n t i a l c r o s s s e c t i o n s f o r 14- M e V n e u t r o n s s c a t t e r e d o n s i l i c o n 

h a v e b e e n m e a s u r e d b y s e v e r a l a u t h o r s . H o w e v e r , t h e i r m e a s u r e m e n t s 

w e r e r e s t r i c t e d to c e r t a i n p a r t s o f the a n g u l a r r a n g e s e e , e . g . 5 , 6j . 

T h e e x p e r i m e n t o f B o n a z z o l a et a l . £33 e x t e n d e d t h o s e d a t a t o t h e e x t r e m e 

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

t i o n s t o t h e g r o u n d a n d to t h e f i r s t e x c i t e d s t a t e s h a v e b e e n n e a s u r e d u s i n g 

the same n e t h o d , i n a n a n g u l a r r a n g e f r o m 6 . 2 ° t o 1 7 6 . 6 ° . P l a t e g e o m e t r y 

w a s used t h r o u g h o u t t h e e x p e r i m e n t and t w o s m a l l / 1 . 5 " x 1 . 5 " / l i q u i d 

s c i n t i l l a t o r s d e t e c t e d the s c a t t e r e d n e u t r o n s at the same a n g l e at a d i s t a n c e 

o f 1 3 5 cm o r 1 6 0 c m f r o m the s c a t t e r e r . T h e s c a t t e r e r /4-0 cm x 2 0 cm x 2 cm/ 

was. h i g h p u r i t y n a t u r a l s i l i c o n . 

T h e t i m e - o f - f l i g h t s p e c t r o m e t e r w o r k e d w i t h a s s o c i a t e d p a r t i c l e m e t h o d . 

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

I n o r d e r to d i m i n i s h t h e b a c k g r o u n d v e r y e f f i c i e n t n e u t r o n gamma d i s c r i m i n a -

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

A s i n g l e r u n t o o k a p p r o x i m a t e l y 7 2 h o u r s . T h e s t a b i l i t y o f the r e s o l u t i o n 

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

e l e c t r o n i c p u l s e a n d b y the shape o f the f a s t gamma p e a k . F o r a n y l o n g 

time r u n the gamma p e a k h a l f w i d t h w a s b e t t e r t h a n 1 n s e c . T h e i n t e n s i t y 

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

i t y o f t h e d e t e c t o r e f f i c i e n c y . F i g . 1 s c h e m a t i c a l l y s h o w s the e x p e r i -

m e n t a l a r r a n g e m e n t and F i g . 2 g i v e s t w o e x a m p l e s o f the n e u t r o n a n d 

gamma r a y time s p e c t r a f o r t w o a n g l e s . T h e n e u t r o n d i f f e r e n t i a l c r o s s 

s e c t i o n s m e a s u r e m e n t s w e r e c o r r e c t e d f o r the shape o f the i n c i d e n t n e u t r o n 

f l u x d i s t r i b u t i o n , f o r f i n i t e a n g u l a r r e s o l u t i o n o f the s y s t e m a s w e l l a s f o r 

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

a g o o d a g r e e m e n t w i t h m o s t o f the k n o w n d a t a e x c e p t the e x t r e m e b a c k w a r d 

a n g l e s . O u r a n a l y s i s l e d u s t o the c o n c l u s i o n t h a t t h i s d i s c r e p a n c y i s due 

to u n s a t i s f a c t o r y r e s o l u t i o n o f the q u o t e d d a t a {[3"] . 

T h e v e r y l a r g e a n g u l a r r a n g e a l l o w s a n i n t e r e s t i n g a n a l y s i s , b e c a u s e 

the b a c k w a r d s c a t t e r e d n e u t r o n s come m u c h c l o s e r to t h e s c a t t e r i n g c e n t r e . 

T h u s some v a l u a b l e r e s u l t s o n the L S c o u p l i n g p o t e n t i a l h a v e b e e n o b t a i n e d . 

T h e o b t a i n e d d e f o r m a t i o n p a r a m e t e r g i s i n g o o d a g r e e m e n t w i t h the 

o t h e r k n o w n d a t a . T h e r e s u l t s o f the a n a l y s i s b y the D W B A a n d c o u p l e d -

- c h a n n e l s t h e o r i e s w i l l b e p u b l i s h e d e l s e w h e r e [ j 3 ] . A d d i t i o n a l i n f o r m a -

t i o n s o n e x p e r i m e n t a l d e t a i l s a r e g i v e n i n [ V , 8 , 9) . 
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F R O M U N ( n , c O n B R E A C T I O N A T 1 8 . 0 M e V 
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T A B L E II 

E = 1 8 M e V / ^ D C o ) 1 1 -11 I N l n , DCo ) B 

e A © a s / d f t A d e r / d £ 
[<ieg] [deg] [mi/sr] [m b/sr] 

11.0 6.0 0.62 0.07 

15.0 6.0 0.72 0.11 

25.0 5.0 0.60 0.11 

3 6 . 0 5 . 0 0 . 6 6 0 . 1 1 

47.0 5.0 0.61 0.08 

5 8 . 0 5 . 0 0 . 3 3 0 . 1 9 

6 8 . 5 - 4 . 5 0 . 4 3 0 . 0 9 

7 9 . 0 4 . 0 0 . 3 1 0 . 0 7 

9 4 . 5 4 . 0 0 . 2 1 0 . 0 9 

1 0 9 . 4 3 . 0 0 . 3 7 0 . 1 0 

125.0 2.8 0.03 0.16 

1 4 6 . 0 2 . 5 0 . 6 3 0 . 1 2 
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T A B L E II 

E = 1 8 M e V { A / 1 1 n N ^ O t j J B 

0 A© as/a si Ad6/a a 
[aeg] [aeg] [mb/srl [mb/sr] 

11.0 6 . 0 0 . 8 4 0 . 0 8 

1 5 . 3 5 . 5 0 . 4 5 0.11 
2 5 . 3 6 . 0 0 . 5 3 0.11 
3 6 . 3 5 . 5 0 . 6 5 0 . 0 9 

4 7 . 3 5 . 5 0 . 9 0 0 . 0 9 

5 8 . 3 5 . 0 1 . 0 1 0 . 1 9 

6 9 . 0 4 . 5 0 . 5 1 0 . 0 9 

7 9 . 7 4 . 5 0 . 2 5 0 . 0 8 

9 5 . 0 4 . 0 0 . 3 8 0 . 1 0 

1 1 0 . 0 3 . 5 0 . 3 6 0 . 1 0 

1 2 5 . 0 2 . 8 0 . 0 ' 0 . 0 5 

1 4 6 . 4 2 . 7 0 . 4 8 0 . 2 0 
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F i g . 1 . T h e a l p h a - p a r t i c l e s p e c t r a at z e r o d e g r e e . 

a/ T h e a l p h a s p e c t r u m m e a s u r e d w i t h m e l a m i n e t a r g e t , 

b'/ T h e b a c k g r o u n d s p e c t r u m . 

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

t i c l e s f r o m the " ^ N ( n , ( ? 0 ^ B r e a c t i o n . 
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2 . 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 a l p h a p a r t i c l e s l e a d i n g 

t h e g r o u n d ( OCq " ) a n d the f i r s t (pC\) e x c i t e d to 
* 1 1 V L s t a t e s of b . 
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D I F F E R E N T I A L C R O S S S E C T I O N S F O R T H E U 3 N d ( n , o C ) U ° C e 

R E A C T I O N I N D U C E D B Y 1 8 . 2 M e V N E U T R O N S 

W . A u g u s t y n i a k , L . G l o w a c k a , ^M . J a s k o l a , J . T u r k i e w i c z , L . Z e m l o 

I n s t i t u t e o f N u c l e a r R e s e a r c h ' , D e p t . o f N u c l e a r R e a c t i o n s , W a r s a w 

U s i n g s e m i c o n d u c t o r o C - p a r t i c l e s p e c t r o m e t e r £ l 3 the e n e r g y 

d i s t r i b u t i o n o f O C - p a r t i c l e s f r o m ^ ^ N d ^ i , o C ^ " ' " ^ C e r e a c t i o n at 

E = 1 8 . 2 0 — 0 . 1 6 M e V h a v e b e e n m e a s u r e d . T h e n e u t r o n s w e r e o b -
n 3 4. 

t a i n e d i n the V a n de G r a a f f a c c e l e r a t o r L E C H f r o m the H ( d , n ) H e 

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

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

m o n i t o r w a s p e r f o r m e d b y u s i n g the a c t i v a t i o n m e t h o d . - T h e m e a s u r e -
56 / n 5 6 

m e n t s w e r e r e f e r e d to F e ( n , p ) M n r e a c t i o n , the c r o s s s e c t i o n 

f o r w h i c h w a s a c c e p t e d a s 5 7 mb f o r n e u t r o n e n e r g y 1 8 . 2 M e V [ V 3 . 

