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FOREWORD 

The P h y s i c s Divis ion Annual Review p r e s e n t s 

a c o m p r e h e n s i v e p i c t u r e of the work of the Div is ion in 

the y e a r ending in the sp r ing of 1975. In add i t i on , the 

p a p e r s publ i shed in the 1-year p e r i o d f rom 1 A p r i l 1974 

th rough 31 M a r c h 1975 a r e l i s t ed i m m e d i a t e l y a f te r the 

r e p o r t s on the r e s e a r c h . 

Ano the r p i c t u r e of the r e l a t i v e e m p h a s e s 

on the di f ferent p r o g r a m s of the Divis ion is suppl ied by 

the r o s t e r of p e r s o n n e l , in which the staff m e m b e r s a r e 

grouped by p r o g r a m , (It m u s t be u n d e r s t o o d , howeve r , 

that staff m e m b e r s f requent ly do p a r t of t h e i r w o r k in 

ano the r p r o g r a m . ) This r o s t e r f o r m s t h e l a s t s e c t i o n 

of the r e p o r t . 
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I. INTERMEDIATE-ENERGY PHYSICS 

INTRODUCTION 

In i t s M e d i u m - E n e r g y R e s e a r c h p r o g r a m , the Argonne 
P h y s i c s Div i s ion a p p l i e s the t e c h n i q u e s and a c c u m u l a t e d knowledge of l ow-
e n e r g y n u c l e a r p h y s i c s to i n t e r m e d i a t e - e n e r g y p r o b l e m s . The e x p e r i ­
m e n t a l p a r t of the p r o g r a m is c a r r i e d out p r i m a r i l y at L T ^ M P F bu t , when 
a d v a n t a g e o u s , o the r a c c e l e r a t o r s a r e u s e d for e x p l o r a t o r y e x p e r i m e n t s 
o r to m a k e u s e of p a r t i c l e b e a m s tha t a r e not p r o v i d e d by L A M P F , The 
ZGS i s e s p e c i a l l y usefu l for such a u x i l i a r y e x p e r i m e n t s b e c a u s e of i t s 
kaon beana and b e c a u s e i t p r o v i d e s p ions of h ighe r e n e r g y than a r e a v a i l a b l e 
f rom L A M P F . 

Fo l lowing e x p l o r a t o r y m e a s u r e m e n t s at t he ZGS, a n e x t e n ­
s ive s tudy of p i o n - i n d u c e d n u c l e a r r e a c t i o n s h a s been s t a r t e d a t L A M P F . 
The t e c h n i q u e of o n - l i n e h i g h - r e s o l u t i o n m e a s u r e m e n t s of n u c l e a r g a m m a 
r a y s h a s been s y s t e m a t i c a l l y app l i ed to s tud i e s of the p r o d u c t s of p i o n -
induced r e a c t i o n s . Tak ing advan t age of the unique fac i l i ty a v a i l a b l e at 
L A M P F , it has been p o s s i b l e in s e v e r a l c a s e s to a c c u m u l a t e s p e c t r a w h e r e 
m o r e t han half of the to ta l r e a c t i o n c r o s s s e c t i o n is a c c o u n t e d for by f inal 
nuc l i de s ident i f ied by t h e i r g a m m a r a y s . T h u s , t h i s t echn ique m a y p r o v i d e 
the b e s t o v e r a l l tool for exp lo r ing the bulk of the p i o n - i n d u c e d r e a c t i o n s . 
F r o m a v e r y s u c c e s s f u l f i r s t run at L A M P F , a n u m b e r of new qua l i t a t i ve 
f e a t u r e s have e m e r g e d . E a r l i e r ev idence point ing t o w a r d m u l t i p l e 
a - p a r t i c l e r e m o v a l is s e e n in a somew^hat d i f ferent l ight wi th the new 
i m p r o v e d da t a , and the d e p e n d e n c e of exit channe l on p r o j e c t i l e , t a r g e t , 
and e n e r g y h a s been s tud ied . F o r the f i r s t t i m e , r e l i a b l e a b s o l u t e c r o s s 
s e c t i o n s have been ob ta ined . A r e q u e s t for add i t i ona l running t i m e h a s 
been s u b m i t t e d . 

When the EPICS channe l b e c o m e s o p e r a t i o n a l in l a t e 197 5, 
one of the f i r s t e x p e r i m e n t s wi l l be one on pion channe l ing . E q u i p m e n t for 
th i s s tudy i s a l m o s t c o m p l e t e . E x p e r i m e n t s on p ion s c a t t e r i n g awa i t the 
c o m p l e t i o n of the EPICS s p e c t r o m e t e r . 

B e c a u s e i t s " s t r a n g e n e s s " quan tum n u m b e r is d i f fe ren t f r o m 
tha t of the p i o n , i n v e s t i g a t i o n s wi th kaon p r o j e c t i l e s could open up e n t i r e l y 
new a s p e c t s of n u c l e a r p h y s i c s . H o w e v e r , the p o s s i b i l i t i e s a r e s e v e r e l y 
l i m i t e d by the low i n t e n s i t i e s of e x i s t i n g kaon b e a m s . In an effort to 
i m p r o v e on th i s s i t u a t i o n , we have i n i t i a t e d an i n v e s t i g a t i o n of the f e a s i b i l i t y 
of ob ta in ing a m o r e i n t e n s e kaon b e a m f rom the ZGS. 
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A. E X P E R I M E N T S AT ZGS 

No e x p e r i m e n t s w e r e c a r r i e d out at ZGS d u r i n g the p a s t 
y e a r . A l s o , no e x p e r i m e n t s at ZGS a r e p lanned for t h e c o m i n g y e a r u n l e s s 
L A M P F t u r n s out to be unava i l ab l e o r u n l e s s t h e r e a r e u n f o r e s e e n s c i e n ­
tific deve lopmen t s that m a k e the s p e c i a l c a p a b i l i t i e s of t h e ZGS e s p e c i a l l y 
a t t r a c t i v e . 

The e x p e r i m e n t a l r e s u l t s r e p o r t e d be low in S e c . 1 w e r e 
obta ined f rom a se t of m e a s u r e m e n t s c a r r i e d out in t h e s p r i n g of 1974. 

1. MULTINUCLEON REMOVAL F R O M N U C L E I 
BY HIGH-ENERGY PIONS 

P . T. Debevec , L . R. Greenwood , ' H. E . J a c k s o n , D. G. K o v a r , 
L . M e y e r - S c h u t z m e i s t e r , J . P . Sch i f fe r , R. E . Sege l , T . P . W a n g l e r , 

W. R. W h a r t o n , and B . Z e l d m a n 

E a r l y m e a s u r e m e n t s at ANL of n u c l e a r r e a c t i o n s wi th fas t 

c h a r g e d m e s o n s have sugges t ed t h a t , for m e d i u m - w e i g h t n u c l e i , 

mu l t inuc leon r e m o v a l i s domina ted by r e m o v a l of s ing le and m u l t i p l e a lpha 

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

qua l i t a t ive ly different than those connmonly a s s o c i a t e d with s p a l l a t i o n 

r e a c t i o n s and sugges t the pos s ib i l i t y of a n u c l e a r i n t e r a c t i o n un ique to 

m e s o n r e a c t i o n s . In an effort to exp lo re t h e s e p h e n o m e n a f u r t h e r , and to 

d e t e r m i n e the i m p o r t a n c e of n u c l e a r - s t r u c t u r e f e a t u r e s , a new s e r i e s of 

runs w e r e u n d e r t a k e n at the ZGS. The y - r a y s p e c t r a w e r e m e a s u r e d fo r 

the i n t e r a c t i o n s of 350-MeV pions with nucle i c o v e r i n g a r a n g e of m a s s 

f rom 32 to 75 . The y - r a y s p e c t r a w e r e o b s e r v e d with a Ge(Li) d e t e c t o r 

with v e r y much improved condi t ions of s ignal to b a c k g r o u n d . A p r e l i m i n a r y 

a n a l y s i s ind ica te s that n u c l e a r - s t r u c t u r e effects c a n g r e a t l y a l t e r the 

d e g r e e of alpha r e m o v a l . A c o m p a r i s o n of s p e c t r a show s ign i f ican t s ing le 

and mul t ip le alpha r e m o v a l for i n t e r a c t i o n s wi th '^^Ca and no o b s e r v a b l e 

N o r t h w e s t e r n U n i v e r s i t y , E v a n s t o n , I l l i n o i s . 
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c o r r e s p o n d i n g r e m o v a l in A r . C a l c u l a t i o n s u s i n g a n u c l e a r - c a s c a d e 

e v a p o r a t i o n m o d e l for t h e s e and o t h e r t a r g e t s s t ud i ed in t h e s e m e a s u r e ­

m e n t s a r e in p r o g r e s s . De ta i l ed c o m p a r i s o n of t h e s e r e s u l t s wi th the 

e x p e r i m e n t a l da ta is e x p e c t e d to p r o v i d e i n f o r m a t i o n on the n a t u r e of the 

r e a c t i o n m e c h a n i s m for t r a n s f e r of p ion ic e n e r g y to t h e n u c l e u s . 

2. STUDY OF THE FEASIBILITY OF AN INTENSE KAON BEAM 

The f e a s i b i l i t y of ob ta in ing an i n t e n s e b e a m of k a o n s at t h e 

ZGS is be ing i n v e s t i g a t e d . 

The s u c c e s s of the s t u d i e s of p i o n - i n d u c e d n u c l e a r r e a c t i o n s 

p r o m p t s an i n t e r e s t in m a k i n g s i m i l a r s t ud i e s with k a o n s . F u r t h e r m o r e , 

s i n c e kaons a r e s t r a n g e n e s s 1 (S=l) p a r t i c l e s , a s a g a i n s t S = 0 for t h e 

p i o n , new^ a r e a s of n u c l e a r , and p e r h a p s p a r t i c l e , p h y s i c s a r e a c c e s s i b l e 

when k a o n - i n d u c e d n u c l e a r r e a c t i o n s a r e s t u d i e d . In the p ion w o r k we 
5 

have shown tha t wi th b e a m s a v e r a g i n g about 3 X 10 p a r t i c l e s p e r s ec 

n u c l e a r r e a c t i o n s t u d i e s b e c o m e qui te f e a s i b l e . We have t h e r e f o r e b e e n 

i n v e s t i g a t i n g w h e t h e r low^ m o m e n t u m (a 500 M e V / c ) kaon b e a m s of 

suff ic ient i n t e n s i t y m i g h t be ob ta inab le at the ZGS. 

F r o m d i s c u s s i o n s wi th ZGS p e r s o n n e l , it has b e e n l e a r n e d 
w 12 

tha t they expec t to be t a r g e t t i n g 3 X 1 0 p r o t o n s p e r p u l s e in the fal l of 

1976. E x p e r i e n c e with a k a o n b e a m which h a s been bui l t at B e r k e l e y 
5 + 

i n d i c a t e s t h a t , wi th th i s p r o t o n i n t e n s i t y , a b e a m d e l i v e r i n g 3 X 10 K / s e c 

could be bui l t at t h e ZGS. About one c o n t a m i n a n t p a r t i c l e would be 

p r e s e n t fo r e a c h K . 

A h i g h - i n t e n s i t y kaon b e a m at the ZGS would add a new 

d i m e n s i o n to n u c l e a r p h y s i c s at A r g o n n e and would s ign i f i can t ly expand 

the c a p a b i l i t i e s of the n a t i o n a l p r o g r a m in M e d i u m - E n e r g y S c i e n c e . 
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B^ E X P E R I M E N T S A T L A M P F 

1. MESON-INDUCED NUCLEAR REACTIONS 

E x p e r i m e n t s done at the ZGS wi th kaon ic a t o m s showed t h a t 
a g r e a t dea l of i n fo rma t ion about the i n t e r a c t i o n of m e s o n s wi th n u c l e i 
can be deduced by m e a s u r i n g the r e s u l t a n t n u c l e a r g a m m a - r a y s p e c t r u m . 
T h e s e e x p e r i m e n t s , and subsequent s tud ie s of t h e s p e c t r a a c c o m p a n y i n g 
f a s t -p ion b o m b a r d m e n t , showed that qua l i t a t ive ly new n u c l e a r p h e n o m e n a 
m a y be m a n i f e s t e d when m e s o n s i n t e r a c t with n u c l e i . O p p o r t u n i t i e s for 
m e s o n - n u c l e u s s tud ies have b e c o m e m u c h g r e a t e r now tha t L A M P F h a s 
b e c o m e ope ra t i ona l s i n c e , not only a r e the pion f luxes m u c h g r e a t e r , bu t 
the e x p e r i m e n t a l condi t ions a r e far s u p e r i o r for n u c l e a r - p h y s i c s e x p e r i ­
m e n t s . A run a t L A M P F in la te 1974 p r o d u c e d what i s e a s i l y the b e s t 
data on the g a m m a - r a y s p e c t r a f rom p i o n - i n d u c e d r e a c t i o n s and j u s t i f i e d 
our faith that n u c l e a r phys ic s could be fruitfully p u r s u e d in t h i s m a n n e r . 

a. Nuc lea r y Rays A r i s i n g f rom the I n t e r a c t i o n of P i o n s wi th N u c l e i -
Alpha R e m o v a l 

H. E . J a c k s o n , D. G. K o v a r , L . M e y e r - S c h u t z m e i s t e r , J . P . 
Schiffer , R. E . Sege l , S. E . V i g d o r , T. P . W a n g l e r , V. G. L i n d , * 
E . N. H a t c h , * O. H. O t t e s o n , * R. E . M c A d a m s , * R. L . B u r m a n . t 
P . A. M. G r a m , t D. M. D r a k e , t R. B. C l a r k , + and B . C . CookS 

E x p e r i m e n t a l data of p r o m p t g a m m a r a y s i nduced by p i o n s 
27 138 

on a v a r i e t y of t a r g e t s f rom Al to Ba have been e x a m i n e d for e v i ­

dence of a l p h a - p a r t i c l e r e m o v a l a s a dominan t m e c h a n i s m . E a r l i e r w o r k 

with s topped kaons at the ZGS and with p ions at SREL i n d i c a t e d t h i s to be 

a s t r o n g effect. While a lpha r e m o v a l induced by 220-MeV n " on '^^Ca i s 

o b s e r v e d , the c r o s s sec t ion was found to be a t l e a s t a f a c t o r of t h r e e l o w e r 

than r e p o r t e d in the S R E L e x p e r i m e n t . F o r A l , V, and Ni t a r g e t s , n u c l e i 

which would be left af ter the r e m o v a l of one o r m o r e a lpha p a r t i c l e s , o r 

Utah State U n i v e r s i t y , Logan , Utah . 

Los Alamos Scientif ic L a b o r a t o r y , Los A l a m o s , New M e x i c o . 

Texas A & M U n i v e r s i t y , Col lege S t a t i on , T e x a s . 

Iowa State U n i v e r s i t y , A m e s , Iowa. 



I . B l a , b 

t r i t o n s + a lpha p a r t i c l e s for the odd n u c l e i , a ccoun t for about 15—30% of the 

t o t a l c r o s s s e c t i o n . With h e a v i e r t a r g e t s a lpha r e m o v a l w^as not e v i d e n t , 

a l though the da ta w e r e not a s de f in i t i ve . 

b . N u c l e a r y R a y s A r i s i n g f r o m the I n t e r a c t i o n of P i o n s wi th Nuc le i -

58Ni and 60Ni 

H. E . J a c k s o n , D. G. K o v a r , L . M e y e r - S c h u t z m e i s t e r , J . P . 
Sch i f fe r , R. E . Sege l , S. E . V i g d o r , T. P . W a n g l e r , V. G. L i n d , * 
E . N . H a t c h , * O. H. O t t e s o n , * R. E . M c A d a m s , * R. L . B u r m a n , t 
P . A. M. G r a m , t D. M. D r a k e , t R. B. C l a r k , + and B . C. Cook§ 

C O 

P r o m p t g a m m a r a y s i nduced by fas t p ions on Ni have been 

s tud ied with a Ge(Li) c o u n t e r . T h e s e m e a s u r e m e n t s p r o v i d e a unique 

p i c t u r e of the i n t e r a c t i o n b e t w e e n p ions and c o m p l e x n u c l e i ; it i s the only 

t e c h n i q u e which a l l ows a g r o s s iden t i f i ca t ion of the dominan t f inal 

c h a n n e l s . In con t inua t ion of e a r l i e r Argonne w o r k at the ZGS wi th k a o n s 

and p i o n s , a s u c c e s s f u l e x p e r i m e n t w a s c a r r i e d out a t L A M P F . 

I s o t o p i c a l l y e n r i c h e d Ni t a r g e t s w^ere u s e d . F o r each i s o t o p e i t w a s 

p o s s i b l e to a s s i g n about half t h e t o t a l c r o s s s e c t i o n to spec i f i c f inal 
C Q 

n u c l i d e s . M e a s u r e m e n t s on Ni show^ v i r t u a l l y no d e p e n d e n c e of the 

d i s t r i b u t i o n of f inal n u c l i d e s on t h e p i o n ' s c h a r g e o r e n e r g y (100 and 220 

M e V ) . This is c o n t r a r y to s i m p l e expec t a t i ons and un l ike the b e h a v i o r 

wi th p r o t o n s . L i m i t e d da ta on o t h e r n u c l i d e s have a l so b e e n ob ta ined . 

F u t u r e m e a s u r e n n e n t s a r e p l anned to e x p l o r e t h e s e s y s t e m a t i c s in m o r e 

d e t a i l ; the e n e r g y d e p e n d e n c e n e e d s to be ex tended to lower e n e r g i e s and 

the c h a r g e d e p e n d e n c e c h e c k e d with o the r t a r g e t s . We a l s o p lan to look 

a t s o m e g r o s s c h a r g e d - p a r t i c l e s p e c t r a in a t t e m p t i n g to gain a d d i t i o n a l 

i n f o r m a t i o n of the r e a c t i o n m e c h a n i s n n s . 

Utah S ta te U n i v e r s i t y , L o g a n , Utah . 

L o s A l a m o s Scient i f ic L a b o r a t o r y , L o s A l a m o s , New M e x i c o . 

T e x a s A & M U n i v e r s i t y , Co l l ege S t a t i on , T e x a s . 

Iowa S ta te U n i v e r s i t y , A m e s , Iowa. 
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H . E . J a c k s o n , D . G. K o v a r , L . M e y e r - S c h u t z m e i s t e r , J . E . 

M o n a h a n , J . P . S c h i f f e r , R . E . S e g e l , S . E . V i g d o r , T . P . W a n g l e r , 

V . G. L i n d , * E . N . H a t c h , * O. H . O t t e s o n , * R . E . M c A d a m s , * R . L . 

B u r m a n , t P . A . M . G r a m , t D . M . D r a k e , t R . B . C l a r k , + a n d B . C . 

C o o k § 

, 27 . , , 
P r o m p t g a m m a s f r o m f a s t p i o n b o m b a r d m e n t of A l a n d 

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

n u c l e i r e m o v e d by one t r i t o n o r 1 t r i t o n + 1 a l p h a f r o m t h e t a r g e t n u c l e u s . 

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

of t h e s a m e m a s s r e g i o n , w h e r e t h e y i e l d s of t h e n u c l e i w i t h l a o r 2 a 
51 

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

2 5 % of t h e t o t a l o b s e r v e d r e a c t i o n c r o s s s e c t i o n l e a d s to T i ( V t r i t o n 

o r 2n + I p ) . S o m e e x p l o r a t o r y c a l c u l a t i o n s h a v e b e e n c a r r i e d o u t u s i n g 

a p a r t i c l e e v a p o r a t i o n m o d e l . 

d. N u c l e a r y R a y s A r i s i n g f r o m t h e I n t e r a c t i o n of P i o n s w i t h N u c l e i -

9 3 N b a n d 1 3 8 B a 

H . E , J a c k s o n , D . G. K o v a r , L . M e y e r - S c h u t z m e i s t e r , J . P . 
S c h i f f e r , R . E . S e g e l , S. E . V i g d o r , T . P . W a n g l e r , V . G. L i n d , * 
E . N . H a t c h , * O . H . O t t e s o n , * R . E . M c A d a m s , * R . L . B u r m a n , t 
P . A . M . G r a m , t D . M , D r a k e , t R . B . C l a r k , + a n d B . C . C o o k § 

13 8 Q 3 
G a m m a r a y s f r o m f a s t p i o n i n t e r a c t i o n s w i t h B a a n d N b 

h a v e b e e n s t u d i e d a t t h e L A M P F - L E P p i o n c h a n n e l . F o r B a ^^ Xe 
128 ' ' 

a n d Xe l i n e s c o r r e s p o n d i n g t o 2 - p r o t o n + 8 o r 10 n e u t r o n r e m o v a l 
Q 'X 

domina te the s p e c t r u m . With a Nb t a r g e t , y r a y s c o r r e s p o n d i n g to ^ ^ Z r 
J 84^ 

and Sr a r e the s t r o n g e s t ; again the n u m b e r of n e u t r o n s r e m o v e d i s m o r e 

than double the n u m b e r of p r o t o n s . The m e c h a n i s m of fas t p ion i n t e r a c t i o n s 

* 
Utah State U n i v e r s i t y , Logan , Utah. 

Los Alamos Scientific L a b o r a t o r y , Los A l a m o s , New M e x i c o . 

Texas A & M U n i v e r s i t y , Col lege S ta t ion , T e x a s . 
§ 
Iowa State U n i v e r s i t y , A m e s , Iowa. 
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wi th t h e s e h e a v y t a r g e t s s e e m s to be q u a l i t a t i v e l y d i f ferent f r o m tha t 

wi th l i g h t e r o n e s . 

e . N e u t r o n C o m p o n e n t s of I n e l a s t i c P i o n E x c i t a t i o n s 

J . P . Sch i f f e r , H. E . J a c k s o n , D. G. K o v a r , R. D, L a w s o n , 
L . M e y e r - S c h u t z m e i s t e r , R. E . S e g e l , S. E . V igdo r , and T. P . 
Wang le r 

When i n e l a s t i c s c a t t e r i n g of both rr and n i s m e a s u r e d to 

a g iven s t a t e at t he s a m e inc iden t pion e n e r g y , if it i s a s s u m e d tha t such 

s c a t t e r i n g i s due to a d i r e c t p r o c e s s , one m a y e x t r a c t r a t h e r un ique 

i n f o r m a t i o n f r o m the da t a . The n o r m a l e x p e r i m e n t a l quan t i t i e s fo r (E2) 

i n e l a s t i c exc i t a t i ons a r e the B(E2) ' s which r e p r e s e n t e l e c t r o m a g n e t i c 

( i . e, , c h a r g e o r p ro ton ) t r a n s i t i o n s . If the p ion i n t e r a c t i o n i s by way of 

the 3 , 3 r e s o n a n c e , t h e c o r r e s p o n d i n g quant i ty for n e u t r o n s m a y be 
2 

e x t r a c t e d th rough the r e l a t i o n "B(E2) " / B ( E 2 ) = [(3 - p ) / ( 3 p - 1)] , w h e r e 
1/2 ^ 

p = (cr ^/(T _) , Under t h e a s s u m p t i o n tha t the g r o u n d - s t a t e g a m m a - r a y 

t r a n s i t i o n s in t h e t a r g e t nuc le i s tud ied in our L A M P F e x p e r i m e n t a r e 

c a u s e d by d i r e c t i n e l a s t i c exc i t a t i ons and not c a s c a d e s , th i s r a t i o of 
C Q 

m a t r i x e l e m e n t s w a s e x t r a c t e d f r o m the Ni da ta and is in a c c o r d wi th a 

t h e o r e t i c a l e s t i m a t e b a s e d on the phenomeno logy of t h e n i c k e l i s o t o p e s . 

E n c o u r a g e m e n t can be draw^n f r o m the r e s u l t s ob ta ined to da t e t ha t d i r e c t 

e x p e r i m e n t a l a c c e s s to th i s i m p o r t a n t n u c l e a r quant i ty i s p o s s i b l e t h r o u g h 

the s tudy of p i o n - i n d u c e d r e a c t i o n s . 

2 . PION S C A T T E R I N G 

The i n t e n s e (the o r d e r of n a n o a m p s a r e e x p e c t e d soon) p ion 
b e a m s at L A M P F p r e s e n t the oppor tun i ty to ca re fu l ly and s y s t e m a t i c a l l y 
s tudy the i n t e r a c t i o n of nuc le i wi th p i o n s . The s p e c t r o m e t e r E P I C S i s a n 
a u x i l i a r y fac i l i ty be ing buil t tha t wi l l g r e a t l y f ac i l i t a t e n u c l e a r s t u d i e s . 
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P i o n S c a t t e r i n g f rom Complex Nucle i 

T, H, B r a i d , H. E . J a c k s o n , J . P . Schi f fe r , T . P . W a n g l e r , 
B , Z e l d m a n , H. A. T h i e s s e n , * J . S M c C a r t h y , t S. E . S o b o t t k a , t 
G. C. M o r r i s o n , + R. H. S i e m s s e n , § S. L B a k e r , || K. K. Se th , ^ 
and H. P l e n d l * * 

Two e x p e r i m e n t s have been p l anned and a p p r o v e d for the 

EPICS s y s t e m a t L A M P F . 

(1) Survey of n s c a t t e r i n g by c o m p l e x n u c l e i , u s i n g t a r g e t s 

of ^^S i , ^ ° N i , ^^Sr , ^ ° ^ P b , and ^^^U. This wi l l p r o v i d e the f i r s t i n f o r ­

m a t i o n on the a v e r a g e p i o n - n u c l e u s po ten t i a l (for both n and n ) and i t s 

d e s c r i p t i o n in t e r m s of an o p t i c a l - m o d e l po ten t i a l for a wide r a n g e of 

m a s s e s . The d i s t o r t e d - w a v e functions de r ived f r o m th i s wi l l be r e q u i r e d 

in the a n a l y s i s of o the r p ion - induced r e a c t i o n s . 

(2) E l a s t i c and i ne l a s t i c s c a t t e r i n g of n and n f r o m L i , 

B , and N at E =; 200 MeV, with e m p h a s i s on popula t ing the l o w - l y i n g 

T = 0 and T = l l eve l s and the (n , n ' ' ) - c h a r g e - e x c h a n g e r e a c t i o n . S ince t h e 

l eve l s of the t a r g e t s chosen have been s tudied e x t e n s i v e l y , and s ince the 

i ne l a s t i c s c a t t e r i n g to the T = l l eve l s is equivalent to the s i n g l e - c h a r g e -

exchange r e a c t i o n to o ther m e m b e r s of the s a m e i s o s p i n t r i p l e t , the d a t a 

obta ined wil l m a k e p o s s i b l e an i n t e r n a l l y c o n s i s t e n t t e s t of our knov/ ledge 

of p i o n - n u c l e u s s c a t t e r i n g . 

Ne i the r e x p e r i m e n t has yet been p e r f o r m e d s i n c e the E P I C S 

channel i s not yet r eady ; it is l ikely to be ava i l ab le for the e x p e r i m e n t s in 

the next f i sca l y e a r . 

Los Alamos Scientif ic L a b o r a t o r y , Los A l a m o s , New M e x i c o , 

U n i v e r s i t y of V i rg in i a , C h a r l o t t e s v i l l e , V i rg in ia . 

U n i v e r s i t y of B i r m i n g h a m , B i r m i n g h a m , England, 
§ 

U n i v e r s i t y of Gron ingen , Gron ingen , N e t h e r l a n d s . 

Nat ional A c c e l e r a t o r L a b o r a t o r y , B a t a v i a , I l l i no i s . 

N o r t h w e s t e rn U n i v e r s i t y , E v a n s t o n , I l l i no i s . 

F l o r i d a State U n i v e r s i t y , T a l l a h a s s e e , F l o r i d a . 
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3 . CHANNELING E X P E R I M E N T S 

A l m o s t a l l channe l i ng w^ork to da te h a s been done \vith 
p o s i t i v e i o n s . With the adven t of L A M P F , it b e c o m e s p o s s i b l e to s tudy 
th i s p r o c e s s wi th heavy nega t ive p a r t i c l e s and an e x p e r i m e n t i s p l anned 
for 1975—76. Since the channe l ing p r o c e s s i s g o v e r n e d by Cou lomb 
f o r c e s , qua l i t a t i ve d i f f e r e n c e s a r e e x p e c t e d . As p a r t of the p r e p a r a t i o n 
for the e x p e r i m e n t and t e s t i n g the a p p a r a t u s , s o m e e l e c t r o n - c h a n n e l i n g 
m e a s u r e m e n t s have been c a r r i e d out . 

a . E l e c t r o n Channe l ing M e a s u r e m e n t s at the Argonne E l e c t r o n L i n a c 

D. S. G e m m e l l , J. R e m i l l i e u x , T . P . W a n g l e r , and J. N, 
Wor th ing ton 

In o r d e r to s i m u l a t e condi t ions at L A M P F p r i o r to A r g o n n e ' s 

p ion -channe l ing e x p e r i m e n t , s o m e channe l ing m e a s u r e m e n t s w e r e 

a t t e m p t e d a t the e l e c t r o n l inac at A r g o n n e , In th i s e x p e r i m e n t a th in 

s i l i con c r y s t a l w a s u s e d both a s a channe l ing m e d i u m and a s a d e t e c t o r , 

s i n c e if channe l ing ef fec ts a r e i m p o r t a n t , the output p u l s e g e n e r a t e d 

when a pion p a s s e s t h r o u g h the d e t e c t o r should depend upon the d e t e c t o r 

o r i e n t a t i o n . 