U n c e r t a i n t y o f the m o n i t o r c a l i b r a t i o n a m o u n t s to about 1 5 % . T h e 

s a m p l e s o f n e o d y m i u m we r e made o f o x i d e N d „ 0 i s o t o p i c a l l y e n r i -
14-3 f ' 2 c h e d i n N d 1 8 8 . 4 % ) . T h e t a r g e t t h i c k n e s s w a s e q u a l to 3 rag/cm . 

T h e r e s u l t s o f the a b s o l u t 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 s a r e l i s t e d 

i n T a b l e 1 and a l s o p r e s e n t e d i n F i g . 1 . O n l y s t a t i s t i c a l e r r o r s a r e 

i n c l u d e d . A s c a n be s e e n f r o m t h e F i g . 1 the c h a r a c t e r i s t i c f e a t u r e 

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

i n g to the g r o u n d state and e x c i t e d states o f the r e s i d u a l n u c l e u s " ' " ^ C e . 

I n F i g . 2 the e n e r g y d i s t r i b u t i o n o f n e u t r o n s the a n g u l a r s p r e a d a n d 

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

c u l a t e d b y M o n t e C a r l o m e t h o d £ 3 ] . 
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R E F E R E N C E S 

1 . M . J a s k o l a , J . T u r k i e - v i c z , L . Z e m l o , W . O s a k i e w i c z , 

A c t a P h y s . P o l . , B 2 / 1 9 7 1 / 5 2 1 , 

2 . D . C . S a n t r y , J . B u t l e r , C a n . J . P h y s . , 4 2 / 1 9 6 4 / 1 0 3 0 , 

3 . L . Z e m l o , I N R R e p o r t 1 4 6 4 / l / P L / B / 1 9 7 3 , 



T A B L E I 

-̂ oc 

at E 
n 

143^ 

1 8 . 2 M e V 

D i f f e r e n t i a l c r o s s s e c t i o n s f o r DC) C e r e a c t i o n 

d. ( S ' / d ^ l d E 
[MeV] j / i b / s r - IvleVj 

i p l a b 
[MeV] [ u b / s r - MeVj 

d 2 ^ / d 9 d E I s i a b d 2 ^ / d 9 d E 
[MeV] [ j a b / s r - M e V ) 

20 . 0 0 2 1 3 . 7 + 66 . 2 22 . '-5 0 3 7 3 . qt 4 6 . 0 25 . 8 0 5 7 . 0 + 19 . 0 
? 0 . 1 0 2 ? 6 . 1± 62 . 0 23 . 0 0 323 45 . 5 25 . 9 0 3 8 1 ± 14 . 7 
20 . ?0 353 . 9 + 6 0 . 6 23 . 1 0 34 1 . 1 ± ^ 3 . 0 26 . 0 0 29 5 + 1 1 . 3 
?0 . 3 0 . 6± 59 . 3 23 . 2 0 302 . 8 + 39 . 7 26 . 10 35 2 + 13 . 0 
20 . 4 0 1 * 1 . 5± 5 8 . 0 23 . 3 0 3 1 2 . 0 1 3 9 . 2 26 . 20 53 9± 13 . 8 
20 . S O 2 4 2 . 7 + 5 7 . A 23 3 9 1 . 7 + 39 © f' 26 . 3 0 14 l i 13 o 2 
20 .60 1 5 3 • 0± 5 6 • 0 23 . 5 0 395 • 8 1 40 . 8 26 . 4 0 1 1 6 i 1 2 . 3 
20 . 7 0 21 9 . 7 + 55 . 1 23 . 6 0 3 7 7 . 4 + 41 . 2 . 5 0 - 1 0 1 0 . 2 
20 . 10 263 . 2±' ^5 . 1 23 . 7 0 5.3 7 . 7 1 4 5 . 1 ? 6 . 6 0 14 4 1 10 . 4 
20 ] 35 . 9 + 5 3 23 „ 8 0 452 « 2 i 41 2^ . 7 0 0± 1 0 . 2 
2 1 .00 1 7 3 «5 + 5 4-o 7 23 . 9 0 4 23 . 4 1 4 0 26 . 8 0 16 Q + 9 . 6 
2 1 . 1 0 2 1 9 • 7 ± 5 3 e 7 PA . 0 0 38 0 . 9 1 41 26 . 9 0 1 3 5 + 1 1 . 0 
21 . 2 0 2 4 7 . 1± 5 0 . B 24 . 1 0 3 1 4 . 7 1 40 . 3 2 7 . 0 0 8 + 1 0 . 5 
2 1 . 3 0 1 9 2 . 4 ± 4 3 . 2 24 . 2 0 225 . 5 1 35 n 2 7 . 1 0 29 9 + 9 . 3 
2 1 . 4 0 ] Q 4 • 1 ± 49 . 9 24 . 3 0 2 7 0 32 . 5 2 7 . 2 0 5 3 5 + 1 4 . 9 
2 1 . 5 0 25? . 3 + 4 8 . 7 ? 4 . 4 0 2 1 1 . 4 - 1 32 . 3 2 7 . 3 0 36 2 + 1 2 . 7 
2 1 .60 200 . 5± 49 . 7 24 . 5 0 1 4 0 ?6 . 4 2 7 . 4 0 82 o± 1 7 . 5 
2 1 . 7 0 20 9 . R± 4 5 . 7 24 . 6 0 86 . 0 1 24 . 4 2 7 . 5 0 J 30 4 1 18 . 7 
21 . RO 1 4 1 . 9 + 44 . 0 24 . 7 0 51 . 2 1 18 * 7 2 7 . 6 0 1 1 8 8 + 20 . 3 
2 1 .00 209 • 5± 4f, 24 » B0 2 7 19 2 7 . 7 0 7 7 2 + 16 . 8 
22 . 0 0 2 ^ 6 . 3 + 4 7 . 7 24 , 4 0 2 1 19 .q 

' 2 7 . 8 0 4 8 8± 15 . 2 
22 . 1 0 1 q 6 44 . 0 25 . 0 0 33 . 9 1 19 . 7 2 7 . 9 0 2 7 l l 1 1 . 8 
22 . 2 0 24 0 . 0 1 46 . 2 25 . 1 0 26 . 7 1 19 . 1 2 8 . 0 0 2 7 3 + 10 . 8 
22 . 3 0 30 8 . 9 + 46 . 2 25 . 2 0 68 . 3 1 19 . 3 28 . 1 0 - 2 2 i 5 . 3 
22 . 4 0 2 q 3 . 1 + 4 6 . 3 25 . 3 0 8 9 . 6 1 13 . 2 2 U . 2 0 - 6 l l 4 . 2 
22 . S O 3 1 5 • 7 + 45 . 4 25 . 4 0 89 . 7 1 19 . 3 2 8 . 3 0 - 5 6 + 5 . 2 
22 .60 324 « S± 4 4 . 0 25 . 5 0 62 . 3 1 15 . 5 28 . 4 0 10 2 + 8 . 8 
22 . 7 0 393 . 44 . 5 25 . 6 0 82 . 6 1 18 . 4 
22 . 8 0 349 . 6± 45 . 4 25 . 7 0 87 . 7 1 19 . 7 

C r o s s s e c t i o n i n t e g r a t e d i n the 2 0 . 0 0 

i s e q u a l 1 . 4 5 - 0 . 0 3 m b / s r . 

- 2 8 . 4 0 M e V r a n g e 
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F i g . 1 . E n e r g y s p e c t r u m o f O C - p a r t i c l e s f r o m the 
U 3 N d ( n , DC) U ° C e r e a c t i o n at 1 8 . 2 M e V . 

F i g . 2 . T h e e x p e r i m e n t a l e n e r g y d i s t r i b u t i o n o f n e u t r o n s a s 

w e l l a s e n e r g y and a n g u l a r s p r e a d s o f oC - p a r t i c l e s . 
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A N G U L A R D I S T R I B U T I O N S O F A L P H A P A R T I C L E S F R O M T H E 
U 7 S m ( n , o £ ) 1 4 4 N d R E A C T I O N I N D U C E S B Y 1 2 . 1 A N D 1 4 . 1 M e V 

! . N E U T R O N S 
i 
I 

L . G l o w a c k a , M . J a s k o l a . J . T u r k i e w i c z , L . Z e m l o 

I n s t i t u t e o f N u c l e a r R e s e a r c h , D e p t . o f N u c l e a r R e a c t i o n s , W a r s a w 

A n g u l a r d i s t r i b u t i o n s o f D C - p a r t i c l e s e m i t t e d i n the 
1 4 7 s ~ / r \ 1 4 4 

S m ( j i , D C ) N d r e a c t i o n at E n = 1 2 . 1 and 1 4 . 1 M e V w e r e m e a s u r e d 

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

u s e d in the m e a s u r e m e n t s w a s d e s c r i b e d i n p u r e a r l i e r w o r k [jL^ . T h e 

n e u t r o n s w e r e o b t a i n e d f r o m the ^ H ( d , n ) ^ H e r e a c t i o n w i t h d e u t e r o n s 

a c c e l e r a t e d u p to 2 M e V i n the V a n de G r a a f f a c c e l e r a t o r " L E C H " . 

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

a n g l e . T h e n e u t r o n e n e r g y s p r e a d s due to the d e u t e r o n e n e r g y l o s s i n 3 
the H - T i t a r g e t and g e o m e t r i c a l c o n d i t i o n s w e r e 200 and 300 k e V f o r 

1 2 . 1 and 1 4 . 1 M e V n e u t r o n s r e s p e c t i v e l y . T h e n e u t r o n f l u x w a s m e a s -

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

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

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

o f t h e n e u t r o n m o n i t o r w a s p e r f o r m e d b y m e a s u r i n g o f t h e 8 4 7 k e V 

^ - t r a n s i t i o n i n ^ F e p r o d u c e d i n r e a c t i o n w i t h s u c -

c e s s i v e - d e c a y o f ^ M n . T h e c r o s s s e c t i o n s f o r the ^ F e ( n , p ) ^ M n 

r e a c t i o n w e r e t a k e n a s 1 1 0 mb f o r b o t h n e u t r o n e n e r g i e s [ 2 ] . U n c e r -

t a i n t y o f the m o n i t o r c a l i b r a t i o n a m o u n t s t o a b o u t 1 5 % . 

T h e i n v e s t i g a t e d t a r g e t s w e r e m a d e o f s a m a r i u m o x i d e e n r i c h e d 1 4 7 w i t h S m to about 9 6 . 4 % . T h e S m ^ O l a y e r s t h i c k n e s s e s o f about 
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2 
2 . 3 and 3 . 0 m g / c m w e r e d e p o s i t e d onto t h i c k c a r b o n b a c k i n g s b y 

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

T h e e n e r g y c a l i b r a t i o n of the alpha s p e c t r o m e t e r ' w a s p e r f o r m e d 

w i t h e m p l o y m e n t ol a l p h a s f r o m T f i C and T h C ' and f r o m the r e a c t i o n 
28 ' •n25 I ' ' 

S i Q i , O C ) M g p r o d u c e d i n t h e / s i l i c o n d e t e c t o r b y the i n c i d e n t 

n e u t r o n s . 

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 D C - p a r t i c l e s emitted in the 1 4 7 r ^ > 1 4 4 S m v n , V A . y N d r e a c t i o n at 1 2 . 1 and 1 4 . 1 M e V n e u t r o n s a r e 
p r e s e n t e d i n T a b l e s 1 and 2 . T h e s e d i s t r i b u t i o n s c o n t a i n a l l C?C - p a r -

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

u p to 5 . 5 M e V . I n the bottom o f the t a b l e s the a n g u l a r s p r e a d s of the 

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

M o n t e - C a r l o m e t h o d [ V ] • T h e e r r o r s i n d i c a t e d i n the t a b l e s a r e o n l y 

s t a t i s t i c a l . 

1 . M . J a s k o i a , J . T u r k i e w i c z , L . Z e m l o , W . O s a k i e w i c z , A c t a P h y s . 

P o l . , B2_ 1 9 7 1 5 2 1 

2 . D . C . S a n t r y , J . B u t l e r , C a n . ] . P h y s . , 42_ 1 9 6 4 1 0 3 0 , 

3 . L . Z e m l o , 1 N R R e p o r t , 1 4 6 4 / l / P L / B 1 9 7 3 . 
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T A B L E II 

A n g u l a r d i s t r i b u t i o n o f o c - p a r t i c l e s f o r S m ( n . , 0 C ) N d 

r e a c t i o n at E = 1 2 . 1 M e V n 

XT [ d e g ] 
d S 7 d £ 

[ m b / s r ] 

2 7 0 . 7 2 - 0 . 0 6 

4 6 0 . 4 2 — 0 . 0 5 

63 0 . 2 1 — 0 . 0 4 

90 0 . 1 2 — 0 . 0 4 

1 1 7 0 . 0 6 - 0 . 0 4 

1 3 4 0 . 0 1 1 0 . 0 4 

1 5 5 • 0 . 0 2 - 0 . 0 4 

30° 60° 90° 120° 150° V -
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T A B L E II 

A n g u l a r d i s t r i b u t i o n o f - p a r t i c l e s f o r S m { n , 0 C j N d 

r e a c t i o n at E = 1 A . 1 M e V / - n 

I T [ d e g ] &G/dSL 

[riib/ s r j 

2 7 0 . 8 3 — 0 . 0 6 

46 0 . 4 3 ~ 0 . 0 5 

63 0 . 2 8 — 0 . 0 4 
90 0 . 1 4 ~ 0 . 0 4 

1 1 7 0 . 0 2 1 0 . 0 3 

1 3 4 0 . 0 1 — 0 . 0 3 

1 5 5 - 0 . 0 1 — 0 . 0 4 
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C R O S S S E C T I O N S F O R T H E 1 3 9 L a ( n , a l p h ^ ) 1 3 6 C s R E A C T I O N 

I N D U C E D B Y F A S T N E U T R O N S 

' x / / 

E . Z u p r a r i s k a , K . R u p e k , J . T u r k i e w i c z , P . Z u p r a n s k i 

I n s t i t u t e o f N u c l e a r R e a s e a r c h , D e p t . o f N u c l e a r R e a c t i o n s , W a r s a w 

E x c i t a t i o n f u n c t i o n o f the ^ ^ L a ^ , a l p h ^ ^ 3 C s r e a c t i o n w a s m e a s -

ured. i n the n e u t r o n e n e r g y r a n g e 1 3 - 1 7 M e V b y the a c t i v a t i o n m e t h o d . 

N e u t r o n s w e r e p r o d u c e d i n a t i t a n i u m - t r i t i u m t a r g e t w i t h 4-4-0 k e V and 

990 k e V d e u t e r o n s f r o m the V a n de G r a a f f a c c e l e r a t o r . T h e a n g u l a r d e -

p e n d e n c e o f the n e u t r o n e n e r g y f r o m the T ( d , n ) ^ H e r e a c t i o n w a s u s e d 

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

( 9 9 . 5 6 % p u r i t y ) m e t a l l i c l a n t a n i u m w e r e u s e d . T h e a c t i v i t i e s i n d u c e d 

i n the l a n t a n i u m s a m p l e s w e r e d e t e r m i n e d b}^ m e a n s o f a 30 c m ' G e ( L i ) 

d e t e c t o r . T h e p h o t o p e a k o f the 1 0 5 0 k e V gamma l i n e od the ^ ^ C s d e c a y 

w a s used f o r the a c t i v i t y d e t e r m i n a t i o n . 

T h e c r o s s s e c t i o n s o f .the i n v e s t i g a t e d r e a c t i o n w e r e m e a s u r e d i n 
56 s > 5 6 

r e f e r e n c e to the F e ( j i , p ) M n r e a c t i o n c r o s s s e c t i o n . F o r t h e 
56 s > 5 6 

F e ( n , p j M n c r o s s s e c t i o n s the v a l u e s r e p o r t e d b y L i s k i e n and 

P a u l s e n w e r e used [ Y ] . T h e l e v e l schemes a n d t r a n s i t i o n p r o b a b i l i t i e s 

w e r e t a k e n f r o m the t a b l e s o f L e d e r e r et a l . D O . 

T h e e x p e r i m e n t a l r e s u l t s a r e g i v e n i n T a b l e I . 