One ques t i on be ing i n v e s t i g a t e d i s w^hether t h e r e w^ould be 

e x p e r i m e n t a l p r o b l e m s a s s o c i a t e d with the s m a l l p u l s e e x p e c t e d when 

m i n i m u m ioniz ing p ions depos i t e n e r g y in the th in s i l i c o n . The e l e c t r o n 

l inac w a s u s e d a s a s o u r c e of m i n i m u m ioniz ing p a r t i c l e s in o r d e r to s tudy 

t h e s e p r o b l e m s . Among t h e p r o b l e m s e n c o u n t e r e d w e r e : (1) p ickup 

n o i s e p u l s e s in the s i l i con which w e r e of g r e a t e r m a g n i t u d e than the 

s i g n a l , (2) p i l eup of p u l s e s due to the low duty f ac to r of the L i n a c , and 

(3) p u l s e d i s t o r t i o n a r i s i n g f r o m t h e r m a l n o i s e o r o t h e r b a c k g r o u n d 

r a d i a t i o n . 

S o m e s ign i f ican t p r o g r e s s was m a d e t o w a r d s so lv ing the 

p ickup n o i s e and p i l eup p r o b l e m s and w o r k i s cont inuing in an effort to 

so lve the r e m a i n i n g p r o b l e m s be fo re t h e f i r s t e x p e r i m e n t a l r u n , wh ich 

should be in Augus t 1975, 

file:///vith
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b , P i o n Channel ing 

D. S. G e m m e l l , T. H. B r a i d , R. E, Hol land , J , - C P o i z a t , 
J . R e m i l l i e u x , J . P , Schif fer , J . W. T i p p l e , * T . P . W a n g l e r , 
J . N . Wor th ing ton , B. Z e l d m a n , D, M, L e e , t and H. A, T h i e s s e n * 

The p ion-channel ing e x p e r i m e n t s p r o p o s e d at L A M P F wi l l 

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

th in (110) p l a n a r Si c r y s t a l wil l cons t i tu te both a t a r g e t fo r c h a n n e l i n g and 

a d e t e c t o r to m e a s u r e ene rgy l o s s . The second wi l l u s e the E P I C S 

s p e c t r o m e t e r to m e a s u r e the m o m e n t u m and s p a t i a l d i s t r i b u t i o n s for 

p ions t r a n s m i t t e d th rough a v a r i e t y of thin t a r g e t c r y s t a l s . The c h a n n e l i n g 

effect h a s been inves t iga ted m o s t l y with p o s i t i v e ion b e a m s , and to a 

m u c h l e s s e r ex ten t , with b e a m s of e l e c t r o n s and p o s i t r o n s . The u s e of 

pion b e a m s wil l p rov ide data for an inc iden t p a r t i c l e m a s s tha t is i n t e r ­

m e d i a t e be tween the e x t r e m e s of the e l e c t r o n and p r o t o n m a s s e s . T h i s 

i s expec ted to p r o v e useful in r e l a t i n g the different t h e o r e t i c a l d e s c r i p t i o n s 

app l i cab le to pos i t ive ion channel ing on the one hand (usua l ly a c l a s s i c a l 

t h e o r y suffices) and e l e c t r o n and p o s i t r o n channe l ing on the o the r (of ten, 

but by no m e a n s a l w a y s , a quantum m e c h a n i c a l d e s c r i p t i o n i s r e q u i r e d ) . 

The e x p e r i m e n t s wil l be done both with b e a m s of n and n , so tha t a 

c o m p a r i s o n wi l l be p o s s i b l e be tween channel ing effects for p a r t i c l e s 

iden t ica l except for the sign of t h e i r c h a r g e . 

The a p p a r a t u s r e q u i r e d for the f i r s t e x p e r i m e n t h a s a l l 

been a s s e m b l e d , and it has been t r i e d out wi th p r o t o n s at the ANL t a n d e m . 

We success fu l ly m e a s u r e d the e n e r g y l o s s in the Si t a r g e t c o u n t e r and 

c o r r e l a t e d that ene rgy lo s s with the d i r e c t i o n of the ind iv idua l p r o t o n s a s 

d e t e r m i n e d by a p a i r of he l i ca l c o u n t e r s , and d e m o n s t r a t e d the d e c r e a s e 

in e n e r g y l o s s for the channel ing d i r e c t i o n . 

Appl ied M a t h e m a t i c s Div is ion , ANL. 

U n i v e r s i t y of V i r g i n i a , C h a r l o t t e s v i l l e , V i rg in i a . 

Los A lamos Scientific L a b o r a t o r y , Los A l a m o s , New M e x i c o , 
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The E P I C S c h a n n e l h a s not b e e n a v a i l a b l e for an e x p e r i ­

m e n t a l r u n , but it i s s chedu l ed to be a v a i l a b l e e a r l y in the next f i s c a l 

y e a r and the e x p e r i m e n t wi l l be p e r f o r m e d then . 

4 . INSTRUMENTATION 

The c h a l l e n g e s of m e d i u m - e n e r g y r e s e a r c h d e m a n d the 
d e v e l o p m e n t of novel i n s t r u m e n t a t i o n to m e e t the n e e d s and i n s u r e the 
s u c c e s s of the p r o g r a m . M e m b e r s of the Argonne m e d i u m - e n e r g y g roup 
have b e e n in the fo re f ron t of t h e s e e f fo r t s . They have so lved the p r o b l e m 
tha t a r i s e s a t L A M P F of m e a s u r i n g b e a m s tha t a r e too i n t e n s e for t h e 
count ing of ind iv idua l p a r t i c l e s , and yet too weak for conven t iona l h i g h -
p r e c i s i o n c u r r e n t i n t e g r a t i o n . A novel p o s i t i o n - s e n s i t i v e d e t e c t o r tha t 
i s n e c e s s a r y to d e t e r m i n e p ion p o s i t i o n in the u p c o m i n g channe l ing 
e x p e r i m e n t s h a s been bui l t and t e s t e d . The s u c c e s s of th i s i n s t r u m e n t 
unde r t e s t s u g g e s t s tha t it m a y v e r y w^ell have o t h e r va luab le u s e s in 
p a r t i c l e r e s e a r c h . An advanced de t ec t ion s y s t e m for s tudying the 
c h a r g e d - p a r t i c l e p r o d u c t s of p i o n - i n d u c e d r e a c t i o n s i s be ing deve loped . 

a. D e s i g n , C o n s t r u c t i o n and P e r f o r m a n c e of a S c i n t i l l a t o r - B e a m - M o n i t o r 

S y s t e m for H i g h - I n t e n s i t y S e c o n d a r y C h a r g e d - P a r t i c l e B e a m s 

T. P . W a n g l e r , S. E . V i g d o r , and J . N . Wor th ing ton 

An i m p o r t a n t p r o b l e m for A r g o n n e ' s r e c e n t e x p e r i m e n t 

#121 at L A M P F w a s the need for a m e a n s to m o n i t o r the inc iden t p ion 
7 9 

b e a m in which the i n s t a n t a n e o u s r a t e w^as 10 —10 p a r t i c l e s / s e c . 

A d e t e c t o r was c o n s t r u c t e d c o n s i s t i n g of a th in p l a s t i c s c i n t i l l a t o r in the 

b e a m , which w a s v iewed by a p h o t o m u l t i p l i e r . The p h o t o m u l t i p l i e r 

c u r r e n t w a s i n t e g r a t e d by a c h a r g e - b a l a n c i n g A / D c o n v e r t e r w h o s e output 

was s c a l e d . T e s t s wi th a p u l s e d l i g h t - e m i t t i n g diode showed tha t the 

d e t e c t o r was l i n e a r to about ±1% o v e r m o r e than four o r d e r s of nnagni tude 

in l ight i n t e n s i t y . The i n t e g r a t e d c u r r e n t was c a l i b r a t e d at l o w - b e a m 

i n t e n s i t y a g a i n s t the n u m b e r of p a r t i c l e s counted in a c o i n c i d e n c e 

t e l e s c o p e which inc luded a s econd p h o t o m u l t i p l i e r v iewing the b e a m 

m o n i t o r s c i n t i l l a t o r . The a v e r a g e p h o t o m u l t i p l i e r c u r r e n t s f r om two 
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add i t iona l sc in t i l l a t ion c o u n t e r s p l aced in the p e r i p h e r y of t h e b e a m w e r e 

u s e d to m o n i t o r changes in b e a m pos i t ion or f o c u s s i n g . 

This b e a m - m o n i t o r s y s t e m was s u c c e s s f u l l y u s e d a t 

L A M P F for both pion and p ro ton b e a m s . C a l i b r a t i o n s which w e r e m a d e 

s e v e r a l days a p a r t w e r e cons i s t en t in a l l c a s e s wi th in 1% a c c u r a c y . 

An i m p o r t a n t p a r t of m o n i t o r i n g the b e a m was t h e c o n ­

s t r u c t i o n of a r ig id m e c h a n i c a l f r a m e upon which t h e s c i n t i l l a t i o n 

c o u n t e r s and t a r g e t s could be mounted in c l o s e r e l a t i v e p r o x i m i t y . The 

b a s i c f r a m e was a t t ached with r o l l e r b e a r i n g s to an e x t e r n a l f r a m e 

bol ted into the e x p e r i m e n t a l f loor . Th i s a l lowed for e a s y a c c e s s in to a 

g e o m e t r i c a l l y - c o n f i n e d reg ion for the n e c e s s a r y changes of t a r g e t in 

the e x p e r i m e n t , 

b . P o s i t i o n - S e n s i t i v e P r o p o r t i o n a l Coun te r s 

T. H, B r a i d 

A p o s i t i o n - s e n s i t i v e coun te r with a h e l i c a l ca thode h a s 

been buil t for the p ion -channe l ing e x p e r i m e n t at L A M P F , and h a s been 

t e s t e d in a mode l channel ing e x p e r i m e n t with p ro tons at the t a n d e m . 

Ex tens ive u s e is m a d e of p r i n t ed c i r cu i t and m o d u l a r p l u g - i n t e c h n i q u e s 

so a s to m a k e a highly convenient s y s t e m with r ap id ly i n t e r c h a n g e a b l e 

p a r t s , which can rap id ly be r e p r o d u c e d , A n u m b e r of t h e s e c o u n t e r s wi l l 

be u sed in the channel ing e x p e r i m e n t in the next f i sca l y e a r , 

A fast analog c o m p u t e r c i r c u i t h a s been deve loped for 

p a r t i c l e ident i f ica t ion with a p o s i t i o n - s e n s i t i v e and dE coun te r p a i r in 

the m a g n e t i c s p e c t r o g r a p h . The dE pu l se v a r i e s in m a g n i t u d e a s p o s i t i o n 

v a r i e s and i s t h e r e f o r e not by i tsel f s a t i s f a c t o r y for p a r t i c l e i den t i f i ca t i on 

F r o m the outputs of the two c o u n t e r s , x and d E , the p u l s e c o m p u t e r 

d e r i v e d the quant i ty 

2 1/2 
[ ( x + k ) AE] oc m ( z / q ) z = c h a r g e in v a c u u m 

q = c h a r g e in coun te r gas 
k = ad jus tab le c o n s t a n t 
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which does not v a r y with x , and d e p e n d s only on the c h a r g e of the p a r t i c l e 

and i t s m a s s . 

S y s t e m s such as th i s can be m a d e to eva lua t e m o r e c o m p l e x 

funct ions of p u l s e s f r o m coxinters . M o r e e l a b o r a t e coun te r s y s t e m s m a y 

be bui l t fo r the p u r p o s e of ident i fy ing h e a v y - i o n s p e c i e s i nc iden t a t the 

d e t e c t o r , 

c . Des ign of a C h a r g e d - P i o n D e t e c t o r for ZGS and L A M P F E x p e r i m e n t s 

T . P . W a n g l e r 

A s c i n t i l l a t i o n coun te r d e t e c t o r h a s been d e s i g n e d whose 

p u r p o s e i s to s e l e c t ir m e s o n s with a wide s p e c t r u m of e n e r g i e s in the 

p r e s e n c e of a b a c k g r o u n d of o the r c h a r g e d and n e u t r a l p a r t i c l e s . The 

d e t e c t o r c o n s i s t s of a l t e r n a t e l a y e r s of s c i n t i l l a t o r and b r a s s and iden t i f i e s 

the p ions (af ter b r ing ing t h e m to r e s t by m e a n s of t h e i r a t t enua t i on in t h e 

b r a s s ) by d e t e c t i n g the e l e c t r o n f rom the de layed ir-IJ-e d e c a y . The 

d e s i g n of the l a r g e - a r e a s c in t i l l a t i on c o u n t e r f e a t u r e s the u s e of Wins ton 

l ight c o l l e c t o r s which i m p r o v e l ight co l l ec t ion eff iciency and should give 

a m o r e u n i f o r m r e s p o n s e a c r o s s the a r e a of the s c i n t i l l a t o r . 
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II. HEAVY-ION PHYSICS 

INTRODUCTION 

The h e a v y - i o n r e s e a r c h p r o g r a m at the Argonne t a n d e m 
a c c e l e r a t o r is a m u l t i f a c e t e d a t t e m p t to i n v e s t i g a t e the m e c h a n i s m s 
invo lved in the i n t e r a c t i o n of h e a v y ions wi th l i g h t - and m e d i u m - m a s s 
nuc le i and to e x p l o r e the w a y s in which h e a v y - i o n r e a c t i o n s e n l a r g e our 
u n d e r s t a n d i n g of n u c l e a r s t r u c t u r e . 

Coupled wi th t h e b a s i c - p h y s i c s s tud i e s a r e effor ts to 
deve lop a d v a n c e d i n s t r u m e n t a t i o n for h e a v y - i o n r e s e a r c h . Th i s w o r k 
i n c l u d e s the d e v e l o p m e n t of a s o p h i s t i c a t e d h e a v y - i o n b e a m - b u n c h i n g 
s y s t e m to p r o v i d e the u l t r a - s h o r t p u l s e s needed for a full exp lo i t a t ion of 
the t i m e - o f - f l i g h t m e t h o d in h e a v y - i o n r e s e a r c h . Th i s s a m e bunch ing 
s y s t e m i s a l s o e s s e n t i a l for the s u p e r c o n d u c t i n g l inac that wi l l be 
i n s t a l l e d a s an e n e r g y b o o s t e r at the output of the t a n d e m , a s d e s c r i b e d 
in S e c . V, C of th i s d o c u m e n t . 

The scope and e f f ec t ivenes s of the p r o g r a m of h e a v y - i o n 
expe r innen t s at the t a n d e m i s c l o s e l y l inked to s e v e r a l t e c h n i c a l effor ts 
now in p r o g r e s s . A l r e a d y w e l l u n d e r w a y i s a l o n g - t e r m effort to enhance 
the h e a v y - i o n capab i l i t y of the t a n d e m i t se l f . As d e s c r i b e d in Sec . IV. A, 
the m a c h i n e h a s been s u b s t a n t i a l l y i m p r o v e d du r ing the p a s t y e a r , and the 
u p g r a d i n g p l anned for the next two y e a r s wi l l r e s u l t in even g r e a t e r r e s e a r c h 
c a p a b i l i t i e s . 

The a d v a n c e d i on -bunch ing t e c h n i q u e s d e s c r i b e d in Sec . V. B 
a r e now r e a d y for app l i ca t i on in ion t i m e - o f - f l i g h t e x p e r i m e n t s and , 
a l though f u r t h e r t e c h n i c a l d e v e l o p m e n t is n e e d e d , p u l s e d - b e a m m e t h o d s 
wi l l soon begin to open up new e x p e r i m e n t a l p o s s i b i l i t i e s . 

On a somew^hat l o n g e r t i m e s c a l e , t h e p l anned add i t ion of 
a s u p e r c o n d u c t i n g e n e r g y b o o s t e r ( s ee Sec . V, C) wi l l have a m a j o r i m p a c t 
on our r e s e a r c h c a p a b i l i t i e s . The p r o g r a m of r e s e a r c h at the t a n d e m i s 
evo lv ing a long l i n e s tha t wi l l enable the new r e s e a r c h too ls to be u s e d 
•with full e f f e c t i v e n e s s . 

M o s t of the r e c e n t b a s i c - p h y s i c s e x p e r i m e n t s a t the t a n d e m 
have b e e n b a s e d on an i m p o r t a n t t e c h n i c a l d e v e l o p m e n t s t a r t e d at Argonne 
in e a r l y 1974, n a m e l y , the developnnent of c h a r g e d - p a r t i c l e t i m e - o f - f l i g h t 
m e a s u r e m e n t s vnth e x c e e d i n g l y good t i m e r e s o l u t i o n . T h i s t e c h n i q u e 
h a s a l l owed e x p e r i m e n t a l i s t s to c a r r y out o v e r the p a s t y e a r whole 
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c lasses of measurements which were previously inconceivable. The 
systematics of simple t ransfer reactions to individual levels have been 
explored in considerable detail . Many complex react ions were a lso 
investigated, and their general importance is now clear ly es tabl ished. 
Focal-plane detectors for the magnetic spectrograph have also undergone 
significant improvement. The high-resolution capabil i t ies of this 
instrument have been utilized in a number of s tudies . 

The installation of a Pel le tron charging sys tem and a corona 
voltage divider at the Tandem (see Sec. IV. A. a) has been an unqualified 
success after solution of some initial p rob lems . The acce le ra to r now 
produces beams much more stable than those p r io r to the change, and 
operates at higher terminal voltages. As a resul t , the ne-w sys tem 
has improved both the efficiency and reliabili ty of the facility and the 
quality of the experimental data. 



II . Al 

A. BASIC RESEARCH 

1. T R A N S F E R REACTIONS AND S P E C T R O S C O P Y 

T r a n s f e r r e a c t i o n s have long been u s e d a s s p e c t r o s c o p i c 
too l s in t h e i n v e s t i g a t i o n of n u c l e a r s t r u c t u r e . With the advent of h e a v y - i o n 
b e a m s and h i g h - r e s o l u t i o n d e t e c t i o n s y s t e m s , t r a n s f e r r e a c t i o n s b e c o m e 
a power fu l p r o b e of t h o s e nuc le i tha t can be f o r m e d only via m u l t i n u c l e o n 
t r a n s f e r s . 

In o r d e r to i n v e s t i g a t e t h e s e p h e n o m e n a , a s u b s t a n t i a l 
p o r t i o n of the A r g o n n e h e a v y - i o n p r o g r a m is c o n c e r n e d with i n v e s t i g a t i o n 
of t r a n s f e r s of o n e , t w o , and four n u c l e o n s . S tudies with both the 
t i m e - o f - f l i g h t t e l e s c o p e and t h e m a g n e t i c s p e c t r o g r a p h have shown t h a t , 
at f a r f o r w a r d a n g l e s , t he s h a p e s of the a n g u l a r d i s t r i b u t i o n s exhibi t a 
s t r u c t u r e c h a r a c t e r i s t i c of the t o t a l a n g u l a r - m o m e n t u m t r a n s f e r . As a 
r e s u l t , c o m p a r i s o n s b a s e d upon known s p i n s , p a r i t i e s , and o the r r e s u l t s 
f rom l i g h t - i o n e x p e r i m e n t s have p r o v i d e d a m e a n s for c a l i b r a t i o n of 
the m e a s u r e d a n g u l a r - d i s t r i b u t i o n s h a p e s and t h e a s s i g n m e n t of new s p i n s . 
The high d e g r e e of l o c a l i z a t i o n in h e a v y - i o n t r a n s f e r s a l lows s u b - C o u l o m b 
t r a n s f e r to p r o v i d e a s e n s i t i v e p r o b e of the n e u t r o n wave funct ion. Above 
the Cou lomb b a r r i e r , da ta ob ta ined with the t i m e - o f - f l i g h t t e l e s c o p e 
have shown t h a t even the a n a l y s i s of s i m p l e s i n g l e - n u c l e o n t r a n s f e r is 
b e s e t wi th d i f f icu l t ies for t h o s e r e a c t i o n s tha t a r e bad ly m a t c h e d wi th 
r e s p e c t to the dominan t p a r t i a l w a v e s . 

M u l t i n u c l e o n t r a n s f e r s invo lve c o r r e l a t i o n s betw^een t r a n s ­
f e r r e d n u c l e o n s . To the ex tent tha t t h e s e c o r r e l a t i o n s m a y be c o n s i d e r e d 
a s r e p r e s e n t i n g c l u s t e r s of nuc l eons wi th spec i f i c quan tum n u m b e r s , t h e 
t h e o r e t i c a l a n a l y s i s of da ta for m u l t i n u c l e o n - t r a n s f e r r e a c t i o n s i s 
f e a s i b l e wi th ex i s t ing c a l c u l a t i o n a l t e c h n i q u e s . H o w e v e r , in ou r w o r k it 
has been d e m o n s t r a t e d tha t t h e r e a r e s u b s t a n t i a l d i s a g r e e m e n t s b e t w e e n 
m e a s u r e d and t h e o r e t i c a l c r o s s s e c t i o n s in a l l c a s e s , though t h e r a t i o s 
of m e a s u r e d c r o s s s e c t i o n s to s t a t e s in a given nuc l eus can p r o v i d e usefu l 
s p e c t r o s c o p i c i n f o r m a t i o n . P i o n e e r i n g s tud i e s wi th t h e t i m e - o f - f l i g h t 
t e l e s c o p e show a n g u l a r d i s t r i b u t i o n s for m a n y m u l t i n u c l e o n t r a n s f e r s 
t ha t o s c i l l a t e m a r k e d l y and a r e c h a r a c t e r i s t i c of the a n g u l a r - m o m e n t u m 
t r a n s f e r . T h e s e da ta t h e r e f o r e p r o v i d e a s t a r t i n g point for de t a i l ed " a " 
and " c l u s t e r " s p e c t r o s c o p y . 
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a. Study of S ing le -Nuc leon T r a n s f e r S y s t e m a t i c s in H e a v y - I o n - I n d u c e d 

R e a c t i o n s 

Y, E i s e n , H, T, F o r t u n e , W, Henning, D, G, K o v a r , S, E , V i g d o r , 

and B. Z e l d m a n 

The s i n g l e - n u c l e o n t r a n s f e r r e a c t i o n s induced by b o m b a r d -
40 42 44 48 16 

m e n t of ' ' ' Ca t a r g e t s by 56-MeV O ions w e r e m e a s u r e d u s i n g 

a A E - E t ime-o f - f l i gh t s y s t e m . The m e a s u r e d a n g u l a r d i s t r i b u t i o n s for 

the t r a n s f e r s o b s e r v e d to low- ly ing s i n g l e - p a r t i c l e (hole) s t a t e s e s t a b l i s h 

the s y s t e m a t i c s of the r e a c t i o n s a s function of Q va lue and L t r a n s f e r , 

and p r o v i d e a s t r i ngen t t e s t for r e a c t i o n - m o d e l c a l c u l a t i o n s in a m a s s 

r eg ion w h e r e the s t r u c t u r e i s wel l known. While outgoing p r o j e c t i l e s of 
1 5 ^ 15 17 17 

O, N, O, and F w e r e d e t e c t e d , the m o s t c o m p l e t e da ta w e r e 
15 

obta ined for N, Shown in F i g . 1 a r e the a n g u l a r d i s t r i b u t i o n s m e a s u r e d 
1 A 1 ^ 

for the ( O, N) r e a c t i o n s lead ing to the f„ /., g round s t a t e and l o w e s t 
11 u 

p , s t a t e s in the r e s p e c t i v e r e s i d u a l s cand ium n u c l e i . F r o m t h i s f i gu re 

it is obvious that (1) the angu la r d i s t r i b u t i o n s b e c o m e m o r e f o r w a r d 

peaked a s the Q value b e c o m e s m o r e n e g a t i v e , and (2) the change in 

shape i s m o r e rap id for the s m a l l e r L t r a n s f e r (L = 2, 3 for the p , ) 
' ^ 3 / 2 ' 

than for the l a r g e r L t r a n s f e r (L = 3 , 4 for the i^ i^. The c u r v e s in t h e 

f igure a r e exact f i n i t e - r a n g e DWBA ca l cu l a t i ons u s ing o p t i c a l - m o d e l 

po ten t i a l s which fit e l a s t i c s c a t t e r i n g . As can be s e e n , excep t for t h e 

wel l m a t c h e d L=4(3) t r a n s f e r of the ^ ^ C a ( ^ ^ 0 , ^^N)^^Sc (g. s . ) r e a c t i o n , 

DWBA i s not able to r e p r o d u c e the shapes of the a n g u l a r d i s t r i b u t i o n s . 

Our s tud ies ( see p r ev ious r epo r t ) show that o p t i c a l - m o d e l a m b i g u i t i e s 

a r e a p p a r e n t l y not the r e a s o n for the f a i l u r e . S tudies a r e u n d e r w a y 

to see w h e t h e r a m o r e soph i s t i ca t ed r e a c t i o n m o d e l , such a s a c o u p l e d -

channe l s t r e a t m e n t , wil l be able to r e p r o d u c e the e x p e r i m e n t a l d a t a . 
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Fig . 1, Angular distr ibutions measured for the ( ' ^O, ^^jsj) react ion 
on 42,44,48 Qĝ ^ "Ih.e curves a re DWBA c ross sections calculated by 
the code LOLA. 
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b . j D e t e r m i n a t i o n f rom Angular S t r u c t u r e of P i /2 ,^j^^32S,.^£35^i5£^ 

J . R. E r s k i n e , L, R, Greenwood , W. Henn ing , and D, G, K o v a r 

Deta i l ed angu la r d i s t r i b u t i o n s ex tend ing to f o r w a r d a n g l e s 

(0, , = 3 ) have been m e a s u r e d for v a r i o u s t r a n s i t i o n s in the 
l ab 

'^^Ca(^^N, ^^^0)4930 r e a c t i o n . The p u r p o s e of t h i s s tudy w a s to ve r i fy 

e x p e r i m e n t a l l y t h e d i f fe rence in angu la r s t r u c t u r e fo r t r a n s i t i o n s to j ^ 

and j ^ s t a t e s ( j -^ = i ± I) in the t r a n s f e r of a s i ng l e n u c l e o n f r o m a p ,_ 

o rb i t in the p r o j e c t i l e . F i g u r e 2 shows angu la r d i s t r i b u t i o n s fo r 

49 

t r a n s f e r s l ead ing to v a r i o u s f inal s t a t e s in Sc tha t exhibi t f o r w a r d -

ang le s t r u c t u r e c h a r a c t e r i s t i c of the t r a n s f e r r e d a n g u l a r m o m e n t u m L, 

Making u s e of the a n g u l a r - m o m e n t u m s e l e c t i o n r u l e s for the t r a n s f e r 

f rom a p . o rb i t and c o m p a r i n g t h e s e r e s u l t s with da ta for p r o t o n 

t r a n s f e r s f rom a s , o rb i t [as in ( H e , d ) m e a s u r e m e n t s ] , we can a s s i g n 

j > spin va lues to the four s t a t e s above 3 ,5 MeV. The s tud ied r e a c t i o n 

a p p e a r s to be an encourag ing example of c o m p l e m e n t a r y i n f o r m a t i o n 

tha t can be obta ined f rom t r a n s f e r r e a c t i o n s induced by both l igh t and 

heavy i o n s . 

W. Henning , D, G. K o v a r , J . R. E r s k i n e , and L . R. G r e e n w o o d , 
P h y s . Le t t , 55B, 49 (1975), 

Y, E i s e n , J , R. E r s k i n e , H, T. F o r t u n e , L , R, G r e e n w o o d , 
W, Henning , D, G, K o v a r , S, E, V igdo r , and B, Z e l d m a n 

As p a r t of a de ta i l ed i nves t i ga t i on of the i n t e r a c t i o n 
16 

be tween 56-MeV O ions and c a l c i u m i s o t o p e s , we have s tud ied the 

( O, C) and ( O, Ne) r e a c t i o n s , us ing both the A E - E t i m e - o f - f l i g h t 

t e l e s c o p e and the s p l i t - p o l e s p e c t r o g r a p h . It is of i n t e r e s t to d e t e r m i n e 

w h e t h e r t h e s e p r o c e s s e s can be d e s c r i b e d s imp ly as a s i n g l e - s t e p 

t r a n s f e r of an a - p a r t i c l e o r a - l i k e c l u s t e r . 