T h e c r o s s s e c t i o n e r r o r c o n s i s t s o f the s t a t i s t i c a l e r r o r , the u n c e r -

t a i n i t y o f the n e u t r o n f l u x , the e r r o r o f the G e ( L i ) d e t e c t o r e f f i c i e n c y , 

W a r s a w T e c h n i c a l U n i v e r s i t y , I n s t i t u t e o f P h y s i c s , 
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t h e e r r o r o f the sample w e i g h t and the r e f e r e n c e c r o s s s e c t i o n s 

e r r o r . . T h e n e u t r o n e n e r g y s p r e a d s w e r e c a l c u l a t e d w i t h a M o n t e v 

C a r l o ijiethod using the c o m p u t e r code L O S O Q - T h e gamma r a y a t -

t e n u a t i o n w a s c a l c u l a t e d using the c o m p u t e r p r o g r a m m e S e l f a [4~1 

w i t h the g a m m a - r a y a t t e n u a t i o n c o e f f i c i e n t s t a k e n f r o m L e j p u n s k i 

e t a l . Q > 1 . 

t 

R E F E R E N C E S 

1 . H . L i s k i e n a n d A . P a u l s e n , J o u n i . N u c l . E n e r g y A / B 1 9 , 7 3 / 1 9 6 5 / , 

2 . C . M . L e d e r e r , J . M . H o l l a n d e r and I . P e r l m a n , T a b l e o f I s o t o p e s , 

S i x t h e d i t i o n , 

3 . L . Z e m l o , R e p o r t I N R 1 4 6 4 / 1 / P L / B / 1 9 7 3 , 
. y 

4 . M . H e r m a n and A . M a r c i n k o w s k i , P r o g r a m m e S e l f a / u n p u b l i s h e d / , 

5 . O . J . L e j p u n s k i , B . V . N o v o z y l o v a n d V . N . S a c h a r o v , T h e p r o p a g a -

t i o n o f gamma q u a n t a i n m a t t e r . P e r g a m o n P r e s s , L o n d o n 1 9 6 5 . 
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T A B L E 1 

C r o s s s e c t i o n s f o r i h e L a (n,DC) C s 
r e a c t i o n 

N e u t r o n E n e r g y 

M e V 

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

m b 

+ 
1 3 . 0 - 0 . 1 

+ 1 3 . 3 - 0 . 1 

1 3 . 9 — 0 . 2 

1 4 - . 5 - 0 . 2 

1 5 . 1 — 0 . 1 

1 5 . 5 ± 0 . 2 

15.9 - 0.1 

16.6^0.2 

1 . 4 - 0 . 2 

1 . 4 — 0 . 1 

1 . 6 - 0 . 1 

l ^ i o a 

1 . 7 — 0 . 1 

2.0 i o . 2 
2.2 - o . 4 
2.4 — 0.5 
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C R O S S S E C T I O N S F O R T H E 1 9 1 I r ( n , 2 i ^ 1 9 ° I r A N D 1 9 3 I r ( n , 2 n ) 1 9 2 I r 

R E A C T I O N S 

M . H e r m a n and A ^ . M a r c i n k o w s k i 

I n s t i t u t e o f N u c l e a r R e s e a r c h , D e p t . of N u c l e a r R e a c t i o n s , W a r s a w 

T h e ( n , 2 n ) r e a c t i o n o n I r i s o t o p e s i s o f i m p o r t a n c e i n r e a c t o r d o s i -

m e t r y a p p l i c a t i o n s vising the a c t i v a t i o n t e c h n i q u e . T h e p r e s e n t w o r k 

f u l f i l s the r e q u e s t l i s t e d i n the W R E N D A 7 6 / 7 7 e d i t e d b y the N D S o f 

I A E A [ l ] . T h e e x c i t a t i o n c u r v e s f o r the I r 
1 9 1 , / 0 s 1 9 0 m 2 1 9 3 , / 9 v l 9 2 g + m l T 

i r ( n , Z n J I r and t h e I r ( n , z n ) I r r e a c t i o n s w e r e m e a s -

u r e d i n the n e u t r o n e n e r g y r a n g e f r o m 1 3 . 0 4 - M e V to 1 7 . 8 6 M e V . 

T h e s a m p l e s o f n a t u r a l h i g h p u r ^ i r y d i u m w e r e i r r a d i a t e d w i t h n e u -

t r o n s f r o m the H ( d , n ) H e r e a c t i o n at d e u t e r o n e n e r g i e s 0 . 4 M e V , 

0 . 9 M e V and 1 . 8 M e V . T h e a c t i v a t e d s a m p l e s w e r e c o u n t e d f o r t h e i r 

- a c t i v i t i e s b y a 30 c c m G e ( L i ) s p e c t r o m e t e r . I n c a s e o f - ^ O g + m l ^ 

t h e d e c a y w i t h , a h a l f - l i f e 1 2 d o f the 3 6 1 k e V , 3 7 1 k e V , 4 0 7 k e V a n d 

5 1 8 k e V " ^ — r a y s w a s f o l l o w e d . T h e 3 . 2 h , a c t i v i t y w a s i d e n -

t i f i e d b y m e a s u r i n g the 3 6 1 k e V a n d the 502 k e V - r a y s , and f o r 

1 9 2 g + m l j ^ d . e c a y i n g w i t h t h e h a l f - l i f e 7 4 . 2 d t h e sum o f t h e 308 k e V and 

3 1 6 k e V a s w e l l a s the 468 k e V ^ - r a y s w e r e m e a s u r e d . T h e o b s e r v e d 

^ - a c t i v i t i e s w e r e r e f e r e d to t h e a c t i v i t i e s i n d u c e d i n t h e m o n i t o r i n g 

r e a c t i o n ^ F e ( n , p ) ^ M n w i t h k n o w n c r o s s s e c t i o n j j f ] . 

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

c r o s s s e c t i o n s a r e p r e s e n t e d i n T a b l e 1 . T h e e r r o r s a t t a c h e d c o n t a i n i t h e s t a t i s t i c a l u n c e r t a i n t i e s a s w e l l as the s y s t e m a t i c e r r o r s w i t h i n c l u -
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T A B L E II 

D e c a y d a t a a d o p t e d f o r c r o s s s e c t i o n 

d e t e r m i n a t i o n [[3Q 

R e s i d u a l -- T ^ C o n v e r s i o n 
E * - I n t e n s i t y „ n u c l e u s 0 c o e i i c i e n t 

1 9 0 I r 

1 9 0 m 2 , - s » - 1 9 0 g T I r I r 

1 9 0 m 2 T - ^ » 1 9 0 m ^ I r O s 

1 9 0 m O s 

1 9 2 % r 

3 7 1 0 . 2 1 7 0 . 0 5 
3 6 1 0 . 1 2 3 0 . 0 5 1 8 

5 1 8 0 . 3 1 5 0 . 0 7 2 8 

4 0 7 0 . 2 7 0 . 0 3 6 4 
- 0 . 0 5 -

- 0 . 9 5 -

502 1 . 0 0 . 0 2 4 

303 0 . 3 4 2 ' 0 . 0 9 2 

3 1 6 0 . 9 4 5 0 . 0 7 8 

468 0 . 5 1 4 0 . 0 2 7 



T A B L E 1 . C r o s s s e c t i o n s f o r ( n , 2 n ) r e a c t i o n o n I r i s o t o p e s and t h e r e f e r e n c e r e a c t i o n 

c r o s s s e c t i o n s 

E n 1 9 1 I r ( n , 2 n y 9 ° S + m l l r 1 9 1 l r ( „ , 2 n y 9 0 m 2 l r 1 9 3 l r ( n , 2 n y 9 2 g + m l l r ^ 56 r -\56 F e v j ^ p ; M n 
M e V mb mb m b m b 

1 7 6 3 1121 8 7 . 0 — 6 . 1 1 8 2 4 ± 1 3 1 1 1 3 . 0 

1 3 . 3 5 - 0 . 2 4 1 7 9 0 1 99 8 5 . 7 1 5 . 4 - 1 1 4 . 0 

1 3 . 8 7 —0.34- 1 7 5 2 — 9 7 92.8±5.4 1 7 5 0 1 1 3 0 1 1 2 . 0 

14. . 4-9 — 0.34- 1 8 7 5 1 9 7 1 0 5 . 6 - 6 . 5 - 1 0 7 . 0 

1 5 . 0 4 — 0 . 2 8 1 8 8 2 - 1 0 5 1 0 9 . 4 — 6 . 1 1 7 7 5 ~ 1 3 2 9 9 . 2 

1 5 . 4 0 — 0 . 2 4 1 7 1 1 1 1 2 7 1 0 4 . 0 — 6 . 7 • 1 5 1 3 1 1 1 1 9 2 . 5 
1 5 . 9 4 ± 0 . 4 6 1 7 8 1 - 1 1 3 1 4 2 . 0 - 9 . 9 1 7 2 1 - 1 2 7 • 8 6 . 5 

1 6 . 5 9 ± 0 . 1 1 1 5 1 2 1 93 138 . 2 —10.1 1 4 5 9 1 1 1 1 7 4 . 5 
1 7 . 4 2 - 0 . 4 4 1 1 9 2 — 7 8 1 4 1 . 1 — 1 0 . 4 1 1 9 3 ± 9 1 6 4 . 5 
1 7 . 8 6 1 0 . 0 8 1 0 0 5 1 64 1 2 8 . 5 - 9 . 3 1008 — 76 6 0 . 0 
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s i o n o f the e r r o r s o f the m o n i t o r i n g r e a c t i o n . T h e d e c a y d a t a . a d a p t e d 

i n the c a l c u l a t i o n s o f the c r o s s s e c t i o n s a r e g a t h e r e d i n T a b l e 2 . 