T h e s e r e a c t i o n s p r o c e e d s t r o n g l y ( r e l a t i v e to o the r 

t r a n s f e r - r e a c t i o n channe l s ) for ' ^ ^ C a but a r e v e r y weak for ^ ^ C a 
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10-

F i g . 2. Angu la r d i s t r i b u t i o n s 
for the pj /j p r o t o n t r a n s f e r 
r e a c t i o n 4 8Ca(i 5 N , i 4 C ) 4 9 S c 
l ead ing to v a r i o u s f inal s t a t e s 
in 49 Sc. The sol id l i ne s a r e 
the t h e o r e t i c a l c u r v e s p r e ­
d ic ted by the f ini te r a n g e , full 
r e c o i l DWBA code L O L A , as 
d i s c u s s e d in the t ex t . The 
v e r t i c a l l ine at 10 i s in t ended 
to e m p h a s i z e the p o s i t i o n of 
the f i r s t m a x i m u m ( m i n i m u m ) 
of the v a r i o u s a n g u l a r d i s t r i ­
b u t i o n s , which is c h a r a c t e r ­
i s t i c of the t r a n s f e r r e d angu­
l a r m o m e n t u m L . 

48_ ,15., I4^x49_ 
Ca( N, C) Sc 
48 MeV 

f̂ /2 0.0 MeV 

p 3.08 MeV-

f̂ 2̂ 3.82 MeV 

•^c 

f̂ 2̂ 4.08 MeV-

p 4.51 MeV. 
^3/2 

1 \ f5/2 5.IOMeV 

cm. 
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w h e r e they l e a d to n e u t r o n - r i c h r e s i d u a l nuc le i f a r f r o m the l ine of 

s t a b i l i t y . De ta i l ed a n g u l a r d i s t r i b u t i o n s have b e e n o b t a i n e d for 

^ ° ' ^ ' c a ( ' ^ 0 , ^ ' o ^ ^ ' ^ S i and for ^ ° C a ( ' ^ 0 , ' ° N e ) ' ^ A r o v e r the a n g u l a r 

r a n g e 4 ° < 9 < 4 0 ° . In each c a s e the a n g u l a r d i s t r i b u t i o n s for t r a n -
l a b 

s i t i ons l ead ing to l o w - l y i n g 0 s t a t e s of the r e s i d u a l n u c l e u s ( s e e F i g . 3) 

exhibi t v e r y s t r o n g o s c i l l a t i o n s and a r ap id d e c r e a s e in o v e r a l l m a g n i t u d e 

a s the r e a c t i o n angle i n c r e a s e s . T h e s e f e a t u r e s , a long wi th the r e l a t i v e l y 

l a r g e m a g n i t u d e of the peak c r o s s s e c t i o n s , a r e s u g g e s t i v e of a s i n g l e -

s tep c l u s t e r - t r a n s f e r m e c h a n i s m , but a r e not w e l l exp l a ined by c a l c u l a ­

t ions (e . g, , d a s h e d cu rve in F i g . 3) u s ing the c o n v e n t i o n a l d i s t o r t e d -

wave B o m a p p r o x i m a t i o n and assuna ing a - p a r t i c l e t r a n s f e r . 

One can obta in DWBA fits to the o b s e r v e d a n g u l a r d i s t r i b u ­

t ions ( e . g . , s e e so l id c u r v e . F i g . 3) by a r b i t r a r i l y r e a d j u s t i n g the 

r e a l - w e l l d i f fuseness of the o p t i c a l - m o d e l po t en t i a l in the exi t c h a n n e l . 

Such DWBA fi ts to the Ca( O, C) m e a s u r e n n e n t s y ie ld r e l a t i v e 
44 

" a - p a r t i c l e " s p e c t r o s c o p i c f a c t o r s for s t a t e s in Ti wh ich a g r e e w i th in 

a f ac to r of 2 — 3 with v a l u e s ob ta ined in a s tudy of the Ca( L i , d ) 

r e a c t i o n . H o w e v e r , the r e l i a b i l i t y of s p e c t r o s c o p i c i n f o r m a t i o n e x t r a c t e d 

f rom the p r e s e n t res\al ts is ques t ionab le s ince the p h y s i c a l m e a n i n g of 

the p a r a m e t e r changes is not ye t u n d e r s t o o d . 

U. S t r o h b u s c h , C, L, F ink , B, Z e l d m a n , R. N. H o r o s h k o , H. W. 
F u l b r i g h t , and R. M a r k h a m , P h y s . Rev . Le t t . 29^, 735 (1972); R. M. 
D e V r i e s , P h y s . Rev . Le t t . 30 , 666 (1973), 

f r om 

Y, E i s e n , H, T, F o r t i m e , W, Henning , D. G. K o v a r , S. E . V i g d o r , 
and B, Z e l d m a n 

The t w o - n u c l e o n t r a n s f e r r e a c t i o n s ^ ^ ' ^ ^ C a / ^ ^ O ^ ^ o ^ ^ ° ^ ^ ^ r . 
^ 4 2 , 4 8 ^ 1 6 ^ 1 4 ^ 4 4 , 5 0 ^ ^' ° ' ^ ^ 

a n a c a ( O, C) Ti have been s tud ied in the a n g u l a r r a n g e 
o o 

^ ^ c , m . ^ ^° ^* 56-MeV b o m b a r d i n g e n e r g y u t i l i z ing a A E - E 
t i m e - o f - f l i g h t s y s t e m . T h e s e r e a c t i o n s c o m p l e m e n t s t u d i e s of l i g h t - i o n 
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F i g , 3. Angu la r d i s t r i b u t i o n s for the 
L=0 g r o u n d - s t a t e t r a n s i t i o n s 
4o ,4 2ca,(i 6 0 , i 2C)44 ,4 6Ti and 
40 CaC 6 O,20Ne)36 Ar at 56-MeV 
b o m b a r d i n g e n e r g y . The s i m p l e 
o s c i l l a t o r y b e h a v i o r of the 
m e a s u r e m e n t s is e n i p h a s i z e d by the 
d o t - d a s h e d c u r v e s , which a r e g e n ­
e r a t e d f r o m s p h e r i c a l B e s s e l 
funct ions JQ[{JI. + j)0] c o r r e s p o n d ­
ing to a s ing le i v a l u e . The so l id 
and d a s h e d DWBA c u r v e s a r e d i s ­
c u s s e d in t h e t ex t . 

Ca( 0 , C) Ti.g.s. 

DWBA 

t 10 

• o 

b 

DWBA "FIT" 

: | 

, C) Ti.g.s. i r_ T 4 2 - ,16-

if " 
> ^ | j o { 3 1 . 5 0} 

100 

11 
II 

I 

2 — 
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r e a c t i o n s such as (p , t ) and ( H e , n ) b e c a u s e t h e y a r e s e n s i t i v e to d i f f e r en t 

r e g i o n s of the n u c l e a r f o r m f a c t o r s . 

The a n g u l a r d i s t r i b u t i o n s of t h e ( O, O) r e a c t i o n s a r e 

d i sp l ayed in F i g s . 4 and 5. The groxuid-s ta te t r a n s i t i o n s show t y p i c a l 
48 , 1 6 ^ 18 

L=0 a n g u l a r d i s t r i b u t i o n s . The p e a k c r o s s s e c t i o n of the Ca( O, ^ g . g . ' 

"* Ca (g. s. ) i s l a r g e r by a l m o s t a f ac to r of 4 than tha t o b s e r v e d for the 

'̂  Ca( O, O )'^ Ca (g. s. ) which can be u n d e r s t o o d a s a r e s u l t of t h e 
g . s . 

d i f fe rence in Q va lues ( - 5 . 04 MeV and - 7 . 6 M e V , r e s p e c t i v e l y ) . The 
+ , 46 

angu la r d i s t r i b u t i o n of the L=2 t r a n s i t i o n s l e a d i n g to the 2 s t a t e of Ca 
. 1 Q 

(1 .35 MeV) and the 2 s t a t e of O ( 1 . 9 8 MeV) a r e m a r k e d l y d i f f e r en t and 
cannot be accoun ted for by the ~ 0 . 6 MeV d i f f e rence in Q v a l u e . Th i s 

d i f fe rence can be u n d e r s t o o d by the fact that the two n e u t r o n s a r e m o r e 
I 1g I 4 6 

l oose ly bound in the 2 s t a t e of O than in the 2 s t a t e of Ca; the m o r e 
1 1 a 

extended f o r m factor for the 2 of O r e d u c e s the effect of the s t r o n g 

l oca l i z a t i ons in L space and l e ads to a s m o o t h e r a n g u l a r d i s t r i b u t i o n . The 

so l id l ines in F i g s . 4 and 5 a r e c l u s t e r - D W B A fits ob ta ined with a p a r a m e t e r 

se t that fits the e l a s t i c s c a t t e r i n g in e n t r a n c e c h a n n e l s , but is m o d i f i e d 

in the exit channeL The s a m e se t of p a r a m e t e r s w^as u s e d for f i t t ing a l l 

t r a n s i t i o n s s i m u l t a n e o u s l y . The good r e p r o d u c t i o n s of the a n g u l a r d i s ­

t r i b u t i o n s encou raged us to e x t r a c t s p e c t r o s c o p i c f a c t o r s for the e x c i t e d 
18 , . , 1 8 

O s t a t e s r e l a t i v e to the O ground s t a t e . A c o m p a r i s o n of the e x t r a c t e d 

s p e c t r o s c o p i c f a c t o r s and the p r e d i c t i o n s of s h e l l - m o d e l c a l c u l a t i o n s is 

shown in Table I , T h e r e i s a n ice c o n s i s t e n c y be tween the two ( O O) 

e x p e r i m e n t s and a s a t i s f a c t o r y a g r e e m e n t wi th the s h e l l - m o d e l c a l c u l a ­

t i o n s . The fact that the d i f fe rence in m a g n i t u d e be tween t h e g r o u n d - s t a t e 

t r a n s i t i o n s of ^ ' c a ( ' ^ 0 , ^ ' o ) ^ ^ C a and ^ ' c a ( ' ^ 0 , ' V ' c a can be 

a c c o u n t e d for by the d i f fe rence in Q va lues s u g g e s t s t h a t t h e g round 
42 46 

s t a t e s of both Ca and Ca have v e r y s i m i l a r d e s c r i p t i o n s not fa r f r o m 

P"^""^ ^^7/2^ con f igu ra t ions . This i s c o n s i s t e n t wi th what w a s found in 

(p , t ) r e a c t i o n s (Ref. 1). 
B . F . B a y m a n and N. M. Hin tz , P h y s . R e v . 172, 1113 (1968); 

H. H e f e l e , U. Lynen , a n d R . Santo , Nuc l . P h y s . A157 , 93 (1970)'. 
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lOOOr ~1 ' I ^ 
48. ,16. ie_,46_ 

Col 0, 0) Co 

Ca(g.s.) 
L=0 

20° 40° 60° 

42- ,16- 14-.44 
Ca( 0 , C) Tl 

•3- 1 0 0 -

1 1 1 r 

Ca( 0 , 0 ) Ca 

_L _L _L _L 
10° 20° 30° 40° 50° 60° 

ft- m 

F i g . 4 . A n g u l a r d i s ­
t r i b u t i o n s f o r * 8 Qg^ 
( 1 6 0 , 1 8 0 ) 4 6 C a 
l e a d i n g to t h e l o w e s t 
0 + , 2 + , a n d 4+ 
s t a t e s i n ' ^ O a n d t o 
t h e l o w e s t 2 s t a t e 
i n ' ^ ^ C a . T h e l i n e s 
a r e t h e o r e t i c a l 
c l u s t e r D W B A c a l ­
c u l a t i o n s a s d i s ­
c u s s e d i n t h e t e x t . 

F i g . 5 . A n g u l a r d i s ­
t r i b u t i o n s f o r 4 2 C a 
(16 0 , ' 8 o ) 4 0 C a l e a d ­
i n g t o t h e l o w e s t 0 , 

+ + 
2 , and 4 s t a t e s in 
^ ̂ O . The l ines a r e 
t h e o r e t i c a l c l u s t e r 
DWBA ca l cu l a t i ons 
a s d i s c u s s e d in the 
t e x t . 

F i g . 6. Angu la r d i s ­
t r i b u t i o n s for •* ^ Ca 
( l 6 o , i 4 c ) 4 4 x i l e a d ­
ing to s e v e r a l f inal 
s t a t e s in 4 4 T i . The 
l i n e s a r e t h e o r e t i c a l 
c l u s t e r - D W B A c a l ­
c u l a t i o n s a s d i s ­
c u s s e d in the t ex t . 
Solid and d a s h e d 
l i n e s a p p e a r t o g e t h e r 
in c a s e s w h e r e 
e x p e r i m e n t could not 
r e s o l v e two ad j acen t 
s t a t e s . 
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T A B L E I . E x p e r i m e n t a l and t h e o r e t i c a l r e l a t i v e 
s p e c t r o s c o p i c f a c t o r s obta ined f rom the " c l u s t e r " a p p r o x i ­
m a t i o n and f rom the h a r m o n i c o s c i l l a t o r p r e s c r i p t i o n , 
r e s p e c t i v e l y . 

4 8 „ . 1 6 - 1 8 ^ . 42 16 18 
Ca( O, O) Ca( O, O) Shel l m o d e l 

2"̂  (1 .98) 

4"̂  (3. 55) 

0 .60 ± 0. 06 

1.67 ± 0. 17 

0 .70 ± 0. 12 

1.48 ± 0. 29 

0. 646 

0. 407 

The r e a c t i o n s ( O, C) a r e c o m p l e m e n t a r y s t u d i e s to 
3 

the ( H e , n ) . The l a t t e r popula te p r e f e r e n t i a l l y l o w - s p i n s t a t e s , in 

p a r t i c u l a r 0 s t a t e s . The f o r m e r show s e l e c t i v i t y for the popu l a t i on 

of s t a t e s which p r e d o m i n a n t l y can be d e s c r i b e d a s few n u c l e o n s in the 

fp she l l . The Q va lues for the ^ ^ C a ( ^ ^ 0 , ^^C)^°Ti (Ref. 2 ) , and 
42 16 14 44 

Ca( O, C) Ti r e a c t i o n s a r e v e r y d i f fe ren t ( - 0 . 5 MeV and - 8 . 7 

M e V , r e s p e c t i v e l y ) . The f i r s t r e a c t i o n i s L and Q m a t c h e d wh i l e the 

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

t r a n s i t i o n s show the s a m e typ ica l L=0 a n g u l a r d i s t r i b u t i o n . The l i n e s 

in F i g . 6 a r e c l u s t e r - D W B A fits to the ^ ^ C a ( ^ ^ 0 , ^^C)^^Ti d a t a . 

The a n g u l a r d i s t r i b u t i o n s for the Lĵ O t r a n s i t i o n s do not show any 

o s c i l l a t o r y b e h a v i o r , which might be the r e s u l t of the m i x i n g of the 

d i f ferent M a m p l i t u d e s tha t con t r ibu te i n c o h e r e n t l y to the t r a n s f e r c r o s s 

s e c t i o n s . A s s u m i n g (f^^^)^ ® ^ 2 ^ ^ conf igura t ions for the g round s t a t e 

and the f i r s t 2"̂  ( 1 . 08 MeV) exc i ted s t a t e of ^ S i , one can c a l c u l a t e t ha t 

the r a t i o of the s p e c t r o s c o p i c f a c t o r s for t h e s e s t a t e s is 0. 22. The 

e x p e r i m e n t a l va lue i s 0. 39 ± 0, 10, This d i s c r e p a n c y m i g h t r e s u l t f r o m 

a l a r g e r m i x i n g of the p ^ ^ ^ i^ t° ' he f̂ ^̂  conf igura t ion , 

2 
W. Henning , D, G, K o v a r , B . Z e l d m a n , and J . R. E r s k i n e , P h y s 

Rev . Le t t . 32 , 1015 (1974). ' ^ 
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e. S tud ies of S u b - C o u l o m b N e u t r o n T r a n s f e r s in the Reg ion of C a , S r , 
and Z r I so topes 

Y. E i s e n , J , R. E r s k i n e , J . P . Schi f fer , and P . S p e r r 

The a i m of the p r e s e n t s tudy is to d e t e r m i n e t h e r m s 

r a d i u s of the e x c e s s n e u t r o n s in the Ca i s o t o p e s and the r m s r a d i i of the 

e x c e s s n e u t r o n s in the Sr and Z r i s o t o p e s . This m a y be done by s tudying 

the ( O, O) and the ( N , N) r e a c t i o n s , u t i l i z ing p o s i t i o n - s e n s i t i v e 

d e t e c t o r s in the foca l p l a n e of an Enge s p l i t - p o l e s p e c t r o g r a p h . M e a s u r i n g 

the t r a n s f e r c r o s s s ec t i on at s u b - C o u l o m b e n e r g i e s y ie lds v e r y a c c u r a t e 

i n f o r m a t i o n on the s i z e of the n e u t r o n wave function at l a r g e d i s t a n c e s ; 
1 2 

t h i s in t u r n d e t e r m i n e s the r m s r a d i u s of the n e u t r o n o r b i t , ' It i s 

of c o n s i d e r a b l e c u r r e n t i n t e r e s t to c o m p a r e t h i s quant i ty to the r m s 

r a d i u s of the e x c e s s n e u t r o n s foxind f rom Cou lomb e n e r g y d i f f e r e n c e s 

be tween nuc le i and t h e i r a n a l o g s , w o r k tha t was i n i t i a t e d at A r g o n n e 

s o m e y e a r s ago and tha t h a s p r o d u c e d m u c h c o n t r o v e r s i a l d i s c u s s i o n 
3 

in the l i t e r a t u r e . F e a s i b i l i t y s t u d i e s and t e s t s have been c a r r i e d ou1 

and the a c t u a l m e a s u r e m e n t s a r e p lanned for the n e a r f u t u r e . 

J . P , Schiffer and H, J , K o r n e r , P h y s . Rev , C 8_, 841 (1973). 
2 

G. D. J o n e s , J . L, D u r e l l , J . S, L i l l e y , and W, R. P h i l l i p s , 
p r e p r i n t . 

3 
J . P . Sch i f f e r , J . A. No len , J r . , and N . W i l l i a m s , P h y s . L e t t . 

29B, 399 (1969). 

f. L Dependence in Angu la r D i s t r i b u t i o n s of the T w o - P r o t o n T r a n s f e r 

R e a c t i o n 4 8 c a ( l 6 o , 14c )50Ti 

J . R, E r s k i n e , W, Henn ing , D, G, K o v a r , and B, Z e l d m a n 

48 , 1 6 ^ 1 4 ^ , 5 0 ^ . 
The r e a c t i o n Ca( O, C) Ti was m e a s u r e d ove r the 

a n g u l a r r a n g e 6 = 3 , 6 — 3 7 . 5 u s ing a A E - E t i m e - o f - f l i g h t t e l e s c o p e 

and 6 = 3 —15° u s ing a s p l i t - p o l e m a g n e t i c s p e c t r o g r a p h . A t i m e 
L 

r e s o l u t i o n of 84 p s e c w a s obta ined for the t i m e - o f - f l i g h t s y s t e m . The 
2 

u s e of ana log e l e c t r o n i c c i r c u i t s for A E X E and E Xt m u l t i p l i c a t i o n s 
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—' 1 ' r 
Ca( 0. C) Tl 

E('^0)=56MeV 150- lab 

'2* , 1.55 MeV 

F i g . 7. Angu la r d i s t r i b u t i o n s 
for the t w o - p r o t o n t r a n s f e r 
r e a c t i o n * 8 Ca(> ^ Q / 4 c)5 o Ti 
l ead ing to the l owes t 0"*", 2'*', 
4"*", and 6 f inal s t a t e s in 
^° Ti a s ob ta ined with the 
t i m e - o f - f l i g h t s y s t e m ( s q u a r e s ) 
and t h e s p l i t - p o l e s p e c t r o ­
g r a p h ( c i r c l e s ) . The so l id 
l ines a r e the th£ ;ore t ica l 
c u r v e s p r e d i c t e d by the 
exact DWBA code L O L A , a s 
d i s c u s s e d in the t e x t . The 
i n se t shows an e n e r g y s p e c ­
t r u m of the ' •* C ions m e a s -
u r e d with t h e t i m e - o f - f l i g h t 
t e l e s c o p e . 
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in o r d e r to d e t e r m i n e c h a r z e Z and m a s s m of the e m e r g i n g i o n s , 

t o g e t h e r w^ith an an t ip i l eup c i r c u i t , a l lowed data a c c u m u l a t i o n r a t e s in 

e x c e s s of 10 kHz . The f o c a l - p l a n e d e t e c t o r in the nnagnet ic s p e c t r o g r a p h 

w a s a 5 0 - c m - l o n g p r o p o r t i o n a l c o u n t e r wi th a h i g h - r e s i s t a n c e w i r e . 

P o s i t i o n and e n e r g y - l o s s s i g n a l s f r o m the d e t e c t o r m a d e p o s s i b l e the 

s e p a r a t i o n of ion s p e c i e s . 

F i g u r e 7 shows the m e a s u r e d a n g u l a r d i s t r i b u t i o n s of the 

( O, C) r e a c t i o n p r o c e e d i n g to the J = 0 , 2 , 4 , and 6 final s t a t e s 
. 50 

in T i . S t rong o s c i l l a t i o n s a r e o b s e r v e d for a l l t r a n s i t i o n s , wi th 

d i f fe ren t p a t t e r n s at e x t r e m e f o r w a r d a n g l e s . With i n c r e a s i n g f i n a l - s t a t e 

s p i n , the dominan t f i r s t m a x i m u m shifts to l a r g e r a n g l e s ; at even l a r g e r 

a n g l e s a l l a n g u l a r d i s t r i b u t i o n s o s c i l l a t e n e a r l y in p h a s e i ndependen t of 

sp in . The e x t r e m e - f o r w a r d - a n g l e s t r u c t u r e i s c h a r a c t e r i s t i c of the 

t r a n s f e r r e d a n g u l a r m o m e n t u m L, At l a r g e r a n g l e s , t he p e r i o d of 

o s c i l l a t i o n depends upon the dominan t p a r t i a l - w a v e a n g u l a r m o m e n t a 

in the e l a s t i c e n t r a n c e and exit c h a n n e l s . The angu la r d i s t r i b u t i o n s a r e 

we l l r e p r o d u c e d by f i n i t e - r a n g e , d i s t o r t e d - w a v e B o r n - a p p r o x i m a t i o n 

(DWBA) c a l c u l a t i o n s . C o n s i d e r a t i o n of the t r a n s f e r a m p l i t u d e s u g g e s t s 

tha t the o b s e r v e d f o r w a r d - a n g l e L dependence can be a f e a t u r e of a v n d e r 

c l a s s of heavy- ion—induced t r a n s f e r r e a c t i o n s unde r condi t ions of good 

^ m a t c h i n g be tween e n t r a n c e and exit c h a n n e l s . 

g. The R e a c t i o n Ca( O, C) Ti 

Y, E i s e n , H. T, F o r t u n e , W, Henning , D, G, K o v a r , and B . Z e l d m a n 

To p r o v i d e i n f o r m a t i o n r e l e v a n t to the q u e s t i o n of m u l t i s t e p 

p r o c e s s e s in h e a v y - i o n - i n d u c e d t r a n s f e r r e a c t i o n s , we have s tud ied the 
4 8 ^ , 1 6 ^ 1 5 ^ , 4 9 ^ . . n . ^ • , ., . 

r e a c t i o n Ca( O, C) T i , a r e a c t i o n which invo lves the t r a n s f e r 

of two un i t s of c h a r g e , but only a s ing le unit of m a s s . Since the t r a n s f e r 

cannot p r o c e e d via the s i m p l e o n e - s t e p p r o c e s s conven t iona l ly c o n s i d e r e d . 

D. G. K o v a r , W, Henn ing , B , Z e l d m a n , Y, E i s e n , and H, T. F o r t u n e , 
P h y s , Rev , Le t t , 3 3 , 1611 (1974), 
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our m e a s u r e m e n t s p r o v i d e i n f o r m a t i o n about the m a g n i t u d e and c h a r a c t e r 

of a m o r e c o m p l e x t r a n s f e r p r o c e s s . 
1 6 

The e x p e r i m e n t was p e r f o r m e d vidth 5 6 - M e V O i o n s 
48 

inc iden t on e n r i c h e d Ca t a r g e t s . The outgoing ions p r o d u c e d w e r e 
2 

d e t e c t e d with a A E - E t i m e - o f - f l i g h t t e l e s c o p e which a l lowed for u n a m -
15 

biguous p a r t i c l e iden t i f i ca t ion . An e n e r g y s p e c t r u m for C, ob t a ined 

by s u m m i n g the k i n e m a t i c a l l y c o r r e c t e d s p e c t r a m e a s u r e d a t 15 a n g l e s 

b e t w e e n 9 . 4 ° and 2 5 ° , is shown in F i g . 8, The four l owes t l e v e l s in 

the s p e c t r u m could be ident i f ied on the b a s i s of t h e i r o b s e r v e d e n e r g i e s , 
49 . 15 . . 

The f i r s t two l eve l s c o r r e s p o n d to the Ti ground s t a t e wi th C in i t s 
ground s t a t e and f i r s t exc i ted s t a t e , r e s p e c t i v e l y . The t h i r d and f o u r t h 

_ _ _ 49 
l e v e l s a r e ident i f ied a s the known J = f and (f ,"2 ) s t a t e s in T i a t 

exc i t a t ion e n e r g i e s of 1,382 MeV and 2 ,262 MeV, r e s p e c t i v e l y , both 
15 

with C in i t s ground s t a t e . The a n g u l a r d i s t r i b u t i o n s , m e a s u r e d for 

t h r e e of the t r a n s i t i o n s men t ioned a b o v e , a r e a l l o b s e r v e d to be forw^ard 

p e a k e d ( see F i g , 9 ) . The c u r v e s d rawn in F i g . 9 a r e m e a n t to guide 

the e y e , showing that the data a r e c o n s i s t e n t wi th e i t he r a s m o o t h o r a n 

o s c i l l a t o r y b e h a v i o r , (The o s c i l l a t i o n s shovsm have a p e r i o d of about 6 , 

a p p r o x i m a t e l y t h e p e r i o d of p a r t i a l waves c o r r e s p o n d i n g to a g r a z i n g 

c o l l i s i o n , ) 

The m a g n i t u d e s of the d i f fe ren t ia l c r o s s s e c t i o n s o b s e r v e d 

at f o r w a r d ang les a r e of the o r d e r of 5—50 (j,b/sr. T h e s e a r e c o m p a r a b l e 

in magn i tude (within a fac tor of 2 — 5) to the c r o s s s e c t i o n s o b s e r v e d in 

the e x p e r i m e n t for the few-nuc leon t r a n s f e r s wh ich a r e g e n e r a l l y 
16 1 "̂  

r e g a r d e d a s s i m p l e o n e - s t e p c l u s t e r t r a n s f e r s [ e. g, , ( O, C) , 

( O, N) , and ( O, O ) ] . Desp i t e the u n c e r t a i n t i e s of such a c o m ­

p a r i s o n , which i g n o r e s s t r u c t u r e e f fec t s , it a p p e a r s c l e a r tha t the 
1 A 4 c 

c r o s s s e c t i o n s for the n o n c l u s t e r t r a n s f e r ( O, C) a r e c o m p a r a b l e 

to t hose o b s e r v e d for convent iona l c l u s t e r t r a n s f e r s . Hence our r e s u l t s 

i nd i ca t e the po ten t i a l i m p o r t a n c e of m u l t i s t e p p r o c e s s e s in r e a c t i o n s 

w h e r e both d i r e c t o n e - s t e p and m u l t i s t e p p r o c e s s e s a r e p o s s i b l e . 
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F i g . 9. Angu la r d i s t r i b u t i o n s o b s e r v e d in the ( ' * 0 , ^ ^ C ) r e a c t i o n . The 
c u r v e s a r e to guide the eye ( s ee t e x t ) . 
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A s s u m i n g a d i r e c t t w o - s t e p p r o c e s s , it i s e x p e c t e d t h a t 

t r a n s i t i o n s involving a s i n g l e - n u c l e o n t r a n s f e r wi l l be m o s t p r o b a b l e 

[ e . g. , (^^O, ^^O) •* (^^O, ^^C) , or (^^O, ^'^C) -» (^^C, ^^C)] . A c r u d e 

c r o s s s ec t i on e s t i m a t e can be m a d e which m a k e s p l a u s i b l e the s o m e w h a t 

s u r p r i z i n g l y l a r g e c r o s s s e c t i o n s o b s e r v e d for the ( O , C) r e a c t i o n , 
15 * 15 

a s we l l as the enhanced s t r e n g t h of the C v e r s u s C t r a n s i t i o n 
49 2 

to the Ti ground s t a t e . T h e s e r e s u l t s have r e c e n t l y been c o n f i r m e d 

by m o r e s o p h i s t i c a t e d ca l cu la t ions in which an a s s u m e d s e q u e n t i a l 

t w o - s t e p r e a c t i o n p r o c e s s i s ab le to r e p r o d u c e both the s t r e n g t h s and 
3 

the s h a p e s of the m e a s u r e d angu la r d i s t r i b u t i o n s . The s u c c e s s of the 

ca l cu la t ions in r e p r o d u c i n g the c r o s s s ec t i ons via a d i r e c t t w o - s t e p 

p r o c e s s r e - e n f o r c e s the m o r e g e n e r a l conc lus ion to be d r a w n f r o m our 

r e s u l t s , n a m e l y , that in m a n y r e a c t i o n s the c o n t r i b u t i o n s of the m o r e 

complex m u l t i s t e p p r o c e s s e s m a y not be neg l ig ib le c o m p a r e d to the 

s i n g l e - s t e p p r o c e s s e s and m u s t be inc luded in any a t t e m p t to p r e d i c t the 

to ta l c r o s s s ec t ion . 
2 

B . Z e l d m a n , W. Henning , and D. G. K o v a r , N u c l . I n s t r u m . M e t h o d s 
118, 361 (1974). 