R E F E R E N C E S 

1 . W R E N D A 7 6 / 7 7 , I d e n t i f i c a t i o n N o 7 4 2 0 5 0 and 7 4 2 0 5 2 , 

2 . N . D . D u d e y and R . K e n n e r l e y , B N L - N C S - 5 0 4 4 6 / 1 9 7 5 / 8 O , 

3 . N u c l e a r D a t a S h e e t s V o l . 9 / 1 9 7 3 / 1 9 5 and 4 0 1 ; 

B . S . D z e l e p o w et a l . , D e c a y S c h e m e s o f R a d i o a c t i v e N u c l e i , 

A c a d e m y o f S c i e n c e s o f the U S S R P r e s s . 
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E V A L U A T I O N O F T H E E X C I T A T I O N C U R V E F O R T H E 
58 / n\57 N i ( n , 2 n j N i R E A C T I O N 

L . A d a m s k i , M . H e r m a n and A . M a r c i n k o w s k i 

I n s t i t u t e o f N u c l e a r R e s e a r c h , W a r s a w 

T h e a i m o f t h i s w o r k w a s to e v a l u a t e the e x c i t a t i o n c u r v e f o r the 
58 / \ 5 7 

N i ( n , 2 n J N i r e a c t i o n in the n e u t r o n e n e r g y r a n g e f r o m the t h r e s h o l d 

e n e r g y u p to 28 M e V . T h e c r o s s s e c t i o n s f o r t h i s r e a c t i o n h a v e b e e n 

r e q u e s t e d i n W R E N D A 7 6 / : : by A . M i c h a u d o n / r e f . no 250/ f o r f i s s i o n 

r e a c t o r d e v e l o p m e n t and b y D . B r e t o n / r e f . no 14-09/, Y . S e k i / r e f . 

no 1 4 1 0 / and G . D . M c C r a c k e n / r e f . no 1 4 1 1 / f o r f u s i o n r e a c t o r p u r -

p o s e s . 

T h e e v a l u a t i o n w a s b a s e d o n 1 5 a c c e p t e d e x p e r i m e n t a l d a t a s e t s 

o r s i n g l e - e n e r g y c r o s s s e c t i o n s . T h e recommended, c r o s s s e c t i o n s h a v e 

b e e n t a b e l a r i z e d i n 0 . 1 M e V e n e r g y s t e p s . T h e e s t i m a t e d a c c u r a c y i s 

1 1 . 4 % f o r e n e r g i e s l o w e r t h a n 1 4 M e V , 8 . 7 % b e t w e e n 1 4 M e V and 

1 6 M e V , and w o r s e at h i g h e r e n e r g i e s . T h e d e t a i l e d d e s c r i p t i o n o f 

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

S o m e o f the r e s u l t s a r e p r e s e n t e d in F i g s 1 a n d 2 . 

R E F E R E N C E S 

A r a 7 3 J . A r a m i n o w i c z , J . D r e s l e r , 1 N R R e p o r t 1 4 6 4 / 1 / A / 1 9 7 3 / , 

B a r 69 R . C . B a r r a l l et a l . , N u c l e a r P h y s i c s A 1 3 § / 1 9 6 9 / 3 8 7 , 

B a y 7 5 B . P . B a y h u r s t et a l . , P h y s . R e v . , £ 1 2 / 1 9 7 5 / 4 5 1 , 
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B o r 66 M . B o r m a n et a l . , E A N D C E 6 6 U 4 2 , 

B r a 63 E . T . B r a m l i t t , R . W . F i n k , P h y s . R e v . 1 3 1 / 1 9 6 3 / 2 6 4 - 9 , 

C h o 65 S . C h o j n a c k i e t - a l . , I N R R e p o r t 6 8 0 / I / P L / P H / 1 - 9 6 5 / , 

cjro 62 W . G . C r o s s et a l . , B u l l . A m e r . P h y s . S o c . , 7 / 1 9 6 2 / 3 3 5 , 

C s i 66 J . C s i k a i , A T O M K I K t t z l e m e n y e k 8 / 1 9 6 6 / 7 9 , 

F i n 7 0 R . W . F i n k , W e n - D e h L u , B u l l . A m e r . P h y s . S o c . 

1 5 / 1 9 7 0 / 1 3 7 2 , 

G l o 62 R . N . G l o v e r , E . W e i g o l d , N u c l . P h y s . , 2 9 / 1 9 6 2 / 3 0 9 , 

H e m 7 3 ] . D . H e m i n g w a y et a l . , P r o c . R o y a l S o c . , A 1 9 2 / 1 9 6 6 / 1 8 0 , 

H u g 58 D . J . H u g h e s , R . B . S c h w a r t z , B N L - 3 2 5 / 1 9 5 8 / , 

/ u n p u b l i s h e d L o s A l a m o s d a t a / , 

J e r 63 J . M . F . Jeron3ono et a l . , N o t e s de F i s i c a 1 1 / 1 9 6 3 no . 1 

M a r 7 7 L . A d a m s k i , M . H e r m a n , A . M a r c i n k o w s k i , " U n p u b l i s h e d , 

P a u 53 E . B . P a u l , R . L . C l a r k e , C a n a d . J . P h y s . , 3 1 / 1 9 5 3 / 2 6 7 , 

P a u 65 A . P a u l s e n , H . L i s k i e n , N u k l e o n i k a 1 / 1 9 6 5 / 1 1 7 , 

P r e 61 R . J . P r e s t w o o d , B . P . B a y h u r s t , P h y s . R e v . , 1 2 1 / 1 9 6 1 / 1 4 3 8 , 

P r f 60 L . L . P r e i s s , R . W . F i n k , N u c l . P h y s . , 1 5 / 1 9 6 0 / 3 2 6 , 

P u r 59 K . H . P u r s e r , E . W . T i t t e r t o n , A u s t r a l i a n J . P h y s . , 

1 2 / 1 9 5 9 / 1 0 3 , 

Q a i 7 6 S . H . Q a i m , N . j . M o l l a , P r o c . 9 ^ S y m p . o n F u s i o n 

T e c h n o l o g y , P e r g a m o n P r e s s / 1 9 7 6 / 5 8 9 , 

R a y 61- L . A . R a y b u r n , P h y s . R e v . , 1 2 2 / 1 9 6 1 / 1 6 8 , 

S p a 7 5 R . S a m g l e r at a l . T r a n s . M e r . N u c l . S o c . , 2 2 / 1 9 7 5 / 8 1 8 , 

T e r n 68 J . K . T e m p e r l e y , N u c l . S c i . E n g . , 3 2 / 1 9 6 8 / 1 9 5 , 
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A " F O R T R A N " P R O G R A M F O R C A L C U L A T I O N O F T H E S U P E R -

C O N D U C T I V I T Y F U N C T I O N S A N D T H E N U C L E A R L E V E L D E N S I T Y 

W . A u g u s t y n i a k , M . H e r m a n and A . M a i ' c i n k o w s k i 

I n s t i t u t e o f N u c l e a r R e s e a r c h . , D e p t . of N u c l e a i " R e a c t i o n s , W a r s a w 
i 

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

t i o n o f the p a i r i n g e f f e c t s in the n u c l e a r l e v e l d e n s i t y [ l - 4) . T h e 

c a l c u l a t i o n scheme o f the n u c l e a r l e v e l d e n s i t y p r o p o s e d i n the p r e s e n t 

w o r k w a s used r e p e a t e d l y i n c a l c u l a t i o n s o f the e x c i t a t i o n c u r v e s f o r 

n u c l e a r r e a c t i o n s i n the f r a m e o f the s t a t i s t i c a l m o d e l . T h e a i m o f 

t h i s w o r k ' l i e s i n d e s c r i b i n g the p h y s i c a l c o n c e p t u n d e r l y i n g the m e t h o d 

p i " i o r to d e s c r i b i n g the F O R T R A N code i t s e l f . 