3 
T. Udagawa , T . T a m u r a , and K. S. L o w , P h y s . R e v . L e t t . 3 4 , 

30 (1975). ~ 

40 16 12 44 
h. The Ca( O, C) Ti Reac t ion 

J . R. E r s k i n e , W. Henning , D. G. K o v a r , and L . R, G r e e n w o o d * 

40 16 12 44 
A study of the Ca( O, C) Ti r e a c t i o n h a s b e e n 

16 1 ? 
p e r f o r m e d in o r d e r to i n v e s t i g a t e the po t en t i a l of the ( O, C) r e a c t i o n 

as an a - p a r t i c l e t r a n s f e r r e a c t i o n for s p e c t r o s c o p i c s t u d i e s in the fp 

she l l . We a l s o gained some i n f o r m a t i o n about the s p e c t r o s c o p y of 
4 4 ^ . 

T l . At an e a r l y s t age of t h i s p r o j e c t good e n e r g y r e s o l u t i o n 

s p e c t r a (75-keV FWHM) w e r e t a k e n with the m a g n e t i c s p e c t r o g r a p h . 

T h e s e s p e c t r a w e r e s t r i k i n g l y s i m i l a r to s p e c t r a t a k e n with t h e 
40 6 . 44 

Ca( L i , d ) Ti r e a c t i o n . In o r d e r to m a k e a b e t t e r t e s t of t h i s 
* 

N o r t h w e s t e r n U n i v e r s i t y , E v a n s t o n , I l l i n o i s . 
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r e a c t i o n , a n g u l a r d i s t r i b u t i o n da ta w e r e m e a s u r e d 8 ^ 0 ^ 33 and 

56 -MeV b o m b a r d i n g e n e r g y . We w e r e not ab le to fit the a n g u l a r 

d i s t r i b u t i o n da ta with the convent iona l DWBA c a l c u l a t i o n s . O p t i c a l -

m o d e l p o t e n t i a l s which fit e l a s t i c - s c a t t e r i n g da ta r e s u l t e d in DWBA 

c u r v e s wh ich s t r o n g l y d i s a g r e e d with the d a t a . H o w e v e r , f a i r l y 

good DWBA fi ts w e r e ob ta ined when the r e a l d i f fuseness in the outgoing 

channe l was a r b i t r a r i l y i n c r e a s e d . The r e l a t i v e s p e c t r o s c o p i c f a c t o r s 

ob ta ined a g r e e d to wi th in a f ac to r of 2 — 3 of the ( L i , d ) s p e c t r o s c o p i c 

f a c t o r s . H o w e v e r , the ( L i , d) a n a l y s i s did not u s e a full r e c o i l , DWBA 

code and consequen t l y the s p e c t r o s c o p i c f a c t o r s m a y not be t r u s t w o r t h y . 

A def ini t ive c o m p a r i s o n of t h e s e r e a c t i o n s awa i t s a new DWBA 

a n a l y s i s of the ( L i , d ) da t a . 

i . L i - I n d u c e d R e a c t i o n s 

C. L, F i n k , A. M. F r i e d m a n , * D. S, G a l e , and B . Z e l d m a n 

7 
The i n e l a s t i c s c a t t e r i n g of Li p r o j e c t i l e s i nc iden t upon 

^ 58 58 64 64 
t a r g e t s of F e , N i , N i , Sn, and the e v e n - n e o d y m i u m i s o t o p e s 
h a s been i n v e s t i g a t e d a t e n e r g i e s n e a r the Coulomb b a r r i e r (18—24 MeV 

7 6 
for A s; 60 and 32 MeV for the Nd) . In add i t ion , the ( L i , Li) r e a c t i o n s 

w e r e s tud ied on the l i g h t e r t a r g e t s . F o r i n e l a s t i c s c a t t e r i n g at t h e s e 

e n e r g i e s e i t h e r t a r g e t o r p r o j e c t i l e m a y be exc i t ed , but the a n g u l a r 

d i s t r i b u t i o n s a r e s i m i l a r , exhib i t ing a g r a z i n g - b u m p shape with a dip 

n e a r the m a x i m u m . The dip is c a u s e d by i n t e r f e r e n c e b e t w e e n 

Cou lomb and n u c l e a r e x c i t a t i o n s . The t r a n s f e r r e a c t i o n s , h o w e v e r , 

a r e s t r o n g l y f o r w a r d peaked and o s c i l l a t e w^ith a f a r - f o r w a r d - a n g l e 

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

A t t e m p t s to fit t he o b s e r v e d da ta have been q u a l i t a t i v e l y , but not 

q u a n t i t a t i v e l y , s u c c e s s f u l . In the i n e l a s t i c s c a t t e r i n g , it h a s not b e e n 

p o s s i b l e to d e s c r i b e both the f o r w a r d - and b a c k w a r d - a n g l e data with 

t h e s a m e se t of p a r a m e t e r s . While the shape of the t r a n s f e r s i s 

* 
C h e m i s t r y D iv i s i on , ANL. 
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r e p r o d u c e d by DWBA c a l c u l a t i o n s , t h e r e i s a def in i te a n g u l a r shift 

be tween the da ta and c a l c u l a t i o n . A t t e m p t s to r e s o l v e t h e s e d i s c r e p ­

a n c i e s with m o r e c o m p l e t e c a l c u l a t i o n s have not a s ye t b e e n s u c c e s s f u l . 

2. REACTION SYSTEMATICS AND CROSS SECTIONS 

The i n t e r a c t i o n be tween a h e a v y - i o n p r o j e c t i l e and a 
c o m p l e x - n u c l e u s t a r g e t g e n e r a t e s a s y s t e m with m a n y d e g r e e s of 
f r eedom tha t cannot be expl ic i t ly c o n s i d e r e d in a t h e o r e t i c a l d e s c r i p t i o n . 
In o r d e r to u n d e r s t a n d the r e l a t i o n s h i p s b e t w e e n the d e g r e e s of f r e e d o m 
and r e a c t i o n m e c h a n i s m s , s y s t e m a t i c s tud i e s of r e a c t i o n s and c r o s s 
sec t ions have been u n d e r t a k e n with the u s e of the n e w l y - d e v e l o p e d 
t ime-o f - f l i gh t t e l e s c o p e s y s t e m . 

The o p t i c a l - m o d e l f o r m a l i s m p r o v i d e s a m e t h o d for 
d e s c r i b i n g e l a s t i c s c a t t e r i n g by an equivalent c e n t r a l p o t e n t i a l w h i c h 
inc ludes a b s o r p t i o n , i . e. , r e m o v a l of f lux f r o m the i nc iden t c h a n n e l . 
T h e r e has been c o n s i d e r a b l e effort expended in s tudy ing e l a s t i c 
s c a t t e r i n g and t r a n s f e r r e a c t i o n s for p o o r l y m a t c h e d c a s e s . Such 
i n t e r a c t i o n s have been m e a s u r e d with both our m a g n e t i c s p e c t r o g r a p h 
and with the t ime -o f - f l i gh t t e l e s c o p e . T h e s e e x p e r i m e n t s have now 
d e m o n s t r a t e d that s i m p l e o p t i c a l - m o d e l d e s c r i p t i o n s a r e d o o m e d to 
f a i l u r e . M o r e e l a b o r a t e m e t h o d s , such as c o u p l e d - c h a n n e l s c a l c u l a t i o n s , 
have been sugges t ed and app l ied in a few c a s e s . T h e s e c a l c u l a t i o n s 
r e q u i r e c o n s i d e r a b l y m o r e effort and , a t p r e s e n t , t h e eff icacy of t h e s e 
a p p r o a c h e s i s u n d e t e r m i n e d . In o r d e r to e x a m i n e t r a n s f e r r e a c t i o n s 
and s c a t t e r i n g u n d e r condi t ions w h e r e the r e a c t i o n i s w e l l u n d e r s t o o d , 
our t i m e - o f - f l i g h t t e l e s c o p e has been u s e d in a s y s t e m a t i c s tudy of 
oxygen- induced r e a c t i o n s at e n e r g i e s belov7 and n e a r the C o u l o m b 
b a r r i e r , w h e r e the s e m i c l a s s i c a l a p p r a o c h i s va l id . A m a j o r c o n c l u s i o n 
of th i s s tudy is tha t s o m e of the ba s i c a s s u m p t i o n s of DWBA a r e not 
jus t i f i ed in h e a v y - i o n r e a c t i o n s . 

While s ignif icant p r o g r e s s h a s been m a d e by c o n s i d e r i n g 
the s impl i f i ed a s p e c t s of h e a v y - i o n r e a c t i o n s , the c o m p l e x i t y i n h e r e n t in 
the i n t e r a c t i o n be tween two c o m p l e x nuc le i p r e c l u d e s full u n d e r s t a n d i n g 
on the b a s i s of s i m p l e known m o d e l s . The a r t i f i c i a l s e p a r a t i o n of sinnple 
and c o m p l e x d i r e c t r e a c t i o n s r e q u i r e s h ighly s p e c u l a t i v e m o d e l s and 
a s s u m p t i o n s and h a s g e n e r a t e d c o n s i d e r a b l e d i s c u s s i o n r e g a r d i n g the 
r e l a t i v e i m p o r t a n c e of complex o r m u l t i s t e p r e a c t i o n s . In a un ique 
e x p e r i m e n t a l s tudy of a r e a c t i o n tha t can p r o c e e d only t h r o u g h c o m p l e x 
p r o c e s s e s , our m e a s u r e m e n t s with the t i m e - o f - f l i g h t t e l e s c o p e h a v e 
shown tha t these complex t r a n s f e r s a r e c o m p a r a b l e in i n t e n s i t y to s i m p l e 
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t r a n s f e r p r o c e s s e s . A c c o r d i n g l y , the i m p o r t a n c e of c o m p l e x t r a n s f e r 
m e c h a n i s m s h a s been e s t a b l i s h e d . 

a . The Opt i ca l P o t e n t i a l in Heavy - Ion T r a n s f e r R e a c t i o n s 

Y. E i s e n , J . R. E r s k i n e , W. Henn ing , D, G, K o v a r , and B . 
Z e l d m a n 

42 48 16 
E l a s t i c s c a t t e r i n g in the n u c l e a r s y s t e m s ' Ca + O 

45 15 15 
and Sc + N, and s ing le p r o t o n t r a n s f e r r e a c t i o n s induced by N, 
16 19 48 

O, and F on Ca have been m e a s u r e d at p r o j e c t i l e e n e r g i e s a r o u n d 

56 MeV and c o m p a r e d to op t i ca l m o d e l and DWBA c a l c u l a t i o n s . The 

p u r p o s e of th i s i n v e s t i g a t i o n w^as to s tudy the ro l e of the op t i ca l po t en t i a l 

in h e a v y - i o n - i n d u c e d t r a n s f e r r e a c t i o n s . We find that the a m b i g u i t i e s 

tha t e x i s t in the o p t i c a l - m o d e l p a r a m e t e r s for the e l a s t i c s c a t t e r i n g 

p r e d i c t i o n s p e r s i s t for the DWBA t r a n s f e r c a l c u l a t i o n s . Th i s i s d e m o n ­

s t r a t e d in F i g . 10 . The e l a s t i c s c a t t e r i n g a n g u l a r d i s t r i b u t i o n for the 

Ca + O s y s t e m h a s been fit ted by v a r i o u s op t i ca l po t en t i a l p a r a m e t e r 

s e t s y i e ld ing equ iva len t r e s u l t s (F ig . 10a), T r a n s f e r p r e d i c t i o n s fo r 
48 16 15 49 

the Ca( O, N) Sc r e a c t i o n a s c a l c u l a t e d with the DWBA us ing the 

s a m e po t en t i a l s e t s a l s o show a g r e a t s i m i l a r i t y in the a n g u l a r d i s t r i b u ­

t ion ( F i g , 10b) . K we c o m p a r e the t r a n s f e r p r e d i c t i o n s to the e x p e r i ­

m e n t a l r e s u l t s , we find tha t a n g u l a r d i s t r i b u t i o n s a r e we l l r e p r o d u c e d by 

DWBA u n d e r condi t ions of w e l l - m a t c h e d c h a n n e l s , i . e . , c a s e s w h e r e 

the dominan t p a r t i a l w a v e s in the ingoing and outgoing c h a n n e l s o v e r l a p 

s t r o n g l y . Under cond i t ions of m i s m a t c h , dev ia t ions occu r tha t cannot be 

a c c o u n t e d for by the s a m e op t i ca l p a r a m e t e r s e t s t ha t a r e r e q u i r e d to 

r e p r o d u c e e l a s t i c s c a t t e r i n g . Whe the r t h e s e d i s c r e p a n c i e s can be 

r e m o v e d by ex tend ing the DWBA f o r m a l i s m or by i n t r o d u c i n g new r e a c t i o n 

m e c h a n i s m s i s sub jec t to f u r t h e r s t u d i e s . 



cm. cm. 

F i g . 10. (a) O p t i c a l - m o d e l fits to the e l a s t i c s c a t t e r i n g a n g u l a r d i s t r i b u t i o n of the s y s t e m ^8(33^ .̂ l 6 0 at 
56 MeV for v a r i o u s p a r a m e t e r s e t s , (b) DWBA p r e d i c t i o n s wi th code LOLA by R, De V r i e s for t h e 
"* ® Ca(^ ^ O , ' ' N)*^ Sc r e a c t i o n u s ing the v a r i o u s op t i ca l po t en t i a l s e t s f r om the e l a s t i c s c a t t e r i n g f i ts in (a) . > 
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16 18 118 
b , O and O Induced R e a c t i o n s on Sn a t t h e C o u l o m b B a r r i e r 

Y, E i s e n , W, Henning , H, - J , K o r n e r , D, G, K o v a r , J, P . 
Sch i f fe r , S, E, V igdor , and B, Z e l d m a n 

Al l t r a n s f e r c h a n n e l s and i n e l a s t i c s c a t t e r i n g have been 
1 A 1S^ 1 1 f t 

m e a s u r e d for O and O induced r e a c t i o n s on Sn in the e n e r g y 

r a n g e 50 "̂  E ^ 6 2 MeV ( e n e r g i e s be low and s l igh t ly above the Cou lomb 
l a b 

b a r r i e r ) . The ob jec t ive w a s the d e t e r m i n a t i o n of the f r a c t i o n of the 

t o t a l c r o s s s e c t i o n tha t goes by d i r e c t c h a n n e l s . S e p a r a t i o n of the v a r i o u s 

r e a c t i o n channe l s w a s ach i eved t h r o u g h the u s e of a A E - E s u r f a c e -

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

of the v a r i o u s s i n g l e - and m u l t i n u c l e o n t r a n s f e r s show^ an exponen t i a l 

fal l-off as a funct ion of the d i s t a n c e of c l o s e s t a p p r o a c h . S u m m a t i o n of 

the t r a n s f e r and i n e l a s t i c c r o s s s e c t i o n s y ie lds the to ta l q u a s i - e l a s t i c 

c r o s s s e c t i o n ; t h i s i s a l a r g e f r ac t i on (^ 50%) of the to t a l c r o s s s e c t i o n 

o v e r the e n e r g y r a n g e s tud ied . The q u a s i - e l a s t i c c r o s s s e c t i o n is a l s o 

c o m p a r a b l e to the e l a s t i c c r o s s sec t ion for va lues of the d i s t a n c e of 

c l o s e s t a p p r o a c h D, w h e r e m o s t of the t r a n s f e r c r o s s s e c t i o n s o r i g i n a t e . 

Th i s i s i l l u s t r a t e d in F i g . 11 . The r e s u l t s imp ly that s o m e of t h e b a s i c 

a s s u m p t i o n s m a d e in t h e u sua l DWBA a n a l y s e s of h e a v y - i o n r e a c t i o n s a r e 

i n c o r r e c t . F u r t h e r m e a s u r e m e n t s a r e p lanned to exp lo re the quan t i t a t i ve 

va l id i ty of t h e s e r e s u l t s for d i f ferent h e a v y - i o n p r o j e c t i l e s , and o v e r 

a s l a r g e a r a n g e of e n e r g y and t a r g e t nuc le i a s i s p r a c t i c a l . 

c . C r o s s Sec t ions for R e a c t i o n s Induced by O on Ca I so topes 

Y, E i s e n , H, T, F o r t u n e , W, Henning , D, G, K o v a r , S, E , 
V i g d o r , and B, Z e l d m a n 

The r e a c t i o n c r o s s s e c t i o n s for a l a r g e n u m b e r of exit 
16 

c h a n n e l s r e s u l t i n g f rom the i n t e r a c t i o n of O with Ca i s o t o p e s h a v e 

been m e a s u r e d at E( O) = 56 MeV u s i n g the A E - E t i m e - o f - f l i g h t 

s y s t e m . Th i s kind of i n f o r m a t i o n i s i m p o r t a n t for a c o m p l e t e u n d e r s t a n d ­

ing of the c o m p l e x i n t e r a c t i o n be tween two heavy i o n s . We have m e a s u r e d 
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e n e r g y s p e c t r a for outgoing p a r t i c l e s f r o m B t h r o u g h Mg o v e r a l a r g e 

a n g u l a r r a n g e . The c r o s s s e c t i o n s i n t e g r a t e d o v e r exc i ta t ion e n e r g y 

show f o r w a r d p e a k e d a n g u l a r d i s t r i b u t i o n s for a l l t r a n s f e r channe l s as 

is shown in F i g . 12. I n t e g r a t i o n o v e r a l l a n g l e s and s u m m a t i o n o v e r 

a l l c h a n n e l s y i e l d s the to ta l t r a n s f e r c r o s s s e c t i o n which i s a p p r o x i m a t e l y 

10% of 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 . The b a l a n c e i s p r e s u m e d to 

r e s u l t in compound n u c l e u s f o r m a t i o n fol lowed by boil-off. In o r d e r to 

c h e c k t h e s e e x p e c t a t i o n s , p r e l i m i n a r y s t u d i e s of compound n u c l e u s c r o s s 

s e c t i o n s have been p e r f o r m e d . Within e r r o r s , the m e a s u r e d c r o s s 

s e c t i o n s a r e in a g r e e m e n t w^ith c a l c u l a t i o n s . D i r e c t m e a s u r e m e n t s of 

the m a s s e s of the compound p r o d u c t s us ing a p u l s e d b e a m and T O F a r e 

p l anned s h o r t l y . 
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3 . RESONANCE P H E N O M E N A 

The c o m p l e x i t y of h e a v y - i o n i n t e r a c t i o n s i s n o w h e r e 
m o r e ev iden t than in s t u d i e s of r e s o n a n c e e f fec t s . The o b s e r v a t i o n 
of s t r o n g r e s o n a n c e s , f r equen t ly d o m i n a t e d by a s ing le p a r t i a l wave 
at v e r y h igh exc i t a t i on e n e r g i e s in the compound n u c l e a r s y s t e m , i s 
c l e a r ev idence for the e x i s t e n c e of highly c o r r e l a t e d s t r u c t u r e s i nvo lv ­
ing m a n y n u c l e o n s . T h e s e s t r u c t u r e s a r e , a c c o r d i n g l y , b e s t i n v e s t i g a t e d 
t h r o u g h the u s e of h e a v y - i o n p r o b e s . 

Recen t s t u d i e s a t Argonne of exc i t a t ion funct ions for the 
1 ̂ C( 1 ^ C , a)^^Ne r e a c t i o n r e v e a l tha t both d i r e c t and compound p r o c e s s e s 
c o n t r i b u t e to the popula t ion of m o s t l e v e l s . S t a t i s t i c a l f luc tua t ions 
a r e p r i m a r i l y r e s p o n s i b l e for the s t r o n g r e s o n a n t b e h a v i o r of the 
c r o s s s e c t i o n s . At 19. 7 MeV in the i 6 o + 1 2 c s y s t e m , t h e r e i s a s t r o n g 
n o n s t a t i s t i c a l r e s o n a n c e tha t was o r i g i n a l l y o b s e r v e d in t h i s L a b o r a t o r y 
du r ing the c o u r s e of s t ud i e s of e l a s t i c - s c a t t e r i n g s y s t e m a t i c s . The 
s t r u c t u r e of th i s J=14 r e s o n a n c e h a s been p r o b e d by t i m e - o f - f l i g h t 
t e l e s c o p e m e a s u r e m e n t s of a l l f inal s t a t e s of th is n u c l e a r s y s t e m . 

28 A study is a l s o u n d e r way to m e a s u r e the sp ins of s t a t e s in Si , 
wi th l a r g e i 6 o + 1 2 c p a r e n t a g e , at l ower exc i t a t ion e n e r g i e s via the 
1 6 o ( l 6 o ^ a ) 2 8 s i r e a c t i o n . 

4 o 4 0 '^ r\ 

a. C( C, a) Ne Exc i t a t ion Func t ions and Angu la r D i s t r i b u t i o n s 

L . R. Greenwood , * R. E . Sege l , K. Raghuna than , M. A. L e e , 
H. T. F o r t u n e , and J . R. E r s k i n e 

E x c i t a t i o n funct ions have been m e a s u r e d at a l a b o r a t o r y 

angle of 5 over an inc ident e n e r g y r a n g e of 1 8 — 2 5 . 5 MeV ( c m . ) 
12 12 20 

for the C( C, a) r e a c t i o n lead ing to about 30 l eve l s in Ne (E = 0—20 

MeV) . Angu la r d i s t r i b u t i o n s w e r e m e a s u r e d a t 5 e n e r g i e s . An E r i c s on 

f luc tua t ion a n a l y s i s y ie lds the r e s u l t tha t m o s t l eve l s a r e popu la t ed by 

a l a r g e n o n s t a t i s t i c a l r e a c t i o n c o m p o n e n t . A s ign i f ican t c o m p o u n d -

n u c l e a r component i s a l so p r e s e n t , wi th c o r r e l a t i o n widths on t h e o r d e r 

of 150 — 250 keV ( c m . ) . The e n e r g y - a v e r a g e d c r o s s s e c t i o n s have 

been c o m p a r e d with s t a t i s t i c a l c o m p o u n d - n u c l e a r ( H a u s e r - F e s h b a c h ) 

c a l c u l a t i o n s . This c o m p a r i s o n shows c l e a r l y the p r e s e n c e of a s t r o n g 

* 
N o r t h w e s t e r n U n i v e r s i t y , E v a n s t o n , I l l i no i s , 
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d i r e c t - r e a c t i o n m e c h a n i s m , e s p e c i a l l y for the m e m b e r s of t h e p r o p o s e d 

8p-4h band (at 7 . 196, 7. 834, 9. 040, and 12. 16 M e V ) . A p r o n o u n c e d 

m i n i m u m in the exc i ta t ion funct ions i s evident at E^ j ^ ^ = ^9 . 2 M e V , 

n e a r the r e c e n t l y - r e p o r t e d s t r o n g r e s o n a n c e in the 1 2 c ( 1 2 c , p ) Na 

channe l . Other c o r r e l a t e d effects a l s o a p p e a r to be p r e s e n t a t spec i f i c 

e n e r g i e s , but the c r o s s c o r r e l a t i o n s , c a l c u l a t e d for the e n t i r e e n e r g y 

r a n g e , a r e l a r g e l y s t a t i s t i c a l . 

16 12 
b . I ne l a s t i c Sca t t e r i ng of O + C Around E , ^ L i 2 c , Z J ! l ^ 

J . R. E r s k i n e , W. Henning , and P . S p e r r 

The i n e l a s t i c s c a t t e r i n g to v a r i o u s exc i t ed s t a t e s h a s 
16 12 

been m e a s u r e d for O + C a r o u n d E = 19. 7 MeV wi th h igh r e s -
c m . 

olut ion us ing the sp l i t - po l e m a g n e t i c s p e c t r o g r a p h . F i g u r e 13 show^s 

p a r t of the e x c i t a t i o n - e n e r g y s p e c t r u m t a k e n w^ith a p r o p o r t i o n a l c o u n t e r 
12 o 

at E = 19. 27 and 19. 70 MeV at 0, , ( C) = 7 , The m a i n p u r p o s e 
c m . lab r- r 

of the m e a s u r e m e n t was to r e s o l v e the 6 . 0 5 0 - M e V (0 ) and 6, 131-MeV 

(3 ) s t a t e s and s tudy which of t h e s e s t a t e s shows a c o r r e l a t i o n with the 

n o n s t a t i s t i c a l r e s o n a n t behav ior of the e l a s t i c s c a t t e r i n g a t E = 19 ,7 
c, m . 

MeV. F r o m t h e s e m e a s u r e m e n t s we find tha t at Q ( C) = 7 ° the 3 " 
l ab 

s ta te r e s o n a t e s s t r o n g l y , w h e r e a s the 0 s t a t e shows s m o o t h b e h a v i o r over the r e s o n a n c e r eg ion . T h e s e r e s u l t s do not suppor t a n exp l ana t i on 

for the E = 1 9 , 7 -
c m , 

exchange m e c h a n i s m . 

for the E = 1 9 . 7 - M e V r e s o n a n c e , which i nvo lves a n a - p a r t i c l e 
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c . The '^Mg( O, C) Si Reac t ion 

J . R. E r s k i n e , W. Henning , D. G. K o v a r , L . R. G r e e n w o o d , 

and R. M, D e V r i e s * 

A study of the ^ ^ M g ( ^ ^ 0 , ^^C)^^Si r e a c t i o n w a s c a r r i e d out 

in o r d e r to r e s o l v e ques t i ons c o n c e r n i n g the (^ O, C) r e a c t i o n m e c h a n i s m 

in the sd s h e l l . The m a g n e t i c s p e c t r o g r a p h w a s u s e d to ob ta in t h e good 

e n e r g y r e s o l u t i o n needed to i s o l a t e the e n e r g y l e v e l s of i n t e r e s t ( s e e 

F i g . 14 i n s e t ) . We w e r e ab le to fit our a n g u l a r d i s t r i b u t i o n da ta 

4° < e ^ 32° wi th convent iona l DWBA c a l c u l a t i o n , c o n t r a r y to s e v e r a l 

r e p o r t s in the l i t e r a t u r e that only weakly a b s o r b i n g p o t e n t i a l s cou ld be 

u sed or that the a c l u s t e r was t r a n s f e r r e d in a 2 8 . 5 - M e V s t a t e of 

exc i t a t ion . We a l s o found that DWBA t h e o r y c o r r e c t l y gave the m e a s u r e d 
4 "? 4- ? ft 

yie ld for exc i t ing C to i t s 2 s t a t e with Si in i t s g round s t a t e . A 

l e t t e r d e s c r i b i n g th i s w o r k h a s been p u b l i s h e d . 

" u n i v e r s i t y of R o c h e s t e r , R o c h e s t e r , New York . 

^J . R. E r s k i n e , W, Henning , D. G. K o v a r , L . R. G r e e n w o o d , and 
R. M, D e V r i e s , P h y s , Rev . Le t t , ^ i , 680 (1975). 

12 16 28 

d. " C + O" Sta tes in Si 

J . P , Schif fer , W, R, Whar ton , and P , T, Debevec 

12 16 28 

Two n a t u r a l m o d e l s for the 19. 7 - M e V C + O-+ Si 

r e s o n a n c e , a ro t a t i ona l band and a shape r e s o n a n c e , p r e d i c t o the r m e m ­

b e r s at lower e n e r g i e s w i th lower spin , A s e a r c h v/as m a d e for such 
16 16 28 

s t a t e s with the 0( O, a) Si r e a c t i o n . Al though compound n u c l e a r 
12 

p r o c e s s e s a r e s u r e l y p r e s e n t , s o m e componen t of t h e r e a c t i o n i s C 

s t r i p p i n g onto the O t a r g e t . F r o m 26 MeV to 30 MeV in the c e n t e r of 

m a s s , two s t a t e s at 21 .64 MeV and 2 3 , 8 5 MeV w e r e s t r o n g l y p o p u l a t e d . 

The y ie lds of t h e s e s t a t e s f luc tua ted with b o m b a r d i n g e n e r g y ; h o v / e v e r , 

they w e r e by far the s t r o n g e s t s t a t e s s e e n o v e r the e n t i r e r e g i o n . 
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F i g , 14, Angu la r d i s t r i b u t i o n for 
t h e r e a c t i o n 24Mg(i 6 0 , ^ ^ O ^ ^ S i 
at 56 -MeV b o m b a r d i n g e n e r g y . 
The l ines a r e f i n i t e - r a n g e 
DWBA c a l c u l a t i o n s compu ted 
wi th the f u l l - r e c o i l code LOLA. 
The i n se t shows a p o r t i o n of 
the e n e r g y s p e c t r u m m e a s u r e d 
at Oj^ = 20° . 

loV 

4. 