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

c a n b e o b t a i n e d o n the b a s i s o f t h e r m o d y n a m i c s 

exp S 

w h e r e S i s the e n t r o p y o f the n u c l e u s , a r e the L a g r a n g e m u l t i -

p l i e r s c o r r e s p o n d i n g to the i n t e g r a l s o f m o t i o n c o n s i d e r e d , H o f t h i s 

i n t e g r a l s i s t a k e n i n t o a c c o u n t . H e r e ^Lq d e f i n e s the p o i n t i n s p a c e , 

w h e r e the L a g r a n g e m u l t i p l i e r s a r e t a k i n g physical m e a n i n g . T h e e n t r o p y , 

o f a n u c l e u s i s the sum o f t h e n e u t r o n and p r o t o n e n t r o p i e s , the same bee-

i n g t r u e f o r the e n e r g y o f the s y s t e m . 

T h e p a i r i n g H a m i l t o n i a n JjfJ p r o v i d e s the f o l l o w i n g e x p r e s s i o n s f o r 

the e n t r o p y 

1 
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k 
+ -lc 

fc 
1 + G X p C / E O 

- i 
and e n e r g y 

E - s s j i - ^ v c ^ E , ) ; 
A* 
6 (3) 

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

l e v e l s w i t h e n e r g i e s t a k e n f r o m the N i l l son m o d e l , i s the 

F e r m i l e v e l , j f r the i n v e r s e o f the t h e r m o - d y n a m i c t e m p e r a t u r e "t , 

A the e n e r g y gap i n the l e v e l s p e c t r u m and Q i s a c o n s t a n t d e f i n i n g 

the s t r e n g h t o f the p a i r i n g i n t e r a c t i o n t a k e n f r o m r e f . ( j f ] . 

F o r p r a c t i c a l c a l c u l a t i o n s it i s n e c e s s a r y t o k n o w the v a l u e s o f 

and A f o r b o t h n e u t r o n s and p r o t o n s , a s f u n c t i o n s o f the t e m p e r a -

t u r e *b. T h e s e c a n be o b t a i n e d f r o m the state e q u a t i o n 

2i —i tgh C t A Efc) 
E k 

CO 
and t h e e q u a t i o n d e f i n i n g the n u m b e r o f n u c l e o n s N o f a g i v e n k i n d 

N - S 
i t 

(5) 

N u c l e a r state d e n s i t y f o r a g i v e n e x c i t a t i o n - e n e r g y U and a n g u l a r 

momentum p r o j e c t i o n M i s c a l c u l a t e d f r o m - t h e " f o l l o w i n g e x p r e s s i o n s 

o ( U > M ) = A ( U ) c o ( U - f L | . ) 
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A N N 

u - & I h , m 
w h e r e i s t h e s p i n c u t - o f f f u n c t i o n as g i v e n i n r e f . [ 3 I 

a n d • . s t a n d s i n s t e a d o f the r o t a t i o n a l e n e r g y . T h e q u a n -
go . 

/'B S N t i t l e s S n , S p , E p 

/ la - n e u t r o n s , p - p r o t o n s / , w h i c h d e f i n e C o ( U ) a s w e l l as 

t h e 6'== 6 " n + S ' p 

a r e c a l c u l t a e d as f u n c t i o n s o f "t and 

a s c r i b e d t o the e x c i t a t i o n e n e r g y U - r [ E n ( t ) - E n ( 0 ) ] + [ E p ( t > E p ( 0 ) ] _ ( 7 ) 

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

t h e s u p e r c o n d u c t i v i t y d i s a p p e a r s . 

I n t r o d u c i n g o f t h e G* ^ f u n c t i o n s to the d e s c r i p t i o n o f the s p i n 

d e p e n d e n c e o f the l e v e l d e n s i t y e n c o m p a s s e s the a p p r o x i m a t i o n s 

d e s c r i b e d i n d e t a i l i n r e f . . T h e t a k e n f r o m r e f . [ 3 I 

f a i l s i n d e s c r i b i n g the moment o f i n e r t i a o f the n i c l e u s at l o w e n e r g i e s . 

I n o r d e r to i m p r o v e the b e h a v i o u r o f ^ at l o w e n e r g i e s the t r u e 

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

p o s e d o r i g i n a l l y b y K a m m u r i [V] , who c o n s i d e r e d the a d d i t i o n a l i n t e -
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g r a i l o f m o t i o n n a m e l y the p r o j e c t i o n o f the a n g u l a r m o m e n t u m M , 

and t h e c o r r e s p o n d i n g L a g r a n g e m u l t i p l i e r C O -

I n t h i s f o r m a l i s m w e - o b t a i n e i n the z e r o - t e m p e r a t u r e l i m i t the 

f o l l o w i n g m o d i f i e d e x p r e s s i o n s i n s t e d o f e q s . ( 4 ) a n d ( 5 ) 

2_ 

G 2 — ~eT 5 

n = h i + z : 
E k < c o m k . E k ; ' > ' o r n t 

i+ 

(8) 

(9) 

I n t h e s e e q u a t i o n s Y T i a r e the p r o j e c t i o n s o f the s i n g l e p a r t i c l e 

l e v e l a n g u l a r m o m e n t a . F r o m e q s . (8~) and ( V ) w i t h A ™ 0 
the c r i t i c a l v a l u e s 00 c r and X C T m a y b e e v a l u a t e d . F o r 

» 

CD CO Q - p t h e f o l l o w i n g e q u a t i o n i s v a l i d 

N - 2 Z i + n [i-|Sr] . N 
i e f c - M < u m f c l e n - j - O o m t * 

W h e n s o l v i n g e q s . Cs) a n d ( 9 ) t h e e f f e c t i v e r o t a t i o n a l e n e r g y 

E T 0 - t c a n be c a l c u l a t e d f r o m e q u a t i o n s s i m i l a r to Q ) and ( j ) 

t a k e n i n the z e r o - t e m p e r a t u r e l i m i t j j - Q . T h e c o r r e s p o n d i n g y r a s t 

s p i n p r o j e c t i o n / b e e i n g a sum o f the p r o j e c t i o n s f o r p r o t o n s and n e u -

t r o n s [ 4 ] / i s g i v e n b y the f o r m u l a 

M.-Y1 
' l e ^ - X K c o m k 

( 1 0 ) 

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

y r a s t l i n e s , w h i c h w e r e a p p r o x i m a t e d b y the f o l l o w i n g e x p r e s s i o n 
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E r a b = a M y + b M y > Cll) 

w h e r e O , / = 0 . 0 7 2 e x p [ - 0 . 0 2 0 3 9 A ] , b = 0 . 2 6 amd A i s the m a s s 

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

M ^ i - p i \ c , g Q Z — c rot f o r ^ b rot d e s c r i b e s f a i r l y w e l l 

the e x a c t d e p e n d e n c e o f the e f f e c t i v e r o t a t i o n a l e n e r g y on 4: p r e d i c a t e d 

b3r the K a m m u r i m o d e l . 

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

l e v e l d e n s i t y f o r an o d d - m a s s n u c l e i c a n be o b t a i n e d b y a p p r o p r i a t e 

e n e r g y s h i f t s , A X J ^ c o n s i s t i n g of two c o m p o n e n t s , one A Uj_ j 

t a k i n g account o f the e n e r g y d i f f e r e n c e b e t w e e n the g r o u n d states of 

the o d d - m a s s o r odd n u c l e u s and the n e i g h b o u r i n g e v e n n u c l e i , the s e -

c o n d o n e , A TJ*2, j a c c o u n t i n g f o r the f a c t that i n the v i c i n i t y of c l o s e d 

s h e l l s a d d i t i o n o f an odd n u c l e o n a f f e c t s a l s o the p r o p e r t i e s of the h i g h l y 

e x c i t e d n u c l e u s . T h e s e s h i f t s ai"e c a l c u l a t e d a c c o r d i n g to the method 

d e s c r i b e d i n r e f s . . 