C3 

•a 

10 

- 1 — I — I — I — I — I — I — I — I — I — I — I — r 

E('lD)=56MeV 

'^'i^ 
h- to 

r »,.2o° 

T 
- 2 0 2 4 

0 VALUE (MeV) ^ 

^®Si{G.S.)+'̂ C(G.S.):| 
0.0 MeV 
S.S^^ 1-2 

C(G.S.) 
,779 MeV 

^ , ^ 6 . 4 

0° 10° 20° 30° 40° 50° 60° 70° 

c m . 



46 I I . A 3 d , e 

A n g u l a r d i s t r i b u t i o n s w e r e c o n s i s t e n t wi th l / s i n 6. A r e p o r t of t h i s 

w o r k w a s g iven a t t h e I n t e r n a t i o n a l Con fe r ence on N u c l e a r S t r u c t u r e . 

W. R, Whar ton , P . T. D e b e v e c , and J. P . Sch i f fe r , in P r o c e e d i n g s 
of the I n t e r n a t i o n a l Confe rence on N u c l e a r P h y s i c s , M u n i c h , 27 A u g u s t -
1 S e p t e m b e r 1973, edi ted by J . de Boe r and H. J . Mang ( N o r t h - H o l l a n d , 
A m s t e r d a m , 1973), Vol. 1, Con t r ibu ted P a p e r s , p . 5 4 1 . 

28 
e. Spin of the 23 . 85-MeV State in Si 

R. L. B o u d r i e , F . W. P r o s s e r , * and P . T. Debevec 

28 
The spin of a s t a t e in Si at an exc i t a t ion e n e r g y of 

20 
2 3 . 8 5 MeV has been i n v e s t i g a t e d . P r e v i o u s s t u d i e s by o t h e r s in Ne 

24 
and Mg show that s t a t e s of high spin a r e p r e f e r e n t i a l l y popu la t ed wi th 

h e a v y - i o n p r o j e c t i l e s . The 23 . 85 -MeV s t a t e h a s been s e e n h e r e to be 

p r e f e r e n t i a l l y popula ted in the 0 ( O, a ) Si -» Mg + a r e a c t i o n 
1 ^ 

at a b o m b a r d i n g ene rgy of 5 3 . 8 MeV. 

Coinc ident angu la r c o r r e l a t i o n s a r e ob ta ined betAveen 

a, and a^ us ing a me thod u sua l l y r e f e r r e d to a s L i t h e r l a n d and F e r g u s o n 
o o 

Method II. The f i r s t a lpha i s d e t e c t e d a t 0 wi th the r e c e n t l y c o n v e r t e d 0 
s p e c t r o m e t e r . If the second alpha in co inc idence vn.th the f i r s t a l p h a 

24 
d e c a y s to a z e r o spin s t a t e in M g , the r e s u l t i n g a n g u l a r d i s t r i b u t i o n 

2 28 

i s p r o p o r t i o n a l to P (cos 9), w h e r e J i s the spin of the s t a t e in Si of 

i n t e r e s t . The s t r e n g t h of the decay to a z e r o - s p i n s t a t e in o u r c a s e 

w a s e x t r e m e l y low. The i m a g e width in the d i r e c t i o n p e r p e n d i c u l a r to 

the d i r e c t i o n of d i s p e r s i o n of the m a g n e t was about 16 m m s ince the 

objec t width was about 2 m m and the magn i f i c a t i on in t ha t d i r e c t i o n is 8. 

A s u r f a c e - b a r r i e r d e t e c t o r of 20 m m d i a m e t e r had to be u s e d at a 

p r e d e t e r m i n e d pos i t ion a long the focal p l ane in o r d e r to a c c e p t t h i s l a r g e 

wid th . Two p o s i t i o n - s e n s i t i v e d e t e c t o r s in the t a r g e t c h a m b e r , e a c h 

c o v e r i n g an angu la r r a n g e of 50° in the l a b , a r e u s e d to d e t e r m i n e the 

U n i v e r s i t y of K a n s a s , L a w r e n c e , K a n s a s , 
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angular distr ibution of the second alpha. Four pa r ame te r event-by-event 

data was recorded on magnetic tape. 
2 

L e a s t - s q u a r e s fits to a constant plus P (cos9) , integrated 

over the finite solid angle of s l ices of the position de tec tor , w^ere made to 

the data for various values of J. The only reasonable fit was for J = 5. 

Work is continuing to a s s u r e that the background from neighboring s tates 
28 

in Si is i so t ropic . Another s t rong state at excitation energy 21.6 MeV 
. 28 
in Si will be investigated. 
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B. INSTRUMENTATION 

The d e v e l o p m e n t of i m p r o v e d t e c h n i q u e s f o r m t h e b a s i s for 
cont inued p r o g r e s s in h e a v y - i o n r e s e a r c h . The l a r g e n u m b e r of r e a c t i o n 
channe l s coupled to an e n o r m o u s r a n g e of c r o s s s e c t i o n s d e m a n d s d e t e c t i o n 
t e c h n i q u e s capab le of high s e l e c t i v i t y o v e r a wide d y n a m i c r a n g e . I m p r o v e ­
m e n t s in two m a j o r e x p e r i m e n t a l s y s t e m s , the m a g n e t i c s p e c t r o g r a p h and 
the A E - E t i m e - o f - f l i g h t t e l e s c o p e , have r e c e n t l y r e s u l t e d in i n c r e a s e d 
p e r f o r m a n c e c a p a b i l i t i e s . 

a. T i m e - o f - I l i g h t M a ^ s I d ^ 

Y. E i s e n , W. Henning , D. G. K o v a r , S. E . V i g d o r , and B . Z e l d m a n 

We have deve loped a t i m e - o f - f l i g h t (TOF) m a s s i d e n t i f i c a ­

t ion s y s t e m that r e t a i n s a l l the v i r t u e s of t h e c o n v e n t i o n a l A E - E s u r f a c e -

b a r r i e r d e t e c t o r t e l e s c o p e whi le p r o v i d i n g exce l l en t m a s s r e s o l u t i o n o v e r 

a wide r a n g e of m a s s and e n e r g y . 

In the T O F s y s t e m , the AE d e t e c t o r and the E d e t e c t o r a r e 

p h y s i c a l l y s e p a r a t e d by 25 c m . The AE and E s i g n a l s a r e p r o c e s s e d 

with convent iona l ana log c i r c u i t r y . In o r d e r to ob ta in suff ic ient p r e ­

c i s ion in the t i m e m e a s u r e m e n t , s p e c i a l l y bui l t f as t c i r c u i t s wh ich 

p r o c e s s the E and A E p u l s e i n f o r m a t i o n a r e u s e d to g e n e r a t e s t a r t and 

s top s i g n a l s for a c o m m e r c i a l t i m e - t o - a m p l i t u d e c o n v e r t e r . A t i m e 
1 6 

r e s o l u t i o n of 7 0 p i c o s e c o n d s has been ob ta ined for 5 5 - M e V O i o n s 

w h o s e t i m e of flight i s ^14 ns be tween the d e t e c t o r s . 

The r a w s i g n a l s A E , E , and t a r e p r o c e s s e d wi th a n a l o g 

c i r c u i t r y to y ie ld the e n e r g y (E ) , c h a r g e ( Z ) , and m a s s (M) of the 

d e t e c t e d p a r t i c l e which a r e s t o r e d d i r e c t l y in the c o m p u t e r m e m o r y . 

The e n e r g y E^ ^ i s g iven by AE + E . The c h a r g e Z i s d e t e r m i n e d by 

p e r f o r m i n g a m u l t i p l i c a t i o n of the f o r m AE X E , w h e r e the p r o d u c t i s 
2 

a p p r o x i m a t e l y p r o p o r t i o n a l to M Z . The m a s s s p e c t r u m r e s u l t s fromi 
2 

ana log m u l t i p l i c a t i o n s to f o r m the p r o d u c t t X E which i s p r o p o r t i o n a l 

B . Z e l d m a n , W. Henn ing , and D. G. K o v a r , N u c l . I n s t r u m . M e t h o d s 
118, 361 (1974). 
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to M. The da ta a r e s t o r e d in an e x t e r n a l c o m p u t e r m e m o r y in a 3 -

p a r a m e t e r m a t r i x of d i m e n s i o n s 4 (Z) X 64 (M) X 256 (E ), The 
t o t a l 

s e l e c t i o n of a m a s s p e a k in one of the Z g r o u p s y i e l d s a 256 c h a n n e l 

d i s p l a y of the e n e r g y s p e c t r u m for a s ing le i so top ic s p e c i e s . 

The u s e of d i r e c t m e m o r y a c c e s s , t o g e t h e r wi th p i leup 
4 

r e j e c t i o n , a l lows da ta to be t a k e n at r a t e s in e x c e s s of 10 e v e n t s / s 

wi th no d e g r a d a t i o n in qua l i ty . T h e s e high da ta r a t e s p e r m i t the s tudy 

of low c r o s s - s e c t i o n r e a c t i o n s wi th in r e a s o n a b l e runn ing t i m e s . 

C o m p a r e d to conven t iona l d e t e c t o r t e l e s c o p e s , t h i s new 

T O F s y s t e m h a s equ iva len t so l id ang le and e f f ic iency , equal o r b e t t e r 

e n e r g y r e s o l u t i o n , and v a s t l y b e t t e r m a s s r e s o l u t i o n . 

Dur ing the p a s t y e a r the t i m e - o f - f l i g h t m a s s iden t i f i ca t ion 

s y s t e m h a s been u s e d e x t e n s i v e l y for the i n v e s t i g a t i o n s of h e a v y - i o n -

induced r e a c t i o n s . In e x p e r i m e n t s a l r e a d y p e r f o r m e d , it w a s found tha t 

t he h igh s e l e c t i v i t y and low b a c k g r o u n d of t h e s y s t e m allow^s for i n v e s t i ­

ga t ion of n u c l e i fa r f r o m the l ine of s t ab i l i t y p r o d u c e d t h r o u g h t r a n s f e r 
2 

of m a n y n u c l e o n s . Al though MZ p r o v i d e s exce l l en t Z s e p a r a t i o n n e a r 

the l ine of s t a b i l i t y , a m b i g u i t i e s m a y a r i s e for exot ic l o w ^ - c r o s s - s e c t i o n 

r e a c t i o n s when a t t e m p t i n g to d i s t i n g u i s h , for e x a m p l e , N f r o m O. 

To so lve t h i s p r o b l e m , new a r i t h m e t i c un i t s have been c o n s t r u c t e d to 
2 1/2 

p e r f o r m the o p e r a t i o n (MZ X 1/M) = Z . In add i t ion to y ie ld ing u n ­

a m b i g u o u s Z s e l e c t i o n , t h e p r o c e d u r e a l s o l i n e a r i z e s t h e Z s c a l e and 

t h e r e b y r e d u c e s the d y n a m i c s igna l r a n g e r e q u i r e d . The d y n a m i c r a n g e 

of the s y s t e m h a s a l s o been i n c r e a s e d by s e l e c t i v e l y rou t ing m o r e than 

one Z in to a s ing le q u a d r a n t of the m e m o r y . T h i s i s p o s s i b l e w^hen the 

m a s s e s of d i f ferent e l e m e n t s do not o v e r l a p , e . g . , B , F . In th i s way 

up to eight d i f ferent c h a r g e s m a y be s t o r e d . As shown in F i g . 15 , 
16 44 

for O inc iden t upon C a , da ta f r o m r e a c t i o n s y i e ld ing B to Mg 

(Z = 5 to 12) and m a s s e s f r o m 10 to 24 can be ob ta ined c o n c u r r e n t l y 

d u r i n g a s i n g l e r u n . 
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b . A New H e a v y - I o n F o c a l P l a n e D e t e c t o r for the Magne t i c S p e c t r o g r a p h 

J . R. E r s k i n e , T. H, B r a i d , and J , C, S to l tz fus* 

A new type of focal p l ane d e t e c t o r i s be ing deve loped for 

the s tudy of h e a v y ions wi th the s p l i t - p o l e m a g n e t i c s p e c t r o g r a p h , A 

n o v e l con f igu ra t i on of i on i za t ion c h a m b e r and r e s i s t i v e - w i r e p r o p o r t i o n a l 

c o u n t e r of fers m a j o r i m p r o v e m e n t s in d e t e c t i o n c a p a b i l i t i e s , p a r t i c u l a r l y 

in p a r t i c l e i den t i f i ca t ion . With th i s new d e t e c t o r the e x c e l l e n t e n e r g y 

r e s o l u t i o n and l a r g e ang le c a p a b i l i t i e s of the m a g n e t i c s p e c t r o g r a p h can 

be app l i ed to h e a v y - i o n r e a c t i o n s t u d i e s . In the new d e t e c t o r heavy ions 

a r e s topped in the gas of a 5 0 - c m - l o n g by 1 3 - c m - d e e p g r i d d e d i o n i z a t i o n 

c h a m b e r . The e l e c t r o n sw^arm dr i f t s to a sp l i t anode p l a t e w h e r e a 

r e s i s t i v e - w i r e p r o p o r t i o n a l coun te r i s u s e d to m e a s u r e pos i t i on a long 

the foca l p l a n e . A second r e s i s t i v e - w i r e p r o p o r t i o n a l c o u n t e r i s u s e d to 

d e t e r m i n e p o s i t i o n f u r t h e r a long the ion t r a j e c t o r y and thus to m e a s u r e 

i nc iden t a n g l e s . Two AE s i g n a l s a r e a l s o ob ta ined f rom the sp l i t a n o d e . 

P o s i t i o n r e s o l u t i o n of 1 m m , AE r e s o l u t i o n of 4% and E , r e s o l u t i o n 
' t o ta l 

of 1% have been m e a s u r e d . A c r o s s s e c t i o n view of the c o u n t e r i s shown 

in F i g . 16. 

Belo i t C o l l e g e , B e l o i t , W i s c o n s i n . 

c . C o n v e r s i o n of the B r o a d - R a n g e S p e c t r o g r a p h 

R. L . B o u d r i e and F . W. P r o s s e r * 

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

h a s been c o n v e r t e d to a doub le - focus s ing m a g n e t i c s p e c t r o m e t e r wi th 

the add i t ion of a s ing le e l e m e n t quad rupo le l e n s . The s p e c t r o m e t e r i s 

p o s i t i o n e d at 0 to do a n g u l a r c o r r e l a t i o n e x p e r i m e n t s of the t ype u s u a l l y 

r e f e r r e d to a s L i t h e r l a n d and F e r g u s o n Method I I . The add i t ion of the 

q u a d r u p o l e be tween the t a r g e t and m a i n m a g n e t i n c r e a s e s the so l id ang le 

of a c c e p t a n c e by an o r d e r of m a g n i t u d e . The r e s o l u t i o n and a b e r r a t i o n 

a r e p r e s e r v e d to a g r e a t extent e s p e c i a l l y at ang le of de f l ec t ion 90 . 

U n i v e r s i t y of K a n s a s , L a w r e n c e , K a n s a s . 



U l 

POSITION 
2 

ANODE WIRES 
+1500 V 

ANODE PLANE 
+500 V 

CLEAR MYLAR 
WINDOW 

INCIDENT 

GUARD 
-600 V 

GRID 2 
4-200V 

GRID I 
OV 

CATHODE 
- 6 0 0 V 

TOTAL 

F i g . 16. C r o s s s e c t i o n of a new type of focal p l ane d e t e c t o r for heavy i o n s . Ions i nc iden t f r o m the left 
a r e s topped in i s o b u t a n e gas i n s i d e an i on i za t i on c h a m b e r . The r e s u l t i n g e l e c t r o n s w a r m d r i f t s t o w a r d 
the double g r i d s t r u c t u r e w h e r e t o t a l e n e r g y and A E s i g n a l s a r e p r o d u c e d . I n f o r m a t i o n about the 
pos i t i on a long the focal p l ane and the i n c i d e n t ang le i s m e a s u r e d by r e s i s t i v e w i r e p r o p o r t i o n a l c o u n t e r s 
i m b e d d e d in the anode p l a n e . 
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With the u s e of a n e l e c t r o n i c d e t e c t o r in the focal p l ane and th i s i n c r e a s e 

in so l id a n g l e , l o w - c o i n c i d e n c e - r a t e e x p e r i m e n t s have been r e a l i z e d . 

A new 10- in . d i a m e t e r t a r g e t c h a m b e r h a s b e e n i n s t a l l e d . 

One s ide of t h e c y l i n d r i c a l wa l l of the c h a m b e r i s a u n i f o r m t h i c k n e s s 

of 0. 125 in . to r e d u c e y - r a y a b s o r p t i o n . Nal d e t e c t o r s , 3 X 4 i n . in 

s i z e , c a n be c e n t e r e d a n y w h e r e be tween 30 and 160 wi th r e s p e c t to the 

b e a m a x i s . Moun t s have been m a d e for p o s i t i o n i n g s u r f a c e b a r r i e r and 

p o s i t i o n - s e n s i t i v e d e t e c t o r s i n s i d e the c h a m b e r . 

A new v a c u u m box a t t he exit of the m a g n e t h a s been 

i n s t a l l e d . I ts v o l u m e h a s been r e d u c e d by about ^ s i n c e the use fu l 

d i s t a n c e a long the foca l p l a n e i s d e c r e a s e d . At a p a r t i c u l a r f ie ld se t t i ng 

d o u b l e - f o c u s s ing at the foca l p l ane i s p o s s i b l e for only one e n e r g y . 

P u m p i n g is a l s o done at the vacuunn box , w^here v a c u u m of about 10 

T o r r a r e r e a c h e d . A F a r a d a y cup i s p o s i t i o n e d a t t he b a s e of the v a c u u m 

box with an a d j u s t a b l e s p a c e to allo-w the p a r t i c u l a r e n e r g y r a n g e of 

r e a c t i o n p a r t i c l e s to r e a c h the foca l p l a n e . P o s i t i o n - s e n s i t i v e d e t e c t o r s 

of the so l id s t a t e or g a s - p r o p o r t i o n a l type have been u s e d in the focal 

p l a n e . 

The c o n t r o l s for the q u a d r u p o l e and m a i n m a g n e t have been 

coup led . Af te r s e l e c t i n g the c u r r e n t r a t i o of the q u a d r u p o l e and m a i n 

m a g n e t , the q u a d r u p o l e i s m a d e a s l ave to the m a i n m a g n e t . The m a g n e t 

c o n t r o l s have been mod i f i ed for m i n i m u m o p e r a t o r i n t e r a c t i o n . 

B . Z e l d m a n , L . M. B o l l i n g e r , W. Henn ing , D. G. K o v a r , M. H. 
M a c f a r l a n e , and J . P . Unik* 

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

a s p e c t s such a s t e c h n i q u e s , c i r c u i t s , e t c , and t h e p h y s i c s r e s u l t s both 

e x p e r i m e n t a l and t h e o r e t i c a l . Of the 85 p a r t i c i p a n t s , m o r e t h a n a t h i r d 

c a m e f r o m f o r e i g n i n s t i t u t i o n s . The a t t e n d a n c e , which e x c e e d e d 

C h e m i s t r y D i v i s i o n , ANL. 
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o r i g i n a l e s t i m a t e s , is i n d i c a t i v e of t h e i n t e r e s t in the t e c h n i q u e s and 

app l i ca t ion of fas t t i m i n g (1 ns o r l e s s ) to s t u d i e s in h e a v y - i o n p h y s i c s . 

The w o r k s h o p was d iv ided in to t h r e e s e c t i o n s : (1) S ta te of 

the A r t , (2) A c c e l e r a t o r s , and (3) P r o s p e c t s for F u t u r e R e s e a r c h . In 

each s e c t i o n , t h e r e w e r e d i s c u s s i o n s of t e c h n i q u e s , d a t a , and t h e o r e t i c a l 

i m p l i c a t i o n s . In the a r e a of r e a c t i o n s t u d i e s , u s e of t i m e of f l igh t , in 

d e t e c t o r t e l e s c o p e s or in conjunct ion wi th m a g n e t i c s p e c t r o m e t e r s , 

y ie lds u n p r e c e d e n t e d p a r t i c l e iden t i f i ca t ion a long with good e n e r g y 

r e s o l u t i o n , p a r t i c u l a r l y for low c r o s s - s e c t i o n r e a c t i o n s . It w a s a l s o 

shown tha t the s u p e r c o n d u c t i n g c y c l o t r o n s and l i n e a r a c c e l e r a t o r s wi l l 

g e n e r a t e v e r y sho r t b e a m b u r s t s at high r e p e t i t i o n r a t e s w^ith a l i t t l e 

r educ t i on in a v e r a g e b e a m i n t e n s i t y . O t h e r t a l k s e m p h a s i z e d p o s s i ­

b i l i t i e s for h igh -qua l i t y p u l s e d b e a m s f rom T a n d e m Van de G r a a f f s . 

The final s e s s i o n c o n s i s t e d of t a l k s on p r o s p e c t s for fu tu re r e s e a r c h ; 

new d e t e c t o r s , l i m i t a t i o n s in p r e s e n t d e t e c t o r s , and new d e v e l o p m e n t s 

w e r e d i s c u s s e d . 

T h e r e was s p i r i t e d p a r t i c i p a t i o n f r o m m a n y of the 

a t t e n d e e s , the f o r m a t being conducive to open d i s c u s s i o n . It w^as 

g e n e r a l l y a g r e e d tha t future r e s e a r c h in h e a v y - i o n p h y s i c s wi l l be 

s t r o n g l y b a s e d upon the u s e of pu l s ed b e a m s and t i m i n g m e a s u r e m e n t s . 
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III. LIGHT-ION PHYSICS 

INTRODUCTION 

The i n v e s t i g a t i o n s inc luded wi th in th i s e x p e r i m e n t a l p r o g r a m 
a r e c a r r i e d out m a i n l y a t t h e F N T a n d e m Van de Graaff a c c e l e r a t o r , excep t 
tha t one i m p o r t a n t se t of s t u d i e s m a k e s u s e of the 4 -MV D y n a m i t r o n . The 
6 0 - i n . c y c l o t r o n o p e r a t e d by the C h e m i s t r y Div i s ion and a c c e l e r a t o r s a t 
o t h e r i n s t i t u t i o n s a r e a l s o u s e d o c c a s i o n a l l y . 

Unt i l the adven t of h e a v y - i o n r e s e a r c h and m e d i u m - e n e r g y 
r e s e a r c h , i n v e s t i g a t i o n s wi th l o w - e n e r g y l ight ions f o r m e d the c o r e of 
n u c l e a r p h y s i c s . Al though m u c h of our effort h a s been t r a n s f e r r e d to 
t h e s e new a r e a s , our l i gh t - i on p r o g r a m con t inues to inc lude a vin.de r a n g e 
of r e s e a r c h t o p i c s . We cont inue to r e g a r d l o w - e n e r g y c h a r g e d - p a r t i c l e 
p h y s i c s a s an i m p o r t a n t c o n t r i b u t o r to the d e v e l o p m e n t of n u c l e a r s c i e n c e 
a s a w h o l e , and we do not f o r e s e e tha t the ba lance be tween l i g h t - i o n 
r e s e a r c h and the o t h e r m a i n a r e a s of n u c l e a r r e s e a r c h in the P h y s i c s 
Div i s ion -will change m u c h du r ing the next two y e a r s . 

Innportant new a c t i v i t i e s s t a r t e d du r ing the p a s t y e a r a r e the 
folio-wing. 
(a) A p r o g r a m of m e a s u r e m e n t s of a s t r o p h y s l c a l i n t e r e s t w^as begun . ( F o r 

c o n v e n i e n c e , a l l of th i s w^ork i s d e s c r i b e d h e r e even though s o m e of it 
m a k e s u s e of h e a v y - i o n p r o j e c t i l e s . ) 

(b) A p r o g r a m to m e a s u r e low^-energy c h a r g e d - p a r t i c l e c r o s s s e c t i o n s of 
i n t e r e s t in CTR a p p l i c a t i o n s w^as s t a r t e d with a s y s t e m a t i c i n v e s t i g a t i o n 
of the °Li+d s y s t e m . 

(c) A c o l l a b o r a t i o n wi th a g roup f r o m P u r d u e U n i v e r s i t y s t a r t e d on a 
s e r i e s of m e a s u r e m e n t s of m a g n e t i c m o m e n t s of exc i t ed n u c l e a r 
s t a t e s . Th i s w o r k c o m p l e m e n t s m e a s u r e m e n t s of t r a n s i t i o n p r o b a ­
b i l i t i e s c a r r i e d out a t Argonne in the p a s t . 

Spec i a l note should be nnade of the e x t e n s i v e and i n c r e a s i n g 
u s e m a d e of our t a n d e m a c c e l e r a t o r by ou t s ide u s e r s du r ing the p a s t 
y e a r . Th i s h a s been a h e a l t h y f e a t u r e of our p r o g r a m and a n u m b e r of 
c o l l a b o r a t i v e v e n t u r e s b e t w e e n A r g o n n e staff and ou t s ide u s e r s have b e e n 
u n d e r t a k e n . I n f o r m a t i o n about o u t s i d e - u s e r e x p e r i m e n t s is g iven u n d e r 
S e c . IV. B . 

I m p r o v e m e n t s in the p e r f o r m a n c e of t h e t a n d e m 
d u r i n g the p a s t y e a r r e s u l t e d in i m p o r t a n t ga ins for t h e e x p e r i m e n t a l 
p r o g r a m . The m a i n e l e m e n t s of t h e s e i m p r o v e m e n t s a r e the i n s t a l l a t i o n of 

http://vin.de
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a P e l l e t r o n c h a r g i n g cha in and v o l t a g e - d i s t r i b u t i o n s y s t e m a t t h e t a n d e m 
( s e e Sec . IV. A. a ) . 

The l eve l of ac t i v i t y in the v a r i o u s p a r t s of t h e l i g h t - i o n 
p h y s i c s p r o g r a m a t th i s t i m e m a y be i n f e r r e d f r o m the follow^ing t a b l e of 
r e l a t i v e effort in e a c h p a r t . 

Act iv i ty R e l a t i v e Effor t (%) 

P r o g r a m at T a n d e m (Total) (66) 

S ta tes of i n t e r m e d i a t e - m a s s nuc l i de s 15 

S t r u c t u r e of ac t ln lde nuc l ides 4 

Reac t i on m e c h a n i s m s 15 

Effect ive r e s i d u a l i n t e r a c t i o n 2 

E l e c t r o m a g n e t i c p r o p e r t i e s 15 

A s t r o p h y s l c a l m e a s u r e m e n t s 15 

P r o g r a m at C y c l o t r o n (Total) (5) 

P r o g r a m at D y n a m i t r o n (Total) (29) 

L o w - e n e r g y c r o s s sec t ions 24 

Channel ing 5 
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A. C H A R G E D - P A R T I C L E R E S E A R C H AT THE TANDEM 

The i n v e s t i g a t i o n s c a r r i e d out with l i gh t - i on p r o j e c t i l e s 
f r o m the t a n d e m inc luded a wide r a n g e of t o p i c s , and m a n y of t h e s e 
i n v e s t i g a t i o n s i n t e r a c t s t r o n g l y with o the r p a r t s of our n u c l e a r s c i e n c e 
p r o g r a m . In p a r t i c u l a r , t h e r e con t inues to be an u n u s u a l d e g r e e of 
c o n s t r u c t i v e i n t e r a c t i o n be tween the e x p e r i m e n t a l and t h e o r e t i c a l p r o g r a m s . 
A l s o , m a n y of the peop le who a r e involved in l i gh t - i on r e s e a r c h a l s o 
c a r r y out h e a v y - i o n and m e d i u m - e n e r g y r e s e a r c h . 

S e v e r a l of t h e r e s e a r c h t op i c s in l i gh t - i on p h y s i c s r e p r e s e n t 
cont inu ing ef for ts tha t ex tend back s e v e r a l y e a r s . The s y s t e m a t i c s tudy 
of n u c l e a r s t r u c t u r e in the fY/2 and m a s s - 9 0 r e g i o n s i s c l o s e l y t i e d to 
t h e o r e t i c a l w o r k on s h e l l - m o d e l c a l c u l a t i o n s c a r r i e d out at Argonne in 
r e c e n t y e a r s . The s tudy of t w o - p a r t i c l e s p e c t r a n e a r c l o s e d - s h e l l nuc le i 
ex t ends b a c k a t l e a s t eight y e a r s and h a s i n c l u d e d at l e a s t s e v e n d e t a i l e d , 
p r e c i s e , and ca r e fu l e x p e r i m e n t s . The w o r k r e p o r t e d h e r e is on the 
a n a l y s i s of a l l a v a i l a b l e e x p e r i m e n t a l da ta in an a t t e m p t to deduce a 
s ing le effect ive fo rce tha t can expla in the data for nuc l i de s t h roughou t the 
p e r i o d i c t a b l e . 

L e s s effort than f o r m e r l y is be ing devo ted to the e x p e r i ­
m e n t a l p r o g r a m on n u c l e a r p r o p e r t i e s of the h e a v i e s t n u c l e i , but i t i s 
cont inuing to p r o v i d e the m o s t de t a i l ed and ca re fu l s p e c t r o s c o p i c i n f o r m a ­
t ion a v a i l a b l e in t h e ac t l n lde r e g i o n . 

An effort has been s t a r t e d to u n d e r s t a n d a long ou t s t and ing 
a n o m a l y in n u c l e a r r e a c t i o n s , the s t r o n g b a c k w a r d r i s e in c r o s s s e c t i o n 
for e l a s t i c a lpha s c a t t e r i n g for t a r g e t s n e a r "* Ca . Qua l i t a t i ve ly new 
i n f o r m a t i o n has been obta ined which shows tha t th i s effect cannot be 
exp la ined in t e r m s of compound m e c h a n i s m s , but m u s t be due to a d i r e c t 
t e r m in t h e a l p h a - n u c l e u s i n t e r a c t i o n . The o the r new^ a c t i v i t i e s in the 
p r o g r a m w e r e l i s t e d e a r l i e r . 

1. S T A T E S OF I N T E R M E D I A T E - M A S S NUCLIDES 

39 
S tud ies of A r 

39 S e v e r a l r e a c t i o n s l ead ing to the n u c l e u s Ar have been 
37 3 

i n v e s t i g a t e d . An i n v e s t i g a t i o n of the Cl( H e , p ) r e a c t i o n r e v e a l e d t h a t , 
39 

wh i l e a s expec t ed the ana log of t h e CI g round s t a t e s tood out c l e a r l y . 
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the an t i ana log of t h i s s t a t e , which should be s t r o n g e r , w a s h a r d l y in e v i ­

d e n c e . Ca re fu l a n a l y s e s of the da ta r e v e a l e d tha t the a n t i a n a l o g s t a t e i s 

s t r o n g l y f r a g m e n t e d and that the c e n t e r of g r a v i t y l i e s ~ 1 | - MeV h i g h e r 

The A r ( p , d ) r e a c t i o n h a s been s tud ied at a b o m b a r d i n g 

than t h e o r y p r e d i c t s , 

e n e r g y of 35 MeV. F o r t h e s e da ta the c y c l o t r o n at M i c h i g a n S ta te U n i v e r s i t y 
39 

w a s u s e d . Angula r d i s t r i b u t i o n s w e r e t a k e n on s t a t e s up to 6 M e V in A r . 

A study h a s been in i t i a t ed at Argonne on the Ca( O, Ne) r e a c t i o n . 

The r e s u l t s of th i s s tudy wi l l be c o m p a r e d to a p ickup s t u d i e s on the n e a r b y 
e v e n - C a i s o t o p e s . 

44 46 42 44 44 
b . Study of ' Sc by the ' C a ( a , d ) Sc R e a c t i o n 

T . H. B r a i d , J . M a n t h u r u t h i l , * and C. P . P o i r i e r * 

The p u r p o s e of th i s s tudy i s to m a k e def ini te a s s i g n m e n t s of 

spin and p a r i t y to a n u m b e r of known l e v e l s be low E = 3 . 3 M e V . 

E x p e r i m e n t a l l y , t he ( a , d ) r e a c t i o n p r e s ents d i f f icu l t ies in d i s t i n g u i s h i n g 

the de tec ted d e u t e r o n s f rom s p u r i o u s b a c k g r o u n d c a u s e d e i t h e r by the 

i n t e n s e flux of e l a s t i c a l l y s c a t t e r e d a p a r t i c l e s which i s i nc iden t on the 

s a m e r eg ion of the focal p lane or by k n o c k - o n p r o t o n s f r o m a b s o r b e r s . 

We have l a r g e l y o v e r c o m e the p r o b l e m by u s ing 27 -MeV a ' s wh ich a r e 

now a v a i l a b l e f rom the t a n d e m , so tha t t h e r e is a g r e a t e r s e p a r a t i o n 

be tween the m a g n e t i c r ig id i ty of the a p a r t i c l e s and t h e d e u t e r o n s , a n d 

by tak ing c a r e to m i n i m i z e the h y d r o g e n o u s m a t e r i a l in the a b s o r b e r s . 

Good data have now been obta ined for both t a r g e t s and a r e be ing a n a l y z e d . 

The da ta wil l p r o v i d e a t e s t of the p u r i t y of the (f ,_) wave func t ions 

s ince the p o s i t i v e - p a r i t y s t a t e s exc i t ed should be of odd s p i n . 

* 
A e r o s p a c e R e s e a r c h L a b o r a t o r i e s , W r i g h t - P a t t e r s o n Ai r F o r c e B a s e , 

Dayton , Ohio. 
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3 
c . ( H e , p ) R e a c t i o n on f . -She l l Nuc le i 

G e r a l d H a r d l e , David G l o e c k n e r , L . M e y e r - S c h u t z m e i s t e r , and 
T . H. B r a i d 

Us ing the Argonne s p l i t - p o l e m a g n e t i c s p e c t r o g r a p h , the 
43 3 45 3 

Ca( H e , p ) Sc r e a c t i o n w a s s tud ied at E( He) = 17 MeV and with a r a n g e 

of a n g l e s f r o m 7 to 55 . F r o m the m e a s u r e d p r o t o n a n g u l a r d i s t r i b u t i o n s 

the o r b i t a l a n g u l a r m o m e n t a t r a n s f e r r e d (L ) by the n - p p a i r w^ere 

ob t a ined . In a d d i t i o n , a t t he s a m e b o m b a r d i n g e n e r g y and at s e v e r a l 

a n g l e s , c r o s s s e c t i o n s for L = 0 and 0 + 2 w e r e m e a s u r e d for the 
3 4.A 4ft ^n 45 

( H e , p ) r e a c t i o n s wi th >^ > T i and Sc t a r g e t s . F o r t h e s e and o t h e r 
f - s h e l l n u c l e i , s y s t e m a t i c s of the c r o s s s e c t i o n s for L = 0 and the s u m 

np 
of the d i f f e ren t i a l c r o s s s e c t i o n s for L = 0 + 2 wi l l be d i s c u s s e d . In 

np 
p a r t i c u l a r , we found tha t for odd-A t a r g e t s t h e L = 0 + 2 s u m s a r e 
^ ' ^ np 
s ign i f i can t ly s m a l l e r t h a n the a v e r a g e for e v e n - e v e n f - s h e l l t a r g e t s . 
T w o - p a r t i c l e s p e c t r o s c o p i c a m p l i t u d e s a r e c a l c u l a t e d for t r a n s i t i o n s to 
44^ 45-, 46^ 4 7 ^ . 48_ , 48.^ / . x^ . i ^ ^ 

S c , S c , S c , T l , S c , and V us ing an (f , ) m o d e l and for 
44 45 46 48 n 

t r a n s i t i o n s to S c , S c , S c , and Sc us ing an ( f^ /oPo/o) m o d e l . 
40 ' ' 

Both m o d e l s a r e b a s e d on an i n e r t Ca c o r e . Z e r o - r a n g e d i s t o r t e d - w a v e B o r n - a p p r o x i m a t i o n c a l c u l a t i o n s a r e then p e r f o r m e d with t h e s e a m p l i t u d e s . 

R e a s o n a b l e a g r e e m e n t i s i 

s t r e n g t h wi th both m o d e l s . 

R e a s o n a b l e a g r e e m e n t i s found for the r a t i o o f L = 0 + 2 to L = 0 
° np np 

76 
L e v e l S t r u c t u r e of As 

76 
The e n e r g y - l e v e l s t r u c t u r e of As h a s b e e n s tud ied by 

75 the A s ( d , p ) r e a c t i o n wi th 12. 0 -MeV inc iden t d e u t e r o n s . I n v e s t i g a t i o n 

of t h e l o w - l y i n g l e v e l s in such doub ly -odd nuc le i can p r o v i d e va luab le 

i n f o r m a t i o n about the r e s i d u a l p r o t o n - n e u t r o n i n t e r a c t i o n . F u r t h e r m o r e , 
7 6 

for As in p a r t i c u l a r t h e r e h a s been r e c e n t i n t e r e s t in the s t r u c t u r e of 

Ohio U n i v e r s i t y , A t h e n s , Ohio . 
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Fig. 17. The proton spectrum from the ' ^ As(d,p)"'6 As reac t ion . 



I I I . A i d — f 61 

l o w - l y i n g s t a t e s i n connec t i on wi th the i n t e r p r e t a t i o n of i s o b a r l c ana log 
76 

r e s o n a n c e s in Sc. The outgoing p r o t o n s in t h i s r e a c t i o n , i n i t i a t e d by 

d e u t e r o n s a c c e l e r a t e d in the ANL t a n d e m , w e r e s tud ied by the u s e of 

p h o t o g r a p h i c e m u l s i o n s in the focal p l a n e of the Enge s p l i t - p o l e s p e c t r o -
76 

g r a p h . The p r o t o n s p e c t r u m c o r r e s p o n d i n g to s t a t e s in As i s show^n 

in F i g . 1 7 . E i g h t y - s e v e n exc i t ed e n e r g y l e v e l s up to 2 . 5 MeV have b e e n 

iden t i f i ed , and the a n g u l a r d i s t r i b u t i o n s for t h i r t y - n i n e of the o b s e r v e d 

t r a n s i t i o n s have been c o m p a r e d wi th d i s t o r t e d - w a v e Born a p p r o x i m a t i o n 

c a l c u l a t i o n s . Angu la r m o m e n t u m t r a n s f e r s w e r e d e t e r m i n e d and 

s p e c t r o s c o p i c s t r e n g t h s d e d u c e d f r o m the d a t a . This h a s a l lowed c o m ­

p a r i s o n s -with s h e l l - m o d e l s u m r u l e s and with o the r (d ,p) r e s u l t s on 
76 

N=42 i s o t o p e s , and sp in v a l u e s for a n u m b e r of l e v e l s in As have been 

a s s i g n e d . 

A. J . Elw^yn, J . E . M o n a h a n , J . F . L e m m i n g , J . R a p a p o r t , and 
M. S a m p l e , P h y s . R e v . C j_0, 1939 (1974). 

92 92 3 
e. E x p e r i m e n t a l Inves t i ga t i on of Tc by the Mo( H e , t ) R e a c t i o n 

T . H. B r a i d , H, T . F o r t u n e , and F . J . D. Serduke 

The odd-Z i s o t o n e s of N = 4 9 , Y, Nb , and ^ Tc have 

a m u l t i p l e t of 10 s t a t e s wi th sp ins 0 t h r o u g h 9 tha t a r i s e f rom the 

coupl ing of a f p r o t o n exc i t a t ion to a f n e u t r o n hole s t a t 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 s u c h m u l t i p l e t s in the v ic in i ty of c l o s e d - s h e l l 

n u c l e i i s of g r e a t i m p o r t to t h e o r e t i c a l s h e l l - m o d e l s t u d i e s , A s a t i s -
92 

f a c t o r y iden t i f i ca t ion of th i s m u l t i p l e t in Tc i s a s yet u n a v a i l a b l e ; 

in f ac t , the ex i s t i ng da ta on th i s nuc l eus a r e p lagued with i n c o n s i s t e n c i e s . 
3 

T h e r e f o r e , we have r e c o r d e d da ta on th i s r e a c t i o n , us ing an 18-MeV He 

b e a m ; t h e a n a l y s i s i s in p r o g r e s s . 

89 92 
f. I n v e s t i g a t i o n of the Nuc leus . . N b by the A^^^O^'^'^'^ R e a c t i o n 

W. Henning and F . J . D. Se rduke 

89 
The n u c l e u s . , N b , „ i s of s p e c t r o s c o p i c i n t e r e s t b e c a u s e of 

41 48 g^ 
i t s p r o x i m i t y to the c l o s e d s h e l l n u c l e u s . ,oS^cn' ^ m a j o r s h e l l - m o d e l 
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s tudy of n e u t r o n - d e f i c i e n t nuc le i in the m a s s - 9 0 r e g i o n h e r e a t A r g o n n e 

s t i m u l a t e d th i s e x p e r i m e n t a l i n v e s t i g a t i o n . B a s e d on r e s u l t s of our 

e x p e r i m e n t , we find t h a t the p r e v i o u s , s can ty da ta on th i s n u c l e u s a r e 
89 

i n c o r r e c t . Our w o r k h a s y ie lded a m e a s u r e m e n t of the m a s s of Nb , 

a new iden t i f i ca t ion of i t s g r o u n d - s t a t e sp in and 25 p r e v i o u s l y unknown 

exc i ted s t a t e s . An accoun t of th i s w o r k vn l l be s u b m i t t e d to the P h y s i c a l 

Review^. 

2, STRUCTURE OF ACTINIDE NUCLIDES 

S i n g l e - P a r t i c l e S ta tes in Act ln lde Nucle i 

J. R, E r s k i n e , A. M. F r i e d m a n , * R. R. C h a s m a n , * T. H. B r a i d , 
and D. S. Gale 

A p r o g r a m to s tudy s i n g l e - p a r t i c l e e x c i t a t i o n s in a c t l n l d e 

nuc l e i h a s been u n d e r w a y for s o m e t i m e . M a g n e t i c s p e c t r o g r a p h da ta on 
3 

the ( d , p ) , ( d , t ) , ( H e , d ) , and ( a , t ) r e a c t i o n s for m a n y a c t l n l d e t a r g e t s 

have r e s u l t e d in ex t ens ive knowledge of s i n g l e - p a r t i c l e s t a t e s . T h i s 

b a s i c knowledge i s of c r u c i a l i m p o r t a n c e for the u n d e r s t a n d i n g of t h e 

c o m p l e x n u c l e a r exc i t a t ions in d e f o r m e d nuc le i in the a c t l n i d e r e g i o n . 

An a r t i c l e for Reviev/s of M o d e r n P h y s i c s which s u r v e y s s i n g l e - p a r t i c l e 

exc i t a t ions in ac t ln ide nuc le i is in p r e p a r a t i o n . 

In the p a s t y e a r m u c h effort has been f o c u s s e d on da t a f r o m 
244 243 244 245 

the P u ( d , t ) P u and P u ( d , p ) P u r e a c t i o n s . Our c h a r g e d -
243 

p a r t i c l e r e a c t i o n data to s t a t e s in P u have b e e n c o m b i n e d wi th da ta on 
242 243 

the P u ( n , y) P u r e a c t i o n s tud ied at the Brookhaven High F l u x B e a m 

R e a c t o r . Th i s h a s r e s u l t e d in the iden t i f i ca t ion of 12 s i n g l e - p a r t i c l e 

r o t a t i o n a l bands in P u . Th i s p r o b a b l y m a k e s P u the b e s t known of 
244 245 

any odd -A a c t l n i d e n u c l e u s . A s p e c t r u m of the P u ( d , p ) P u r e a c t i o n 
t o g e t h e r with p r e l i m i n a r y a s s i g n m e n t s for the l e v e l s i s shown in F i g , 1 8 . 

C h e m i s t r y Div i s ion , ANL. 
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F i g . 18 . P r o t o n s p e c t r u m f rom the ^ ^^ Pu(d ,p )^ ^ ^ P u r e a c t i o n . Ten t a t i ve a s s i g n m e n t s for s e v e n 
r o t a t i o n a l b a n d s a r e i n d i c a t e d . The c u r v e s t h r o u g h the da ta po in t s w e r e d r a w n by the p e a k f i t t ing 
p r o g r a m A U T O F I T . 

OJ 
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REACTION MECHANISMS 

39 40 44 
a. B a c k - A n g l e Exc i t a t i on F u n c t i o n s of a + K and a + ' Ca 

S c a t t e r i n g Be tween 20 and 27 MeV 

K. A. E b e r h a r d , * T. H. B r a i d , T. R e n n e r , J. P . Sch i f fe r , and 
S. E, Vigdor 

39 
Deta i l ed b a c k - a n g l e exc i t a t i on funct ions for a + K and 

40 44 
a + ^ Ca e l a s t i c and i n e l a s t i c s c a t t e r i n g have b e e n m e a s u r e d in the 

e n e r g y r ange 20 t h r o u g h 27 MeV in an a t t e m p t to s tudy the r e a c t i o n 

m e c h a n i s m of t h e s e r e a c t i o n s a t e n e r g i e s and a n g l e s w h e r e l a r g e 

a n o m a l i e s have been o b s e r v e d by s e v e r a l p r e v i o u s w o r k e r s . S t a t i s t i c a l 
40 

f luc tua t ions a r e o b s e r v e d for a l l t h r e e r e a c t i o n s . T h o s e for a + Ca 
39 44 

and a + K a r e c l e a r l y l e s s p ronounced than t h o s e for a + C a , w h e r e 
the b a c k w a r d r i s e i s a b s e n t . The compound c o n t r i b u t i o n to t h e e l a s t i c 

40 39 
s c a t t e r i n g at back ang le s in Ca and K i s ~ 0 . 2 m b with the d i r e c t 

44 
c r o s s s ec t i on ~ 1 0 m b . In Ca the f luc tua t ing and d i r e c t c o n t r i b u t i o n s 

a r e ^ 0 . 1 and '^O. 8 m b , r e s p e c t i v e l y . The b a c k w a r d r i s e in e l a s t i c 
40 39 

a lpha s c a t t e r i n g f rom Ca( K) s e e m s thus to be c a u s e d p r i m a r i l y i 

a d i r e c t con t r i bu t i on , not f r om a f luc tua t ing compound one . 

U n i v e r s i t y of Wash ing ton , S e a t t l e , Wash ing ton . 

72 75 
b . A n o m a l i e s in the Ge(a ,n ) Se Reac t i on N e a r I s o b a r l c Analog 

R e s o n a n c e s in ' " S e 

A. J. E lwyn , J. E . Monahan , J . F . L e m m i n g , * J . R a p a p o r t , * 
and M. S a m p l e * 

72 75 
The G e ( a , n ) Se r e a c t i o n in the r e g i o n of i s o b a r l c 

76 
ana log r e s o n a n c e s in Se h a s been s tud ied with 7, 7 4 — 8 . 3 6 - M e V a 

p a r t i c l e s , by i n v e s t i g a t i n g the y - r a y t r a n s i t i o n s in t h e f inal n u c l e u s . 

A n o m a l i e s in the exc i ta t ion funct ions for th i s r e a c t i o n a r e c o m p a r e d in 
75 75 

F i g . 19 with i s o b a r l c ana log r e s o n a n c e s o b s e r v e d in the A s ( p , n ) Se 

Ohio U n i v e r s i t y , A t h e n s , Ohio, 



E^ (MeV) 

F i g . 19. The m e a s u r e d y ie lds for the 1 1 1 - and 2 8 6 -
keV y r a y s in the ''^ Ge(a ,ny)^^ Se r e a c t i o n a s a func­
t ion of i nc iden t a - p a r t i c l e e n e r g y , a long wi th 
H a u s e r - F e s h b a c h c a l c u l a t i o n s of the ( a ,n ) c r o s s 
s e c t i o n . The l o w e r s m o o t h c u r v e shows the m e a s ­
u r e d "̂ 5 A s ( p , n ) ' ' ^ Se n e u t r o n yield p lo t ted so that the 
e x c i t a t i o n e n e r g i e s in ''^ Se c o r r e s p o n d in both 
r e a c t i o n s . 
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F i g . 20. C o m p a r i s o n of the m e a s u r e d 0 
n e u t r o n y ie ld in t h e ''^ As (p ,n )^^ Se r e a c t i o n 
and to t a l y - r a y y ie ld in ^^ Ge(a ,ny)^^ Se 
r e a c t i o n with c a l c u l a t i o n s (so l id c u r v e ) in 
the r e g i o n of t h e i s o b a r l c ana log s t a t e at 
3. 326 MeV in the (p ,n ) r e a c t i o n — c o r r e s ­
ponding to a n a - p a r t i c l e e n e r g y of 8. 12 
MeV in the ( a , n y ) r e a c t i o n . 

> 
00 
cr 
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r e a c t i o n . P o p u l a t i o n of i s o b a r i c a n a l o g r e s o n a n c e s in (a , n) r e a c t i o n s i s 

i s o s p i n - f o r b i d d e n in both the e n t r a n c e and exit c h a n n e l s . T h u s , the 

e x i s t e n c e of a n o m a l i e s def in i te ly a t t r i b u t a b l e to i s o b a r i c ana log s t a t e s 

a l lows the i n v e s t i g a t i o n of any m e c h a n i s m tha t m a y c a u s e i s o s p i n 

m i x i n g . In the p r e s e n t c a s e the r e s u l t s of s i m u l t a n e o u s a n a l y s e s 

(as shown in F i g . 20) of both the ( a , n ) and (p ,n ) r e a c t i o n s a r e c o n s i s t e n t 

wi th the i n t e r p r e t a t i o n tha t p a r t i c u l a r l y for the a n o m a l y o b s e r v e d at an 

a - p a r t i c l e e n e r g y of 8, 12 MeV (the r e g i o n of the i s o b a r i c ana log of the 
76 

0, 309-MeV As p a r e n t l e v e l ) , the s a m e ana log r e s o n a n c e i s p o p u l a t e d 

in both r e a c t i o n s . F u r t h e r i n v e s t i g a t i o n s i n d i c a t e tha t the o b s e r v e d 

r e s u l t s a r e c o n s i s t e n t with n o n z e r o v a l u e s for both a - p a r t i c l e and n e u t r o n 

vdd ths for the analog r e s o n a n c e . Al though e s t i m a t e s a r e c r u d e , i t 

a p p e a r s l ike ly tha t d i r e c t , o r e x t e r n a l , i s o s p i n - m i x i n g c o n t r i b u t i o n s t o 

the a - p a r t i c l e width a r e dominan t . 

A. R i c h t e r , E . G r o s s e , J . Hufne r , and H. A. W e i d e n m u l l e r , P h y s . 
L e t t . 3 8 B , 349 (1972). 

4 . E F F E C T I V E RESIDUAL INTERACTION 

Effect ive I n t e r a c t i o n s f rom N u c l e a r S p e c t r a N e a r C losed She l l s 

J . P . Schiffer 

A c o n s i d e r a b l e body of da ta has been a c c u m u l a t e d at 

A r g o n n e and e l s e w h e r e ove r the p a s t few y e a r s on t w o - n u c l e o n s p e c t r a 

( p a r t i c l e - p a r t i c l e , p a r t i c l e - h o l e , h o l e - h o l e ) n e a r c l o s e d s h e l l s . Such 

da ta a r e of unique i n t e r e s t in tha t they b e a r a d i r e c t r e l a t i o n s h i p to the 

effect ive r e s i d u a l i n t e r a c t i o n be tween n u c l e o n s . Work h a s con t inued 

o v e r the p a s t y e a r in a t t e m p t i n g to u n d e r s t a n d the c o n s t r a i n t s wh ich a r e 

J , P . Sch i f fe r , in The Two-Body F o r c e in N u c l e i . P r o c e e d i n g s of the 
S y m p o s i u m , Gull L a k e , M i c h i g a n , 7-10 S e p t e m b e r 1 9 7 1 , ed i t ed by S. M, 
Aus t i n and G, M, C r a w l e y ( P l e n u m P r e s s , New Y o r k / L o n d o n , 1972) , 
p p , 205 -227 ; N. A n a n t a r a m a n and J, P , Schi f fe r , P h y s , Le t t 37B 229 
(1971). • ' 
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s e t by t h e d a t a . The i m p o r t a n c e of t e n s o r and sp in o r b i t t w o - b o d y 

f o r c e s w a s e x p l o r e d . The l e a s t - s q u a r e s f i t t ing p r o c e d u r e s e s t a b l i s h 

c l e a r l y the need of a t l e a s t a f i v e - c o m p o n e n t c e n t r a l f o r ce wi th two 

r a n g e s in the t r i p l e t odd p a r t . The r a n g e s a r e not w e l l c o n s t r a i n e d by 

the e n e r g y l e v e l d a t a . The i m p r o v e m e n t in f i t t ing t h e da ta by inc lud ing 

two r a n g e s for o the r c o m p o n e n t s of t h e f o r c e and by inc lud ing n o n c e n t r a l 

f o r c e s i s r e l a t i v e l y s m a l l , T 

a s ing le effect ive i n t e r a c t i o n . 

12 208 
f o r c e s i s r e l a t i v e l y s m a l l . The da ta f r o m C to P b a r e fit we l l with 

E L E C T R O M A G N E T I C P R O P E R T I E S 

S e v e r a l e x p e r i m e n t a l a c t i v i t i e s at the t a n d e m a r e c l a s s i f i e d 
u n d e r th i s h e a d i n g . The t echn ique of m e a s u r i n g m a g n e t i c m o m e n t s of 
exc i t ed n u c l e a r s t a t e s by o b s e r v i n g the shift in an a n g u l a r c o r r e l a t i o n 
p a t t e r n f r o m a l iquid s o u r c e in a m a g n e t i c field is one of the few 
t e c h n i q u e s -which can allow^ one to obta in a r e l i a b l e r e s u l t . Such da ta 
a r e of p a r t i c u l a r i n t e r e s t in nuc le i w h e r e t r a n s i t i o n p r o b a b i l i t i e s a r e a l s o 
s t u d i e d . The m e a s u r e m e n t s a r e by no m e a n s ea sy ; s e v e r a l f a v o r a b l e 
c a s e s h a v e been i n v e s t i g a t e d and a r e s u l t was obta ined for Ûjsj-]-,̂  

I n t e r e s t in the p r o p e r t i e s of the E2 giant r e s o n a n c e have 
led to m e a s u r e m e n t s of the (a , y) c a p t u r e r e a c t i o n ; the e x p e r i m e n t i s 
u n d e r w a y . E x p e r i m e n t s on h i g h - s p i n s t a t e s in £-^12'^^^^^ nuc le i have 
a l s o c o n t i n u e d , a s have m e a s u r e m e n t s of t r a n s i t i o n p r o b a b i l i t i e s u s i n g 
the p u l s e d b e a m of the t a n d e m . 

• 4 3 ^ 
a. N u c l e a r g F a c t o r of the d ^ / 2 ^ ^ 2 1 3 . ^ ^ ^ 5 3 . ^ ! ^ — ^ 

R. P . S c h a r e n b e r g , * R. M i t c h e l l , ! T. V. Ragland ,+ R. E. 

Ho l l and , and F . J . Lynch 

The m e a n l i v e s of the d . p r o t o n hole s t a t e s in the odd-A 

Sc i s o t o p e s have been m e a s u r e d to be 200 or m o r e t i m e s l o n g e r than the 

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

e s t i m a t e s tha t a l a r g e a d m i x t u r e of c o r e - e x c i t e d s t a t e s could accoun t for 

P u r d u e U n i v e r s i t y , L a f a y e t t e , Ind iana ; on l e a v e at the N u c l e a r 
S t r u c t u r e L a b o r a t o r y , U n i v e r s i t y of R o c h e s t e r , R o c h e s t e r , New Y o r k . 

P u r d u e U n i v e r s i t y , L a f a y e t t e , Ind iana . 
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t h e s e h i n d e r e d M2 t r a n s i t i o n s . C o r e exc i t a t i on can a l s o affect g f a c t o r s , 

A p r e l i m i n a r y m e a s u r e m e n t of the g f a c t o r of the d . p r o t o n ho le s t a t e 
43 40 43 

in Sc at 150 keV (r = 628 j isec) h a s been m a d e wi th the C a ( a , p ) Sc 

r e a c t i o n u s i n g a l iquid c a l c i u m - t i n a l loy t a r g e t . F u r t h e r m e a s u r e m e n t s 

wi l l be m a d e to i m p r o v e s t a t i s t i c s , and ob ta in the s ign of the g f a c t o r . 

R. J. M i t c h e l l , * T. V. R a g l a n d , * R. P . S c h a r e n b e r g , ! R. E. 

Hol land , and F . J. Lynch 

90 
The 88-|jLsec i s o m e r i c s t a t e in Nb w a s exc i t ed by 

b o m b a r d i n g a l iquid Z r - C u a l loy t a r g e t -with p r o t o n s f r o m the A r g o n n e 
90 90 

t a n d e m by the r e a c t i o n Z r ( p , n ) Nb. The t i m e d i s t r i b u t i o n of the 

122-keV y r a y s following the b e a m b u r s t -was m e a s u r e d -with an i n t r i n s i c 

Ge d e t e c t o r . The o b s e r v e d va lue for the g f ac to r for t h i s 6 f i r s t e x c i t e d 

s t a t e is g = 0 .620 ± 0 . 0 0 4 . This a g r e e s wi th in e r r o r -with the m e a s u r e -
+ 

m e n t of the g fac to r of the 8 g round s t a t e . F i g u r e 21 shows a p lo t of 
the da t a . 

P u r d u e U n i v e r s i t y , L a f a y e t t e , Ind iana . 