T h e c o m p u t e r c o d e ^ W A X W A f o u n d s the s u p e r c o n d u c t i v i t y p a r a m e t e r s 

w i t h use o f the m i n i m i z i n g p r o c e d u r e M I N C O N T h e p r o g r a m p r o v i d e s 

3 x 60 v a l u e s o f G } ( [ a n d w i t h e n e r g y step 

A U = 0 . 5 M e V f r o m 0 . 5 M e V to 30 M e V . A d d i t i o n a l l y the output 

c o n t a i n s the a n g u l a r momentum d i s t r i b u t i o n o f the l e v e l d e n s i t y , c a l -

c u l a t e d f r o m the f o r m u l a 

^ ( U , 3 " ) = c o ( U , M = 3 ) - c o ( u , M = 3 + i ) . (12) 
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T h e s e a r e t a b l e r i z e d w i t h an e n e r g y step A U = 3 M e V f r o m 

0 . 5 . M e V to 30 M e V f o r 30 spin v a l u e s s t a r t i n g w i t h 0 o r 1 / 2 . 

T h e o n l y i n p u t d a t a r e q u i r e d a r e the m a s s - n u m b e r " A and the 
'7 ' I a t o m i c n u m b e r /L o f | t h e n u c l e u s i n q u e s t i o n . 

/ 
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A N A L Y S I S O F T H E T O T A L R A D I A T I O N W I T H 

F O R N E U T R O N R E S O N A N C E S 

U . G a r u s k a , H . M a l e c k i and K . T r z e c i a k 

I n s t i t u t e o f P h y s i c s , U n i v e r s i t y o f L o d z , L o d z 

I n t h i s w o r k we h a v e a n a t y s e d t h e d e p e n d e n c e o f the t o t a l r e a d i a -

t i o n w i d t h o n the r e s o n a n c e e n e r g y E xGS • T h e m e a s u r e d r a d i a -
A-5 2 3 8 

t i v e w i d t h s o f 1 5 0 0 r e s o n a n c e s f o r 1 0 2 i s o t o p e s f r o m S c to C m 

h a v e b e e n c o n s i d e r e d . T h e d e p e n d e n c e o f the t o t a l r a d i a t i v e w i d t h o n 

t h e r e s o n a n c e e n e r g y w a s d e s c r i b e d b y m e a n s o f C z e b y s z e w ' s p o l y -

n o m i a l s r 2 ] . T h e f i t to the e x p e r i m e n t a l d a t a h a s b e e n p e r f o r m e d [ V ] 

u s i n g t h e l e a s t s q u a r e s m e t h o d . I t w a s f o u n d t h a t the m a j o r i t y o f the 

e x p e r i m e n t a l w i d t h s a r e f i t t e d b e s t b y the z e r o - o r d e r p o l y n o m i n a l . 

I n c a s e s w h e r e the t o t a l r a d i a t i o n w i d t h i s d e t e r m i n e d w i t h a c c u r a c y 

b e t t e r t h a n 5 % a w e a k d e p e n d e n c e o f on E x e s c a n n o t i c e d . 

B a s i n g o n t h e s e r e s u l t s w e h a v e a s s u m e d that the r a d i a t i o n w i d t h d o e s 

n o t d e p e n d o n the r e s o n a n c e e n e r g y . T a k i n g t h i s i n t o a c c o u n t the a v -

e r a g e r a d i a t i o n w i d t h w e r e c a l c u l a t e d and t h e i r d e p e n d e n c e o n the e f -

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

a / d e t e r m i n i n g t h e d e n s i t y o f s i n g l e - p a r t i c l e state s c l o s e to the F e r m i 

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

e x p r e s s i o n f o r the t o t a l r a d i a t i o n w i d t h w a s o b t a i n e d 
r . . _ -1.6 0.8 -0.2 1 v*- = 1 1 . 7 A U a 

H e r e i s e x p r e s s e d i n 
e V , U i n M e V a n d a i n M e V . T h e p a r a -

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

a s Hg- o b t a i n e d f r o m f o r m u l a ( l ) a r e p r e s e n t e d i n T a b l e 1 . I t i s w o r t h -

w h i l e to n o t e that the a v e r a g e r a d i a t i o n w i d t h o b t a i n e d i n the p r e s e n t 

v / o r k d i f f e r f r o m t h o s e r e p r o t e d i n r e f s [ 3 , 4 ] . 
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T A B L E II 

Izotope 1 
U 

MeV 
a -1 MeV meV 

1 
I 

2 3 4 5 

Sc 46 8 . 7 7 7 . 4 

Cr 54 6 . 5 2 8 . 4 

Fe 57 6 . 3 9 7 . 9 

Co 60 7 . 4 9 8 . 4 

Ni 59 7 . 6 0 9 . 3 

Ni 61 6 . 4 4 1 0 . 5 

Ni 62 7 . 3 5 9 . 7 

Cu 64 7 . 9 2 9 . 4 496 

Cu 66 7 . 0 7 9 . 8 367 

Ga 70 7 . 6 5 11 .1 360 

Ga 72 6 . 5 2 1 2 . 3 388 

Ge 71 6 . 4 1 1 2 . 3 177 

Ge 73 5 . 7 6 1 3 . 3 187 

Ge 74 6 . 8 8 1 3 . 5 239 

Ge 75 5 . 5 7 1 2 . 2 217 

As 76 7 . 3 3 1 3 . 3 325 

Se 75 6 . 7 4 1 3 . 8 247 

Se 77 6 . 2 8 13 .7 230 

Se 78 7 . 0 9 1 4 . 0 332 

Se 79 5 . 6 4 1 4 . 5 203 

Se 81 5 . 4 6 1 4 . 6 190 

Rb 86 8 . 6 5 1 0 . 9 198 



4-7 

1 2 3 4 5 

| Rb 88 6 . 0 3 1 0 . 9 132 
i 
i S r 85 5 . 0 8 11 .1 197 

Z r 91 5 . 8 8 1 2 . 3 320 

Z r 92 6 . 5 0 1 2 . 6 152 

Z r 93 5 . 7 2 1 3 . 9 342 

Zr 95 5 . 3 4 1 4 . 5 260 

Rh 104 7 . 0 0 1 8 . 5 136 

In 116 6 . 7 8 17 .1 111 

Sb 122 6 . 8 1 1 7 . 7 117 

Sb 124 6 . 4 7 1 7 . 0 84 

Te 123 5 . 7 4 1 8 . 9 173 
Te 124- 6 . 7 4 1 8 . 0 158 

Te 125 5 . 4 4 1 9 . 6 115 

Te 126 6 . 3 0 1 8 . 5 150 

Te 127 5 . 1 9 19 .7 145 

Te 129 4 . 9 8 2 0 . 0 172 

Xe 130 6 . 7 0 1 7 . 8 - 110 

Xe 132 6 . 2 9 16 .7 126 

B a 131 6 . 3 2 19 .1 124 

. Ba 135 5 . 8 0 1 7 , 6 94 

B a 136 7 . 0 4 1 5 . 5 127 

La 140 -5.16 1 5 . 9 64 

P r 142 5 . 8 4 16 .7 94 

Nd 144 5 . 5 4 1 8 . 9 86 

Nd 145 4 . 5 7 1 9 . 5 90 

Nd 146 5 . 2 4 2 1 . 0 48 
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1 2 3 4 5 

Nd 147 4 . 2 6 2 3 . 9 50 

Nd 149 4 . 0 9 2 7 . 8 72 

Pm 143 5 . 9 0 2 0 . 9 85 

Sm 148 5 . 9 1 2 0 . 7 55 

Sm 150 5 . 3 7 2 5 . 3 51 

Sm 151 4 . 3 7 2 6 . 4 85 

Sm 152 5 . 5 5 2 5 . 9 73 

Sm 153 4 . 7 9 2 5 . 0 74 

Sm 155 4 . 8 4 2 2 . 9 112 

Eu 152 6 . 3 1 2 4 . 8 128 

Eu 154 6 . 4 4 2 3 . 1 106 

Gd 153 5 . 2 7 . 2 5 . 9 68 

Gd 155 5 . 5 7 2 4 . 6 83 

Gd 156 6 . 4 4 2 3 . 2 101 

Gd 157 5 . 4 0 2 2 . 8 111 

Gd 158 5 . 9 8 2 2 . 4 97 

Gd 159 6 . 9 0 1 7 . 2 122 

Tb 160 6 . 3 8 2 1 . 7 117 

Dy 162 5 . 9 5 2 3 . 2 140 

Dy 163 5 . 7 5 2 0 . 7 159 

Dy 165 4 . 6 0 2 2 . 7 69 

Ho 166 6 . 2 4 2 1 . 9 78 

E r 167 5 . 5 2 2 2 . 9 112 

E r 168 6 . 2 7 2 1 . 1 102 

Tm 170 6 . 5 9 2 1 . 1 94 

Yb 172 6 . 3 0 2 2 . 8 111 
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1 2 3 4 5 

Yb 173 5/52 
i 

2 1 . 6 104 
Yb 174 61.12 2 0 . 7 99 
Yb ' 175 4 . 9 6 2 1 . 9 86 
Hf 178 5 . 9 3 2 3 . 4 57 
Ta 182 6 . 0 6 2 1 . 7 52 
W 183 5 . 5 3 2 1 . 9 94 
W 184 5 .87 2 2 . 9 95 
W 185 5 . 1 5 2 2 . 5 60 
W 187 4 . 8 9 2 2 . 9 74 
Re 186 6 . 1 8 2 2 . 4 55 
Re 188 5 . 8 7 2 3 . 2 72 

I r 192 ' 6 . 2 0 2 3 . 2 73 
I r 194 6 . 0 7 2 1 . 8 79 
Pt 196 6 . 1 9 . 2 1 . 1 86 

Au 198 6 .51 1 9 . 1 141 

P a 232 5 . 5 6 2 5 . 3 49 

P a 235 4 . 6 8 3 4 . 9 58 

U 234 5 . 3 2 3 0 . 1 52 

U 235 4 . 5 4 3 1 . 4 19 
U 236 4 . 8 7 3 2 . 2 41 

Np 238 5 . 4 9 2 9 . 2 58 

Pu ' 239 4 . 9 7 2 9 . 7 46 

Pu 240 5 . 2 2 3 0 . 3 51 
Pu 241 4 . 5 7 3 1 . 0 30 

Pu ' 242 4 . 9 1 3 1 . 5 48 



41 

1 2 3 4 5 

Am 242 5 . 5 3 2 8 . 9 41 

Am 244 5 . 3 6 3 0 . 1 50 

Cm 245 4 . 8 1 2 9 . 6 42 
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NEUTRON ORBIT RADII IN THE INVESTIGATIONS 

OF SUB-COULOMB (d ,p) STRIPPING 

I 

B .Fryszczyn , E . G i e r l i k , M.Siemiriski, A.Turowicki , 

E .Wesolowski, Z.Wilhelmi 

Department of Physics of Atomic Nucleus 

Institute of Experimental Physics of Warsaw University 

Quite the contrary to the information about proton distribution in 

atomic nuclei , experimental data on neutron distribution are scarce 

and not rel iable e . g . . A promissing way of obtaining the informa-

tion about rms radii of neutron orbits hased on 

comparison of the measured differential c r o s s sections of sub-Coulomb 

single-neutron t rans fer with the c ross sections calculated by means 

of DWBA method [2, 3] . Due to the low energy in both reaction chan-

nels the results of calculations slightly depend on the choice of optical 

model parameters for protons and deuterons, but they are sensitive to 

the choice of parameters of the bound state potential of transfered neu-

tron, particularly to r^ and a . However, all pairs of values of these 

-parameters ( r Q > correspond to the theoretical c r o s s section 

equal to the experimental one /using spectroscopic factor from another 

independent experiment/, lead to almost identical values of 

< ' V > 1 / 2 -

Excitation functions and absolute differential c r o s s sections of the 

reactions Ni i(d,p) DNi and Ge(d,p) Ge, leading 

to different states of final nucleus up to excitation energy 4 MeV, 
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discussed in this paper, were measured b}̂  means of scattering chamber 

with cooled surface b a r r i e r silicon detectors . Experiments were c a r -

ried out in energy range 2 , 7 - 3 , 3 MeV and angular range 70° - 160° . 

Neutron beam was delivered by Warsaw van de Graaff acce lera tor 

"LECH" . Experimental energy resolution was 24- - 35 keV. The targets 
2 

used were made of enriched isotopes and were 100 - 200 pg/cm thick. 

The results for ^Ni(d ,p)^ 3 Ni were analysed on the basis of DWBA 

calculations using DWUCK 2 code. Up to now with help of spectroscopic 

factors from paper [VJ, we have obtained values of rms radii of neu-6 3 

tron orbits for three selected levels of Ni.. These preliminary results 

with e r r o r cautiously estimated for about —0,30 fm are presented in 

Table 1 . 

TABLE 1 

Excitation 
energy 
MeV 

Separation 
energy 
MeV 

nlj S 

2 1/2 
r n l j 

fm 

0 • 6 , 8 4 1 2 p l / 2 0 , 3 7 4 , 3 8 

1 , 0 0 2 5 ,839 2 p l / 2 0 , 3 3 4 , 6 3 

2 , 9 5 3 3 , 8 8 0 3 s 1 / 2 0 , 1 9 5 , 5 2 
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Our result for 2 p ^ ^ orbit in ^ N i is in agreement with 

4 , 38 — 0 , 1 5 fm value obtained, bv Chapman et al { 3 J for 2p , 
6 1 " i / Z 

orbit in Ni. Further experimental and theoretical wor-k i s in 

p r o g r e s s . / 
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THE L E V E L STRUCTURE OF THE 1 2 7 C s NUCLEUS 

Ch.Droste and J . Srebrny 

Department of Nuclear Phys ics , University of Warsaw, Warsaw, Poland 

A.Kerek 

Research Institut of Phys ics , Stockholm, Sweeden 

W.Walus 

Phys ics Department, Jagellonian University, Cracow, Poland. 

127 The structure of low lying levels in the Cs nucleus is known 
7T 

from r e f . 1 where the isomeric state with I =11/2 was populated 
127 /" *n127 in the 1 (oC,4n) Cs reaction and its "g" - decay was studied. 

"t"" 127 Some information is also available from the J^) - decay of the Ba 

nucleus /see r e f s . 2 , 3/. In the present work the band structure in 
127 

Cs above the 11/2 isomeric state was studied. The existence of 

a decoupled band based on the 11/2 state /proton in the 

subshell/ was expected. Such decoupled bands were observed in the 

neighbouring nuclei with Z = 57 /refs . 4 , 5/ and' Z = 59 /ref . 6/ 

giving information on the shape of nuclei /sign of the deformation, de-

parture from the axial symetry - re f . 7/. 127 In the present experiment the excited states of the Cs nucleus 
127 f \1?7 

were populated in the l(pC54n; ' C s reaction at an alpha particle 

energy of 51 MeV. The measurements of the single gamma spectra 

/prompt and delayed/ , the gamma - gamma two dimensional coincidences 

and the ff - ray angular distributions were performed using Ge(Li) 

detectors . Bes ides , the excitation function was measured at four alpha 
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energies ranging from 43 MeV up to 51 MeV. The preliminary analysis 

of results gives evidence on the existence of a band structure. The main 

two bands are built on the isomeric 11/2 and the 7/2 states at the 
| 

excitation energy of 453 keV and 273 keV, respect ively. The tentative 
127 

level scheme of Cs is given in figure 1 . 
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F i g . 1 . Tentative level scheme for C s . The isomeric 

state ( l l / 2 and the states below it are known 

from r e f s . 1, 3 . 
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STUDY OF 1 2 4 K e AND 1 2 6 X e STRUCTURE 

Ch.Dros te , J . B u c k a , L .Goet t ig , T .Morek and J . Srebrny 

Institute of Experimental Phys ics , University of Warsaw 

/ 
I 

J . Dobaczewski, S .G . Rohoziriski 

Institute of Theoretical Phys ics , University of W a r s a w 

The J?> decay of ^ ^ C s and Cs was investigated. These 

nuclei were obtained in (p,n) reactions with 10 MeV protons from 

Proton Linear Accelerator at Swierk. The gaseous Xe targets , 

enriched with 124 and 126 isotopes, were used. Single ^ - ray 

and ^ — ^ coincidence spectra were measured. Proposed level 

schemes of ^2^Xe and Xe are shown on the f igure. 

Even - even Xe isotopes are typical examples of transitional 

nuclei . Potential energy surface calculated by macroscopic -

- microscopic method exhibits very weak dependence on ^ - deforma-

tion. It indicates a tendency to the strong coupling between ^ - v ibra-

tions and-rotation and very important role of the ^ - dependence of 

the kinetic energy part of the collective Hamiltonian. Therefore , the 

collective model taking into account the ^ - dependence of the mertial 

functions { j-3 w a s used to interpret the energies of levels and t rans i -

tion probabilities B ( e 2 ) X e . It was shown that the model 

can quantitatively reproduce the experimental data, but the renomaliza-

tion of the microscopic inertial functions was needed. 

1 . J .Dobaczewski, $ . G .Rohozinski, J . Srebrny, to be published 

in Z . Physik. 
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