P u r d u e U n i v e r s i t y , L a f a y e t t e , Ind iana ; on l e ave at t he N u c l e a r 
S t r u c t u r e L a b o r a t o r y , U n i v e r s i t y of R o c h e s t e r , R o c h e s t e r , New Y o r k , 

194 
I s o m e r i s m in Au 

S. W. Y a t e s * and F . J. Lynch 

rfr In r e c e n t y e a r s l o n g - l i v e d 1 = 1 2 i s o m e r s have b e e n 
J • 1 9 6 , 1 9 8 , , 200 

d i s c o v e r e d in Au, Au , and Au. In the p r e s e n t m e a s u r e m e n t s 
194 

we have o b s e r v e d i s o m e r s in Au with h a l f - l i v e s of 600 ± 8 and 420 ± 10 

m s us ing pu l s ed b e a m t e c h n i q u e s . T h e s e l e v e l s w e r e exc i t ed by (d, 2n) 
194 

and (p ,n ) r e a c t i o n s on n a t u r a l and e n r i c h e d P t t a r g e t s a t v a r i o u s 

b o m b a r d i n g e n e r g i e s . G a m m a - r a y s i n g l e s and y - y c o i n c i d e n c e s p e c t r a 

C h e m i s t r y D iv i s i on , ANL. 
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F i g . 21 . T y p i c a l da ta f r o m a p e r t u r b e d a n g u l a r d i s t r i b u t i o n m e a s u r e m e n t of t h e g f a c t o r of''ojsji-,^ j ^ / ^ \ 
= [ N ( 4 5 ° , t ) - N ( 1 3 5 ° , t ) ] / [ N ( 4 5 ° , t ) + N ( 1 3 5 ° , t ) ] p lo t t ed a s a funct ion of t i m e a f t e r the b e a m p u l s e . The 
s i n u s o i d a l c u r v e i s a l e a s t - s q u a r e s fit to the da t a . 

vO 
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w e r e m e a s u r e d . The l o n g e r - l i v e d i s o m e r a t 80, 5 keV i s b e l i e v e d to 

have the conf igu ra t ion (tTd- , _ , v i , ) 5 , whi le t h e s h o r t e r - l i v e d i s o m e r 
D I Ld 1 J / ^ 

i s a s s i g n e d the conf igura t ion ("rrbQ ,., , v i . _ <p) 11 and i s b e l i e v e d to d e c a y 

by an u n o b s e r v e d E3 t r a n s i t i o n to the l eve l at 379, 9 k e V , The d e c a y 

s c h e m e sho-wn in F i g , 22 i s b a s e d on the p r e s e n t d a t a . Tab le II shows 

the e n e r g i e s , h a l f - l i v e s , and r e l a t i v e i n t e n s i t i e s of the y r a y s . An 

accoun t of t h i s w o r k h a s been p r e p a r e d for p u b l i c a t i o n . 

T A B L E I I , G a m m a r a y s o b s e r v e d in 
the d e c a y s of the ^ 9 4 ^ ^ i s o m e r s . 

E n e r g y 

(keV) 

35 , 27 ± 0. 

45 , 25 ± 0, 

128 ,55 ± 0, 

137, 20 ± 0. 

162, 22 ± 0, 

170 ,77 ± 0, 

08 

09 

12 

14 

16 

12 

R e l a t i v e 
a 

i n t e n s i t y 

80 ± 23 

100 

100 

6 4 , 6 + 5 , 2 

3 5 , 5 ± 4 . 1 

101 .8 ± 7 . 1 

Hal f - l i fe 

(ms) 

590 ± 18 

602 ± 9 

422 ± 14 

422 ± 22 

420 ± 32 

415 ± 21 

3. 

I n t e n s i t i e s of y r a y s f r o m the 600 and 420 
m s i s o m e r s a r e given r e l a t i v e to the 4 5 . 2 5 -
and 1 2 8 . 5 5 - k e V y r a y s , r e s p e c t i v e l y . 

3 8 
d. Decay of the t , = 22 ^s I s o m e r i c Sta te of K 

S. W. Y a t e s , * F . J. Lynch , R. E . Hol land , I. A h m a d , * and 
A. M. F r i e d m a n * 

38 
The decay of the 22. 5 ^s i s o m e r of K h a s b e e n s tud i ed by 

o b s e r v i n g the de layed y r a y s following the Mg( 0 , p n ) K and CI 

( a , n ) K r e a c t i o n s . G a m m a - r a y s i n g l e s and y - y c o i n c i d e n c e m e a s u r e ­

m e n t s w e r e m a d e and the r e a c t i o n t h r e s h o l d for p r o d u c t i o n of t h e 

C h e m i s t r y D iv i s ion , ANL. 
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0 

Fig. 22. The proposed decay scheme of the ^''*Au i s o m e r s . 
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i s o m e r was d e t e r m i n e d for the ( a , n ) r e a c t i o n . The 3458-keV i s o m e r i c 

s t a t e d e c a y s by an a p p a r e n t E l t r a n s i t i o n (a = 0. 58) to a l e v e l a t 3420 

keV and by an 812-keV t r a n s i t i o n to a l eve l at 2646 k e V . The i s o m e r i s m 

i s u n d e r s t o o d in t e r m s of the s e l e c t i o n r u l e s for the decay of E l t r a n ­

s i t i ons in T=0 n u c l e i , A w e a k - c o u p l i n g e s t i m a t e of the exc i t a t i on e n e r g y 
I '? -2 Q 

of the 7 (If . ) s t a t e in K y i e ld s a va lue in e x c e l l e n t a g r e e m e n t wi th 

tha t o b s e r v e d for t h i s i s o m e r . The d e c a y s c h e m e deduced f r o m the 

p r e s e n t m e a s u r e m e n t i s shown in F i g . 23 and i s c o n s i s t e n t wi th tha t 

p r o p o s e d by van D r i e l et a l . 

M . A. van D r i e l , G. A. P . E n g e l b e r t i n k , D. B u c u r e s c u , H. H. 
E g g e n h u i s e n , J . K o n i e c z e k , and R. L . W. van de Weg , P r o c e e d i n g s of 
the I n t e r n a t i o n a l Confe rence on N u c l e a r P h y s i c s , Mun ich , 27 A u g u s t -
1 S e p t e m b e r 1973, edi ted by J . de Boer and H. J . Mang ( N o r t h - H o l l a n d , 
1973) , Vol . 1, Con t r i bu t ed P a p e r s , p . 205 . 

e. L i f e t i m e s of the \ [^31] to | [622] E2 T r a n s i t i o n s in Some 

Act ln ide Nuclei 

S. W. Y a t e s , * F . J. Lynch , R. E. Hol land , A. M. F r i e d m a n , * 
and I. Ahmad* 

The P d e f o r m a t i o n of nuc le i in the Z=92 to Z = 98 r e g i o n 

is f a i r ly cons tan t (0. 27) and hence it i s expec t ed tha t the wave func t ions 

of low- ly ing s i n g l e - p a r t i c l e s t a t e s should not change f r o m one n u c l e u s 

to a n o t h e r . Since y - r a y t r a n s i t i o n p r o b a b i l i t i e s depend on the d e t a i l s 

of the n u c l e a r wave func t ions , e x p e r i m e n t a l t r a n s i t i o n p r o b a b i l i t i e s shou ld 

afford a s e n s i t i v e t e s t of the cons tancy of t h e s e -wave func t ions . The 
1+ 239 239 
i [631] l eve l was exc i t ed in U and P u by t h e (d ,p ) r e a c t i o n and 

241 
in P u by t h e (d , t ) r e a c t i o n and the subsequen t y - r a y decay to the 
I [622] l eve l w a s o b s e r v e d fol lowing a b e a m p u l s e . In the C h e m i s t r y 

243 245 
D iv i s i on , c o r r e s p o n d i n g E2 t r a n s i t i o n s in C m and C m w e r e 

243 245 
o b s e r v e d in the r a d i o a c t i v e decay of Bk and " Bk, r e s p e c t i v e l y , and 
the l i f e t i m e s w e r e m e a s u r e d by e l e c t r o n - p h o t o n d e l a y e d - c o i n c i d e n c e 

t e c h n i q u e s . P a r t i a l e n e r g y - l e v e l d i a g r a m s and the h a l f - l i v e s of th e 
* 

C h e m i s t r y Div i s ion , ANL. 
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keV 
22.5 ^s 

2645.9 

Fig. 23 . ' ^ K par t ia l decay scheme deduced from the present 
measurennent. The widths of the a r rows a re proport ional to the 
intensit ies of the observed gamma r a y s . 
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-2 [631]—I [622] t r a n s i t i o n s in t h e s e nuc le i a r e shown in F i g . 2 4 . 

Reduced t r a n s i t i o n r a t e s for t h e s e odd-neu t ron nuc le i w e r e c a l c u l a t e d 

f rom a p r o d u c t of the N i l s s o n e s t i m a t e and the p a i r i n g f a c t o r , and 

c o m p a r e d with r a t e s ob ta ined f rom the m e a s u r e d l i f e t i m e s . R e s u l t s 

a r e sho-wn in Tab le III. The r a t i o s of e x p e r i m e n t a l to t h e o r e t i c a l r a t e 

v a r i e d only by a fac to r of 2 for the five c a s e s c o n s i d e r e d , a l though the 

e x p e r i m e n t a l r a t e s w e r e 26 to 57 t i m e s g r e a t e r t han the t h e o r e t i c a l r a t e s . 

Th i s work w a s r e p o r t e d r e c e n t l y in P h y s . R e v . C 1 1 , 599 (1975) . 

Nucleus 

239^ 

^^^Pu 

P u 

243_ 
Cm 

245_ 
Cm 

TABLE 

B(E2) 
exp 

3.51 

1.95 

10.2 

2 .78 

9 . 7 

III. T rans i t i on 

Ni lsson 

0.538 

0.538 

0.540 

0.541 

0.544 

p robab i l i t i e s of th 

(U.U 
1 

- V V )^ 
f i f ' 

0. 12 

0. 14 

0 .63 

0 .09 

0.62 

e i + [ 6 3 1 ] -* 

B(E2) 
theo 

0 .065 

0. 075 

0. 34 

0. 049 

0. 34 

f [622] Y r a y . 

B(E2) 
exp 

B(E2) 
theo 

54 

2 6 

30 

57 

29 

T 
exp 

T 
Weisskopf 

0. 039 

0. 022 

0. 11 

0. 031 

0. 11 

115. 

R. J. M i t c h e l l , * T. V. R a g l a n d , * R. P . S c h a r e n b e r g , t F . J. L y n c h , 
and R. E. Hol land 

This l eve l was exc i t ed -via the Sn (a ,n ) Te r e a c t i o n . 

A pu l s ed b e a m of 20 -MeV alpha p a r t i c l e s b o m b a r d e d an e n r i c h e d l i q u i d -

t in t a r g e t . The g f a c t o r was obta ined by m e a s u r i n g the t i m e d i s t r i b u t i o n 

of the 280-keV y r a y f rom the i s o m e r a s the nuc le i p r e c e s s e d in an 

P u r d u e U n i v e r s i t y , L a f a y e t t e , I nd i ana . 

P u r d u e U n i v e r s i t y , L a f a y e t t e , Ind iana ; on l e ave at the N u c l e a r 
S t r u c t u r e L a b o r a t o r y , U n i v e r s i t y of R o c h e s t e r , R o c h e s t e r , New Y o r k . 



,4- 0.78 as 2 
' -^-— 134 keV 

+ 0.88 ^s 

239 
0 

U 241 Pu 

+ 0.33 ^s 

5-*- 4^ 

16! keV 

0 
243 

384 keV 

288 keV 

,+ 1.08 /IS 

0 - ^ 

Pu 243 Cm 

> 

,+ 0.29 
2 

/XS 

5+ >^ 
2 

87keV 

^ 7+ >^ 

356 keV 

253 keV 

245 
0 

Cm 

F i g . 24 . P a r t i a l l e v e l d i a g r a m s sho-wing the t r a n s i t i o n be tween the j [631] and ^ [622] s t a t e s in 
2 39 u , 2 41 pu^ 243 pu^ 24 3 C m , and ^ 4 5 c ^ . 

- 0 
Ul 
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e x t e r n a l m a g n e t i c f ie ld. F i g u r e 25 i s a p lo t of the da ta wi th the e x p o ­

n e n t i a l d e c a y r e m o v e d . The d e r i v e d g f a c t o r g = - 0 . 174 ± 0. 04 i s 

c o n s i s t e n t wi th t h o s e o b s e r v e d for — s t a t e s in t h i s r e g i o n . Th i s w o r k 

w a s r e p o r t e d at the A P S m e e t i n g in W a s h i n g t o n , D. C . , in A p r i l 1974. 

^ ^ . 4 7 

g ^ ^ j n i e G a m m ^ ^ D e c a ^ ^ 

L, M e y e r - S c h u t z m e i s t e r , T e r r e n c e S j o r e e n , and G e r a l d H a r d l e 

47 TT 1 Q ~ 

H i g h - s p i n s t a t e s in Ti up to J = - ^ have been 
i n v e s t i g a t e d by m e a s u r i n g the g a m m a r a y s e m i t t e d f r o m t h e 
45 47 * 

Sc (a ,np) Ti r e a c t i o n . V e r y good a g r e e m e n t w a s ob ta ined b e t w e e n 

the m e a s u r e d and c a l c u l a t e d m u l t i p o l a r i t i e s and b r a n c h i n g r a t i o s of 

t r a n s i t i o n s for a l l o b s e r v e d y r a s t l e v e l s . The c a l c u l a t i o n s w e r e 

p e r f o r m e d a s s u m i n g a c t i v e p a r t i c l e s and ho les only in the f_/̂  s h e l l . 

In an e a r l i e r w o r k a s i m i l a r c o m p a r i s o n be tween m e a s u r e d and 

ca l cu l a t ed g a m m a - r a y d e c a y s of spin s t a t e s wi th J = (f,-3) had been 

m a d e and only poor a g r e e m e n t could be r e p o r t e d even for s t a t e s which 

showed , f rom one -nuc l eon t r a n s f e r r e a c t i o n s , a n u c l e a r con f igu ra t i on 

with l a r g e (f . ) c o m p o n e n t s . Hence one can conc lude tha t the 

g a m m a - r a y decay of h i g h - s p i n s t a t e s is r e p r e s e n t e d m u c h b e t t e r by 

a p u r e (f , ) m o d e l than is the c a s e for l o w - s p i n s t a t e s . 

L a r g e Doppler shif ts w e r e o b s e r v e d even for g a m m a r a y s 

which a r e e m i t t e d f rom s t a t e s s t r o n g l y popu la t ed by a n u m b e r of p r e c e d i n g 

g a m m a - r a y t r a n s i t i o n s . Th i s is r e a s o n a b l e a s a l l s t a t e s w e r e s t r o n g l y 

" s i d e - f e d " (~50%), It could a l s o be shown tha t the o b s e r v e d D o p p l e r 

shif ts exc lude long feeding t i m e s and i n d e e d , for the d e t e r m i n a t i o n of the 

l i f e t imes t h rough the a t t e n u a t e d Doppler shift m e t h o d , neg l i g ib l e 

feeding t i m e s w e r e a s s u m e d . The m e a s u r e d l i f e t i m e s of the M l 

t r a n s i t i o n s a r e in r e a s o n a b l e a g r e e m e n t wi th c a l c u l a t i o n s u s ing an 

(f , ) m o d e l , but the two o b s e r v e d E2 t r a n s i t i o n s a r e 4 — 6 t i m e s 
f a s t e r than c a l c u l a t e d . 



112 Sn(a,n)"'Te 
> 

Ey' 280kev 
B = 0.999±0.00l kG 

TIME (/is) 

Fig , 25 . Plot of [N(t ,45 ) - N(t, 135 ) ] / [N( t , 45 ) + N(t, 135 )] , where N(t, fi) is the t ime distr ibution in 
280-keV y rays following the beam burs t with the detector at angle 6 to the beam direct ion. The solid 
curve is a sine wave fitted to the data. 
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54 58 
h . Study of the F e ( a , Y) Ni R e a c t i o n 

L . M e y e r - S c h u t z m e i s t e r , W. W h a r t o n , P , D e b e v e c , R, E , S e g e l , 
and K, Raghuna than 

When the i n i t i a l and the f inal s t a t e s a r e both 0 in an 

( a , y ) r e a c t i o n , s i m p l e a n g u l a r d i s t r i b u t i o n m e a s u r e m e n t s a r e suf f ic ient 

to s e p a r a t e the c a p t u r e r a d i a t i o n in to i t s E l and E2 c o m p o n e n t s . 
54 58 

We have t h e r e f o r e s tud ied the F e ( a , y ) Ni r e a c t i o n in o r d e r to 
58 

e x a m i n e the g i a n t - d i p o l e r e s o n a n c e in Ni and to d e t e r m i n e if the 

p r e s e n c e of a g i a n t - q u a d r u p o l e r e s o n a n c e can be e s t a b l i s h e d in t h i s 

n u c l e u s . The g a m m a r a y s w e r e d e t e c t e d with l a r g e Nal (Tl ) c r y s t a l s , 

and y ie ld c u r v e and a n g u l a r d i s t r i b u t i o n m e a s u r e m e n t s w e r e m a d e 

over the r e g i o n 8, 0 < E < 13 ,6 MeV (which c o r r e s p o n d s to e x c i t a t i o n 
58 °' 

e n e r g i e s in Ni of f r o m 13 .8 to 18 ,3 MeV) . The t o t a l y i e l d , w h i c h 
i s about 90% E l , exhib i t s a giant r e s o n a n c e shape tha t p e a k s a t about 

,58 * 
E^( Ni ) = 16. 2 M e V . The p o r t i o n of the y ie ld tha t i s in t h e E2 c o m p o n e n t 

r e m a i n s ^^10% th roughou t the e n t i r e r e g i o n . I n t e r f e r e n c e t e r m s , though 

o b s e r v a b l e , a r e s m a l l , imply ing a r e l a t i v e E 2 - E 1 p h a s e wi th in 10° to 9 0 ° . 

6. MEASUREMENTS OF ASTROPHYSICAL I N T E R E S T 

A new p r o g r a m of m e a s u r e m e n t s of a s t r o p h y s l c a l 
i n t e r e s t h a s been s t a r t e d , M e a s u r e m e n t s of m a s s e s of nuc l e i of 
i n t e r e s t in He burn ing i s the m a i n in i t i a l e x p e r i m e n t a l effort , A 
r a b b i t s y s t e m has been c o n s t r u c t e d for th i s p u r p o s e at the t a n d e m , 
A new r a d i o a c t i v e nuc l ide has a l r e a d y been d i s c o v e r e d as a b y - p r o d u c t 
of th i s p r o g r a m . The w o r k on ^^C c o n s i s t s of the a n a l y s i s and i n t e r ­
p r e t a t i o n of e x p e r i m e n t a l work c a r r i e d out e l s e w h e r e . 

^^^•^^.'J^^'^^:}^:^^X22L.2^t^l^^^ from (3 
Stabi l i ty 

C, N, D a v i d s , R, C, P a r d o , and L, A. P a r k s 

In o r d e r to o b s e r v e the d e c a y p r o p e r t i e s of i s o t o p e s far 

f r om p s t a b i l i t y , a p n e u m a t i c t a r g e t - t r a n s f e r s y s t e m h a s been c o n s t r u c t e d 
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in the T a n d e m a c c e l e r a t o r wes t t a r g e t r o o m . A t a r g e t m o u n t e d in a 

d e l r i n h o l d e r i s b o m b a r d e d in vacuum and t r a n s f e r r e d by a b u r s t of 

h e l i u m in l e s s than 0. 5 s ec to a r e m o t e count ing s t a t ion about 3 m e t e r s 

away . Th i s a r e a is sh ie lded f rom the b e a m l ine by a c o n c r e t e b lock 

wa l l 1 m e t e r th ick . The t a r g e t can be counted with a combina t ion of 

Ge(Li) d e t e c t o r s and p l a s t i c s c i n t i l l a t o r s in o r d e r to o b s e r v e y and P 

r a y s . The n 

t h i s f ac i l i ty . 

53 
r a y s . The new i so tope Ti (T . = 32. 8 sec) has been o b s e r v e d u s i n g 

In ano the r conf igura t ion , g a s e o u s r a d i o a c t i v e a t o m s can 

be t r a n s f e r r e d in a he l i um s t r e a m to a r e m o t e count ing c h a m b e r . The 
74 

decay of Kr has been s tud ied with th is a p p a r a t u s . 

Under c o n s t r u c t i o n i s a fac i l i ty w h e r e b y r ap id on - l i ne 

c h e m i c a l s e p a r a t i o n s m a y be a c c o m p l i s h e d s h o r t l y af ter i r r a d i a t i o n of 

a t a r g e t . This a p p a r a t u s -will be u s e d to s e a r c h for and s tudy the d e c a y 

p r o p e r t i e s of Se. 

b . New I so topes of I n t e r e s t to Exp los ive Nucleos-ynthesis 

C. D a v i d s , R. P a r d o , and L. P a r k s 

Dur ing the exp los ion of a giant s t a r a s a s u p e r n o v a even t , 

m a n y n u c l e a r r e a c t i o n s take p l a c e . It i s be l i eved tha t m u c h of the 

m e d i u m - and hea-vy-e lement n u c l e o s y n t h e s i s o c c u r s du r ing th i s p h a s e . 

In the r e g i o n of the p e r i o d i c t ab le j u s t above i r o n , c h a r g e d - p a r t i c l e 

r e a c t i o n s c a u s e the f o r m a t i o n of a l p h a - p a r t i c l e n u c l e i such a s Z n , 

G e , and p o s s i b l e Se. After the m a t e r i a l c o o l s , the f inal a b u n d a n c e s 

for t h e s e nuc le i a r e d e t e r m i n e d by a p a r t i a l e q u i l i b r i u m in -which t h e 

i m p o r t a n t p a r a m e t e r s a r e the binding e n e r g y of the l a s t a p a r t i c l e and 

the t e m p e r a t u r e at which the n u c l e a r r e a c t i o n s c e a s e . The f i r s t two 

i s o t o p e s above have been o b s e r v e d , but Se i s a s ye t u n o b s e r v e d . 

A s e a r c h for Se i s be ing conduc ted us ing h e a v y - i o n compound r e a c t i o n s 

on the F N T a n d e m a c c e l e r a t o r , a long with c h e m i c a l s e p a r a t i o n t e c h n i q u e s . 
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T h e f o r m a t i o n of a n e u t r o n s t a r f r o m a s u p e r n o v a r e m n a n t 

i s a p r o c e s s which i nvo lves the n e u t r o n i z a t i o n of the d e n s e hot c o r e of an 

exp lod ing g ian t s t a r . T h i s p r o c e e d s via e l e c t r o n c a p t u r e s , s i n c e t h e 

F e r m i e n e r g y of the d e g e n e r a t e e l e c t r o n s in s u c h a d e n s e m e d i u m can 

a p p r o a c h 10 M e V . In s ide the r e m n a n t a l l p r o t o n s a r e c o n v e r t e d to 

n e u t r o n s , but in the ou t e r r eg ions t h e r e m a y ex i s t n e u t r o n - r i c h n u c l i d e s 
56 

r e s u l t i n g f r o m e l e c t r o n c a p t u r e s on abundan t s p e c i e s s u c h a s F e . 

The m a s s e s and P - d e c a y r a t e s for n e u t r o n - r i c h i s o t o p e s in t h e A=50 — 70 

r e g i o n a r e the r e l e v a n t n u c l e a r da ta n e e d e d for c a l c u l a t i o n s of t h e 

s u r f a c e p r o p e r t i e s of n e u t r o n s t a r s . Such i n f o r m a t i o n c a n a l s o be u s e d 

to check the p r e d i c t i o n s of m a s s f o r m u l a e a s w e l l a s t h e n u c l e a r 

s y s t e m a t i c s in t h i s r e g i o n . 

Ne-w n e u t r o n - r i c h i s o t o p e s c a n be f o r m e d by h e a v y - i o n 

compound r e a c t i o n s , a s w e l l a s by m u l t i n u c l e o n t r a n s f e r p r o c e s s e s . 

A fas t p n e u m a t i c t r a n s f e r s y s t e m h a s been i n s t a l l e d at 

the FN T a n d e m a c c e l e r a t o r , enabl ing the o b s e r v a t i o n of d e l a y e d P and 

y r a y s in a sh ie lded a r e a . Both Ge(Li) and p l a s t i c d e t e c t o r s a r e u s e d 
53 

m v a r i o u s c o m b i n a t i o n s . The new i s o t o p e Ti (T . = 3 2 . 7 ± 0 . 9 s ) h a s 
4 8 7 '̂ '̂  1 / <-

been o b s e r v e d via the r e a c t i o n Ca( L i , p n ) T i , and i t s d e c a y s c h e m e 

h a s been ob ta ined . Work has begun on the s e a r c h for Mn. 

12 
c . Rad ia t ive D e - e x c i t a t i o n of the 7 . 6 5 5 - M e V Sta te of C — H e l i u m 

Burn ing in S t a r s 

C. N. D a v i d s , R. C. P a r d o , and A. W. Obs t* 

A new m e a s u r e m e n t of the r a d i a t i v e b r a n c h i n g r a t i o T /F 
12 ^3-^ 

for the 7 . 6 5 5 - M e V s t a t e of C has b e e n m a d e . The quan t i ty i s n e e d e d 

for c a l cu l a t i ons of s t e l l a r he l i um b u r n i n g . The 7 . 6 5 5 - M e V s t a t e of ^^C 

w a s f o r m e d by i n e l a s t i c s c a t t e r i n g of 10. 5 -MeV p r o t o n s on th in self -

s u p p o r t i n g c a r b o n t a r g e t s . C o i n c i d e n c e s b e t w e e n C r e c o i l s of t h e 
12 

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

C e n t e r for N u c l e a r S t u d i e s , U n i v e r s i t y of T e x a s a t A u s t i n , T e x a s . 
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-4 
radiat ive decay of the 7.655-MeV state . A value of (4. 30 ± 0.20)X 10 

was obtained for the branching ra t io , compared with a recent measuremen t 

of (4. 20 ± 0. 22) X lo"^ and the previous best value of (2. 9 ± 0. 3) X l o " . 

The experiment was ca r r i ed out using the EN Tandem Van de Graaff 

acce le ra to r of the Universi ty of Texas at Austin. Subsequent analysis of 

the data was completed at Argonne. 
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B. CHARGED-PARTICLE WORK AT THE CYCLOTRON 

The Argonne 60-in. cyclotron is used to a l imited extent for 
charged-par t i c le r e s e a r c h . It has been shut down for improvements during 
a large fraction of the past year . Two experiments have been c a r r i e d out 
to complement related work at the tandem acce le ra to r but with higher 
energy pro jec t i les . 

a. Deuteron-Induced Nucleon Pickup 

T. H. Braid , J. L. Yntema, H. T. Fo r tune , and L. R. Medsker* 

The study of states in K isotopes excited by proton removal 
3 

from Ca isotopes has been continued by means of the (d. He) reac t ion , and 
42 43 

the data for Ca and Ca ta rge ts a r e being analyzed. 
Two-nucleon pickup react ion Mo(d, a) Nb has been used 

98 
to study states in Nb. Excitation energies were obtained for a l a rge 

number of s ta tes below 2.2 MeV excitation energy. The ground state and 

all s tates below 1 MeV are very weakly populated, but a c lus ter of s t rong 

states is observed between 1, 0 and 2, 2 MeV excitation. These data a re 
98 

consistent with the interpretat ion that the lowest s ta tes in Nb a r e of the 

iT(g , )v(g . ) configuration, which should be populated only -weakly in 

pickup from ^"^Mo. 

University of Pennsylvania, Philadelphia, Pennsylvania, 

b. The 0(a ,p) F Reaction and Th ree -Pa r t i c l e Cluster Transfe r 

Spectroscopic Fac tors 

T. H. Braid , H. T. For tune , and W. Henning 

16 19 

The 0(a, p) F react ion has been m e a s u r e d at 43. 9 MeV 

using the Argonne 60-in. cyclotron and the split-pole magnetic spectrograph. 

In teres t in these studies was st imulated through recent theore t ica l 

calculations within the SU(3)-labelling scheme that led to a f irs t 

approximation in c lu s t e r - t r ans f e r spectroscopic fac tors . The energy 

^J. B. McGrory, Phys . Lett . 47B, 481 (1973). 
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resolution obtained in the measuremen t s was about 30 keV which allows 

for the identification and extract ion of the population s trengths of all 
+ - 13 

m e m b e r s of the K = \ and K=-|- rotational bands up to spin —. A 

pre l iminary analysis for the K = -|- posit ive-parity band yields relative 

s t rengths in agreement with the theoret ical predict ions; in particular^ 
1J+ + 

the — member of the K = -| band is populated weakly compared to the 

other band m e m b e r s . A s imi la r behavior is found for the — m e m b e r 

of the K = j rotational band. Fu r the r analysis is underway. The 

p re l iminary resul ts encourage the idea of using the (a, p) reaction for 

studies of th ree -par t i c l e c lus t e r - t r ans fe r spectroscopic fac tors . 



84 ~ I I I . CI 

C. L IGHT-ION PHYSICS AT THE DYNAMITRON 

The 4 - M V D y n a m i t r o n i s a g e n e r a l - p u r p o s e a c c e l e r a t o r 
fac i l i ty u s e d for a -wide v a r i e t y of r e s e a r c h a c t i v i t i e s t ha t a r e s u p p o r t e d 
by s e v e r a l r e s e a r c h p r o g r a m s . The a c c e l e r a t o r i s o p e r a t e d by t h e 
P h y s i c s D i v i s i o n , and c o s t s a r e s h a r e d on the b a s i s of the f r a c t i o n of t i m e 
devo ted to e a c h p r o g r a m . The m a i n p r o g r a m s invo lved in the u s e of t h e 
fac i l i ty d u r i n g the p a s t y e a r a r e N u c l e a r S c i e n c e s , M o l e c u l a r S c i e n c e s , 
and M a t e r i a l s S c i e n c e s . 

B e c a u s e of the d i v e r s i t y of the r e s e a r c h a c t i v i t i e s s u p p o r t e d 
by the D y n a m i t r o n , i t h a s been n e c e s s a r y to p r o v i d e it wi th a wide r a n g e of 
c a p a b i l i t i e s . The i n s t a l l a t i o n of a new k ind of a c c e l e r a t o r tube in 1974 was 
a n o t h e r m a j o r s t ep for-ward. 

In the C h a r g e d - P a r t i c l e R e s e a r c h p r o g r a m , the D y n a m i t r o n 
i s u s e d p r i m a r i l y for the m e a s u r e m e n t of l o w - e n e r g y c r o s s s e c t i o n s of 
i n t e r e s t for CTR a p p l i c a t i o n s . The low e n e r g y , good b e a m q u a l i t y , and 
p u l s e d s o u r c e of the a c c e l e r a t o r m a k e it i d e a l for t h e s e m e a s u r e m e n t s . 
The a v a i l a b i l i t y of the fac i l i ty m a d e it f e a s i b l e to be e f fec t ive in th i s ne-w 
p r o g r a m with v e r y l i t t l e de lay . 

The D y n a m i t r o n i s a l s o u s e d to s o m e ex ten t for channe l ing 
m e a s u r e m e n t s . 

1. LOW-ENERGY CROSS SECTIONS 

Excep t for the r e a c t i o n s be tween the h y d r o g e n i s o t o p e s , the 
m o s t p r o m i s i n g r e a c t i o n for t h e r m o n u c l e a r p u r p o s e s i s the one invol-ving 
" L i + d. Yet the l o w - e n e r g y c r o s s s e c t i o n s for th i s p r o c e s s h a v e not been 
wel l known; l a r g e d i s c r e p a n c i e s ex i s t in the p u b l i s h e d l i t e r a t u r e . 
M e a s u r e m e n t s on the D y n a m i t r o n have been c a r r i e d out i n o r d e r to d e t e r ­
m i n e the c r o s s s e c t i o n s for t h i s p r o c e s s with good a c c u r a c y . T h e s e 
m e a s u r e m e n t s a r e v e r y demand ing t e c h n i c a l l y and r e q u i r e l a r g e a m o u n t s 
of a c c e l e r a t o r - b e a m t i m e . The w o r k in t h i s new p r o g r a m h a s go t ten off 
to a fas t s t a r t b e c a u s e of the a v a i l a b i l i t y of a good e x p e r i m e n t a l s y s t e m and 
the fact that the staff m e m b e r s invo lved w e r e e x p e r i e n c e d in c l o s e l y r e l a t e d 
i n v e s t i g a t i o n s f o r m e r l y c a r r i e d out in the N e u t r o n P h y s i c s p r o g r a m . 
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^ ^ 6 
a. Cross Sections for Neutrons from Li+d Reactions at Low Energies 

A, J. Elwyn, R. E. Holland, F . J. Lynch, J. E. Monahan, and 
F . P . Mooring 

As par t of a p rogram for determining absolute c ross 

sections for various nuclear par t ic les emitted in cha rged-pa r t i c l e -

induced react ions on light nuclei , we have measured the differential and 

total c ross sections for the outgoing neutrons in the bombardment of Li 

by 0.2 to 0.9-MeV deuterons accelera ted in the ANL Dynamitron. 

Knowledge of the proper t ies of nuclear reactions of deuterons with Li 

is of importance to the needs of the controlled thermonuclear r e s e a r c h 

p rog ram in connection with the evaluation of advanced fusion fuels and 

the concept of fusion chain reac t ions . At the sanae t ime such m e a s u r e ­

ments can contribute to the understanding of the nuclear s t ruc ture of light 

nuclei and also of the relat ive importance of the various react ion 

mechan isms that could produce a neutron in the final s ta te . Differential 

and total c ros s sections for the neutrons corresponding to the excitation 
7 

of the final Be nucleus in i ts ground and 0.431-MeV excited state [in the 

Li(d,n) reaction] and for the continuum neutrons that a r e associated 
7 3 4 

•with the breakup of Be into He and He have been determined by the use 

of stilbene scinti l lator detectors and standard time-of-flight techniques. 

Target thickness and detector efficiencies have been obtained with 

sufficient accuracy to alloAv absolute c ros s - sec t ion measu remen t s to 

~16%. The total c ross sections a re displayed in Table IV. An attempt to 

in te rpre t the measured neutron spectra associated -with three-body breakup 

in t e r m s of a consistent react ion mechanism is in p r o g r e s s . P r e l i m i n a r y 

resu l t s a re shown in Fig . 26. As observed, the data a r e qualitatively 

different from the spect ra expected from direct breakup. On the other 
hand, the pre l iminary calculation based on a sequential decay mechanism 

3 4 
in which the s-wave Coulomb interact ion between He and He in the final 
state is taken into account, appears quite promis ing . 

See, e. g. , J . Rand McNally, J r . , "Fusion Chain Reactor P r o s p e c t s 
and P r o b l e m s , " USAEC Report ORNL-TM-4575 (1974). 
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TABLE IV. Total c r o s s sections (in mb) for neutrons 
emitted in d + "Li reac t ions . 

E^ (MeV) o- ( g . s . ) 0- (431 keV) a (E ^ 0. 5 MeV) 
d t t t n 

(±0.005) (±16%) (±16%) (±18%) 

61.7 

41 .2 

0.873 

0 .779 

0 .578 

0 .482 

0 .379 

0 .375 

0 .328 

0 .242 

0 .238 

0 .204 

5 6 . 0 

4 9 . 9 

4 5 . 0 , 

4 1 . 2 

2 9 . 0 

3 0 . 4 

2 4 . 3 

10. 0 

11 .8 

7 .67 

2 9 . 9 

25 .5 

19 .5 

14 .6 

9 .45 

10. 1 

7 .78 

2 .68 

3. 12 

2. 16 

22. 1 

7. 64 

5.29 

16-

12-

8 -

4 -

0 — 

12-

8 -

4 -

0 — 

8 -

4 -

0 — 

*Li+d — n +'He+*He 

DIRECT BREAKUP 
SEQUENTIAL DECAY (COUL. FIN. ST INT) 

Ejj = 0.779 MeV 

••....it.:.:.(.. 

• -T* '»« '< . • E.= 0.578 MeV 

a..a. 

J:^ L 
0.5 1.0 

E .= 0.375 MeV 
d 

" •'~"~'~ I ,• - - . , , , 1 . , , 

1-5 2.0 2.5 

Fig, 26. Lab differential c ross 
sections per MeV as a function 
of E^ at 9 = 0° for var ious 
deuteron ene rg i e s , compared 
to p re l iminary calculations for 
direct '^Be breakup (dashed) 
and sequential decay with a 
Coulomb f inal-s tate interact ion 
between ' H e and 4 He (solid). 
The calculations were n o r m a l ­
ized to the data at neutron 
energies grea ter than 0.9 MeV. 

E„(MeV) 
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b . C r o s s Sec t ions for C h a r g e d P a r t i c l e s f rom Li+d R e a c t i o n s at Low 

E n e r g i e s 

C. N. D a v i d s , A. J . E lwyn , R, E . Hol land , L . M e y e r -
S c h u t z m e i s t e r , and F . P . M o o r i n g 

E x p e r i m e n t s d e s i g n e d to d e t e r m i n e a b s o l u t e c r o s s s e c t i o n s 

for c h a r g e d p a r t i c l e s e m i t t e d in d + Li r e a c t i o n s a t low e n e r g i e s have 

b e e n i n i t i a t e d . Mot iva t ion fo r such i n v e s t i g a t i o n s i s as p r e s e n t e d in the 

p r e v i o u s c o n t r i b u t i o n . P r e l i m i n a r y r e l a t i v e d i f f e r en t i a l c r o s s s e c t i o n s 
6 7 

for the p r o t o n s in the L i (d ,p ) Li r e a c t i o n and the a p a r t i c l e s in the 

L i (d , a) He have been obta ined at a n g l e s bet-ween 15 and 165 at a n u m b e r 

of d e u t e r o n e n e r g i e s be tween 0. 2 and 0. 8 MeV by u s e of s i l i con s u r f a c e -

b a r r i e r d e t e c t o r s and a 3 0 - i n . - d i a m e t e r s c a t t e r i n g c h a m b e r . Thin 
6 

t a r g e t s of Li F e v a p o r a t e d on c a r b o n back ings a r e be ing u t i l i z e d , and 
effects due to the e n e r g y dependence of the change of b e a m c h a r g e s t a t e 

and s c a t t e r i n g w^ithin the t a r g e t a r e be ing i n v e s t i g a t e d . The s tudy of the 
7 7 

l o w - e n e r g y c h a r g e d p a r t i c l e s that a r i s e in the b r e a k u p of Li and Be in 
6 

t h e d + Li r e a c t i o n s -will in a l l l ike l ihood r e q u i r e the u s e of t i m e - o f - f l i g h t 

and p e r h a p s o the r m o r e s p e c i a l i z e d t e c h n i q u e s . 

c . S e a r c h for D i r e c t Rad ia t ive a C a p t u r e . The 0 ( a , y) Ne R e a c t i o n 

A. J . Elw-yn, L. M e y e r - S c h u t z m e i s t e r , G. H a r d l e , * F . P . M o o r i n g , 
and J. E. Monahan 

20 
E x p e r i m e n t s to o b s e r v e y r a y s m Ne c o r r e s p o n d i n g to 

1 6 
the d i r e c t , n o n r e s o n a n t a l p h a - p a r t i c l e c a p t u r e in O have been i n i a t e d . 

Th i s d i r e c t c a p t u r e p r o c e s s r e p r e s e n t s a t r a n s i t i o n for the a lpha p a r t i c l e 

f r om an in i t i a l con t inuum s t a t e to a f inal s t a t e , which can be d e s c r i b e d 

a s an a p a r t i c l e p lus the t a r g e t n u c l e u s in i t s g round s t a t e . Since the 

i n i t i a l s t a t e does not involve any n u c l e a r i n t e r a c t i o n , the t h e o r y of the 

p r o c e s s is e s s e n t i a l l y m o d e l i ndependen t . T h u s , a c o m p a r i s o n of e x p e r i ­

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

f a c t o r s for the f inal s t a t e s that m a y be m o r e r e l i a b l e t han such i n f o r m a t i o n 

W e s t e r n Mich igan U n i v e r s i t y , K a l a m a z o o , Mich igan . 
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ob ta ined t h r o u g h a - p a r t i c l e s t r i p p i n g r e a c t i o n s , a s ( L i , d ) . I n i t i a l 

a t t e m p t s to s e a r c h for the d i r e c t c a p t u r e y r a y s have p r o v e d u n s u c c e s s f u l . 

In sp i t e of the u s e of a 200-jxA b e a m of 2 . 5-MeV a p a r t i c l e s f r o m t h e A N L 

D y n a m i t r o n a c c e l e r a t o r i n c i d e n t on oxygen t a r g e t s , no c l e a r c u t o b s e r v a ­

t ion of n o n r e s o n a n t a - c a p t u r e y r a y s [in a 40 cc Ge(Li) d e t e c t o r ] cou ld be 

o b s e r v e d . F o r the 5. 24 -MeV E2 t r a n s i t i o n to the f i r s t e x c i t e d ( 1 . 63 -MeV) 
20 

s t a t e of N e , an u p p e r l i m i t for t h e d i r e c t c a p t u r e c r o s s s e c t i o n of 

~ 3 . 5 n b / s r (at 45 ) i s ob ta ined f r o m t h e s e m e a s u r e m e n t s . C a l c u l a t i o n s 

of the d i r e c t - c a p t u r e c r o s s s ec t i on for the e m i s s i o n of E2 r a d i a t i o n of 

t h i s e n e r g y s u g g e s t tha t t h e c r o s s s e c t i o n should be a l m o s t a n o r d e r of 

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

mod i f i c a t i ons of the e x p e r i m e n t a l a r r a n g e m e n t , p r i m a r i l y to r e d u c e the 

b a c k g r o u n d s and e l i m i n a t e b e a m - l i n e c o n t a m i n a n t s , m u s t be u n d e r t a k e n . 

d. N e u t r o n P o l a r i z a t i o n in I s o s p i n - F o r b i d d e n (p ,n ) R e a c t i o n s 

J . E. Monahan and A. J . Elwyn 

Mos t of the s p e c t r o s c o p i c i n f o r m a t i o n tha t h a s been 

d e r i v e d f rom i s o b a r i c - a n a l o g - r e s o n a n c e r e a c t i o n s h a s been b a s e d on 

the a s s u m p t i o n tha t t h e i r fine s t r u c t u r e ( cons i s t i ng of s t a t e s wi th i s o s p i n 

T ^ tha t is one unit l e s s than the i s o s p i n T-,̂  of the ana log) could be 

t r e a t e d s t a t i s t i c a l l y . H o w e v e r , t he va l id i ty of th i s a s s u m p t i o n h a s been 

q u e s t i o n e d . The a n g u l a r d i s t r i b u t i o n s of the y ie ld and of the p o l a r i z a t i o n 
2 

of n e u t r o n s in i s o s p i n - f o r b i d d e n (p ,n ) r e a c t i o n s can be sho-wn to p r o v i d e 

a t e s t of th i s a s s u m p t i o n . 

M e a s u r e m e n t s of the y ie ld and p o l a r i z a t i o n have b e e n 

m a d e for the V(p ,n) Cr r e a c t i o n in the n e i g h b o r h o o d of t h e ana log 

r e s o n a n c e o b s e r v e d at a p r o t o n e n e r g y of ~ 2 . 335 MeV. The r e s u l t s a r e 

A. M. L a n e , P h y s . L e t t . 29B, 263 (1969). 
2 

J . E , Monahan and A, J, E lwyn , P h y s . Rev . C 8 , 1339 (1973) . 
3 ~ 

E . H, Sexton , A. J . E lwyn , F , T . K u c h n i r , F . P . M o o r i n g , J . F , 
L e m m i n g , R, W, F i n l a y , and R, E . B e n e n s o n , Bul l , A m , P h y s , Soc , 
16 , 1432 (1971); and to be pub l i shed . 
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F i g . 27 . The e n e r g y d e p e n d e n c e of t h e 
n e u t r o n y ie ld and p o l a r i z a t i o n in the 
n e i g h b o r h o o d of the ana log r e s o n a n ­
c e s n e a r 2. 335 M e V . The sol id 
c u r v e s a r e c a l c u l a t i o n s b a s e d on the 
a s s u m p t i o n of two a n a l o g r e s o n ­
a n c e s (at 2. 335 and 2. 348 MeV) p lus 
a c o n t r i b u t i o n f r o m the i n c l u s i o n of 
a n o n r e s o n a n t backg round in the 
-vicinity of the r e s o n a n c e s t r u c t u r e . 
E a c h ana log s t a t e is t r e a t e d in the 
s i n g l e - p r o t o n - c h a n n e l a p p r o x i m a t i o n . 

2.32 2.34 
Ep(MeV) 

2.36 

shown in F i g , 27. A n a l y s i s of t h e s e da ta i n d i c a t e s the p r e s e n c e of tw^o 

c l o s e l y - s p a c e d ana log s t a t e s -within t h e e n e r g y i n t e r v a l of i n t e r e s t . 

B e c a u s e of th i s c o m p l i c a t i o n , and a l s o b e c a u s e of the a p p a r e n t lo-w d e n s i t y 

of T^ s t a t e s in the r eg ion of the a n a l o g , the a n a l y s i s did not p r o v i d e an 

u n a m b i g u o u s a n s w e r to the q u e s t i o n about t h e va l id i ty of the s t a t i s t i c a l 

a s s u m p t i o n , Ho-wever, the r e s u l t s do i nd i ca t e the c o m p l e m e n t a r y n a t u r e 

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

i n v e s t i g a t i o n of the d i s t r i b u t i o n of the T ^ s t a t e s . A l s o , u n d e r c e r t a i n 
. 2 

spec i f i ed e x p e r i m e n t a l c o n d i t i o n s , it i s shown tha t such m e a s u r e m e n t s 

c a n d e t e c t any s ign i f ican t n e u t r o n wid th a c q u i r e d by the ana log s t a t e v ia 

C o u l o m b m i x i n g with t h e T ^ b a c k g r o u n d s t a t e s . 
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e^j^^^^^^h£rt-Lw^edSpo^ in N e u t r o n - I n d u c e d 

R e a c t i o n s 

A, J. E lwyn , F . J . Lynch , F . P . M o o r i n g , and M. J . F l u s s * 

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

u t i l i z e d , a long wi th the p u l s e d and bunched p r o t o n - i o n s o u r c e in the 

D y n a m i t r o n h i g h - v o l t a g e t e r m i n a l to s tudy the p r o d u c t i o n of s h o r t - l i v e d 

f i s s i o n i s o m e r s -with h a l f - l i v e s in the n a n o s e c o n d r a n g e in n e u t r o n - i n d u c e d 

r e a c t i o n s on u r a n i u m f o i l s . S tudies of f i s s i o n - i s o m e r f o r m a t i o n in 

n e u t r o n - i n d u c e d r e a c t i o n s [ s u c h a s the (n, y) r e a c t i o n ] shou ld s u p p l e m e n t 
2 

the r e s u l t s obta ined in c h a r g e d - p a r t i c l e r e a c t i o n s and at the s a m e t i m e 

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

h o w e v e r , l i t t l e effort has been expended on th i s p r o j e c t due to o t h e r 

c o m m i t m e n t s . E x p e r i m e n t a l w o r k h a s b e e n devo ted to a t t e m p t s to 

e l i m i n a t e t h o s e condi t ions tha t l e ad to s p u r i o u s l i f e t ime d e t e r m i n a t i o n s , 

and to u n d e r s t a n d the effects of l o w - e n e r g y - n e u t r o n b a c k g r o u n d s . 

While s o m e p r o g r e s s has been m a d e a long t h e s e l i n e s , con t inua t ion of 

th i s p r o j e c t depends upon m o d i f i c a t i o n s of the p u l s e d s o u r c e and a c c e l e r a ­

t o r op t i c s t ha t wi l l i m p r o v e the qual i ty and i n t e n s i t y of the ion beann in 

the D y n a m i t r o n , and p e r h a p s on the d e v e l o p m e n t of new m e t h o d s of 

s e p a r a t i n g i s o m e r i c f r o m p r o m p t e v e n t s . 

* 
M a t e r i a l s Sc ience Div i s ion , ANL, 

A, J , E lwyn and A. T . G. F e r g u s o n , Nuc l . P h y s . A 1 4 8 , 337 (1970) . 
2 

S e e , e . g . , H. C. B r i t t , At. Data and Nuc l . Data T a b l e s 12, 407 (1973). 

CHANNELING 

The channe l ing p r o g r a m a t t h e D y n a m i t r o n h a s had 
m a r k e d l y l e s s ac t iv i ty r e c e n t l y b e c a u s e of the p r e p a r a t i o n s fo r the 
p i o n - c h a n n e l i n g e x p e r i m e n t s p lanned for L A M P F , The p r i n c i p a l 
r e m a i n i n g ac t iv i ty has been c o n c e r n e d with the channe l ing of m o l e c u l a r 
i o n s . Th i s t echn ique i s a v e r y p r o m i s i n g one for exp lo r ing t h e d e t a i l s 
of the channe l ing p r o c e s s . P o s s i b l e ev idence for p l a s m a o s c i l l a t i o n s in 
the channe l ing c r y s t a l s h a s been o b s e r v e d . 
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Channeling of Pa r t i c l e s Injected As Members of Molecular Ions 

D. S. Gemmell , J. M, Remill ieux, and R, E. Holland 

In the channeling of charged atomic pa r t i c l e s the in t e r ­

action between channeled par t ic les can be d i s regarded since the p roba­

bility of two being close enough to in teract is vanishingly smal l . If, 

however, the incident par t ic le is a molecule consisting of t-wo or m o r e 

nuclei , then the binding electrons a re stripped on entrance into the 

crys ta l and m e m b e r s of the molecule interact via the Coulomb force and 

other mechanisms as they a r e channeled by the c rys ta l . 

We investigated the channeling of protons and deuterons 

introduced as H , H , H , and ( HeH) , The angular spread of the 

t ransmi t ted protons (when the molecule was incident on the (111) plane of 
o 

a 500 A gold crystal) was measured in a direction para l le l to the plane. 

The resu l t s for H can be used to provide a "sys tem response" function 

•which includes the effect of angular resolution and multiple scat ter ing 

from electrons in the c rys ta l , A computer p rogram -was used to calculate 

the paths of channeled par t ic les from the average planar potential and 

the Coulomb repulsion between the pa r t i c l e s . 

Fo r incident molecular ions , the calculated angular 

spread of the protons was 40% la rge r than that observed. We take this 

to mean that additional force , such as that provided by the oscillations 

induced in the p lasma, is operating on the pro tons . Calculations which 

include the effect of p lasma oscillations do indeed provide a smal le r 

angular spread, but the agreement is not quantitative. 

We anticipate that channeling studies -with molecular ions 

will pro-vide an opportunity for very detailed study of the p roces se s 

occurr ing when fast charged par t ic les pass through condensed m a t t e r . 
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IV. ACCELERATOR OPERATIONS 

A. THE FN TANDEM VAN DE GRAAFF ACCELERATOR 

The n u c l e a r r e s e a r c h p r o g r a m at t he T a n d e m a c c e l e r a t o r 
i n c l u d e s ANL e x p e r i m e n t s in h e a v y - i o n and l i g h t - i o n r e s e a r c h , a s w e l l a s 
d i v e r s e u n i v e r s i t y - u s e r e x p e r i m e n t s . 

The T a n d e m con t inues to run a r o u n d the c lock s e v e n days a 
week . In addi t ion to s c i e n t i s t s f r om the P h y s i c s Di-vision, m e m b e r s of the 
C h e m i s t r y Div i s ion and the C h e m i c a l E n g i n e e r i n g Div i s ion u s e d t h e 
fac i l i ty d u r i n g the p a s t y e a r . Outs ide u s e r i n t e r e s t i n c r e a s e d m a r k e d l y 
ove r the p r e v i o u s y e a r . 

The s t ab i l i t y of o p e r a t i o n w a s s ign i f ican t ly i m p r o v e d wi th 
the comple t i on of the d e v e l o p m e n t -work on the c l o s e d c o r o n a vo l t age d i s t r i ­
bu t ion s y s t e m . Changes in the c o n t r o l s y s t e m of t h e t a n d e m and i t s 
a s s o c i a t e d equ ipmen t to obta in m o r e c o n s i s t e n t o p e r a t i o n w e r e m a d e . Both 
the d i r e c t - e x t r a c t i o n d u o p l a s m a t r o n and the s p u t t e r i n g s o u r c e w e r e p l a c e d 
in o p e r a t i o n . 

In the p e r i o d 16 M a r c h 1974 to 20 F e b r u a r y 1975 the F N 
t a n d e m o p e r a t e d 5110 h o u r s . Of th i s t i m e , 56% was u s e d for the a c c e l e r a ­
t ion of ^ L i , "^Li, ^^C, 1 3 c , l ^ O , 1 8 o , 1 9 F , and 3 5 c i b e a m s . The 
r e m a i n i n g 44% was u s e d for the a c c e l e r a t i o n of h y d r o g e n and h e l i u m i o n s . 

a. The P e l l e t r o n Chain and C l o s e d - C o r o n a V o l t a g e - D i s t r i b u t i o n S y s t e m 

The o p e r a t i o n a l e x p e r i e n c e with the P e l l e t r o n cha in h a s 

cont inued to be good. The only c o r r e c t i v e ac t i on n e c e s s a r y -was the 

r e p l a c e m e n t of the i d l e r w h e e l s at the m i d s e c t i o n . 

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

s u b s t a n t i a l c h a n g e s in o r d e r to ob ta in r e l i a b l e m a c h i n e o p e r a t i o n a t 

t e r m i n a l vo l t ages in e x c e s s of 9 MV. T h e s e changes c o n s i s t e d of i m p r o v e d 

gas flow t h r o u g h the c o r o n a s y s t e m , u s e of a s ing le gas s y s t e m t h r o u g h the 

e n t i r e l ength of the m a c h i n e , r a t h e r t han s e p a r a t e gas s y s t e m s for t h e 

h i g h - e n e r g y and l o w - e n e r g y c o l u m n s , i n t r o d u c t i o n of s p a r k gaps in the 

c o r o n a a s s e m b l y and r e p l a c e m e n t of the n i c h r o m e n e e d l e s by s t e e l . 
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It w a s n e c e s s a r y to u s e the F N t a n d e m for t h i s d e v e l o p m e n t -work s i n c e an 

a d e q u a t e t e s t f ac i l i ty for the c o r o n a s y s t e m did not ex i s t . The r e d e s i g n e d 

s y s t e m w a s i n s t a l l e d in Ju ly 1974 and h a s g iven a d e q u a t e p e r f o r m a n c e 

s i n c e tha t t i m e . 

E x p e r i m e n t s have b e e n p e r f o r m e d wi th t e r m i n a l v o l t a g e s a s 

h igh a s 9, 7 MV. The m a c h i n e w a s o p e r a t e d for t e s t i n g wi th t e r m i n a l 
16 + 

v o l t a g e s up to 10 MV -with a n a n a l y z e d O 6 b e a m of 200 n a n o a m p e r e s . 

At t h i s t e r m i n a l vo l tage the i n a d e q u a t e s t a b i l i z a t i o n of the ion i n j ec t i on 

s y s t e m c a u s e s m o s t of the o p e r a t i o n a l d i f f i cu l t i e s . S ince D e c e m b e r 1974 

the t e r m i n a l vo l t age h a s been l i m i t e d to about 9. 4 MV due to d i f f icu l t i es 

•with t h e TU 251 a c c e l e r a t o r t u b e , 

b . I o n - S o u r c e D e v e l o p m e n t 

All of the c o m p o n e n t s to change the i o n - s o u r c e s y s t e m 

conf igura t ion to a l low s e v e r a l d i f ferent s o u r c e s to be on l ine s i m u l t a n e o u s l y 

have been c o n s t r u c t e d . 

A d i r e c t e x t r a c t i o n s o u r c e of the W i s c o n s i n type h a s b e e n 
18 

bui l t and t e s t e d on the t a n d e m . It h a s s u c c e s s f u l l y p r o d u c e d beanns of O 
18 + 

-with c u r r e n t s of 300 n a n o a m p s O 4 on t a r g e t . The S m i t h - R i c h a r d s 

s p u t t e r P I G s o u r c e i s u n d e r c o n s t r u c t i o n . Both the good e m i t t a n c e and 

s m a l l e n e r g y s p r e a d of h e a v y - i o n b e a m s f rom th i s type of s o u r c e a r e 

innpor tant for our fu ture needs for bunched h e a v y - i o n beaims t h r o u g h the 

a c c e l e r a t o r . T h e s e s o u r c e s a l s o a l low the c h a n g e o v e r of the i o n - s o u r c e 

conf igura t ion with a m i n i i n u m t i m e l o s s for the e x p e r i m e n t a l p r o g r a m . 

The d e v e l o p m e n t w o r k on the s p u t t e r i n g s o u r c e of the 

Midd le ton type h a s cont inued . The e m i t t a n c e of the s o u r c e h a s been 

i m p r o v e d c o n s i d e r a b l y wi thout l o s s of u s e a b l e b e a m c u r r e n t . The c o m ­

p lex i ty of s o u r c e c h a n g e o v e r s needed by the r e q u i r e m e n t s of the e x p e r i ­

m e n t a l p r o g r a m m a k e it i m p r a c t i c a l to i n s t a l l t h e s o u r c e for n o r m a l u s e 

un t i l e a r l y July 1975. 
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The c o m p o n e n t s n e c e s s a r y for s i n g l e - g a p bunching t e s t s on 

th i s type of s o u r c e a r e u n d e r c o n s t r u c t i o n . 

c . C o n t r o l S y s t e m for the T a n d e m 

A new NMR s y s t e m for c o n t r o l of the 90 ana lyz ing m a g n e t 

a s we l l a s a new p o w e r supply for the m a g n e t have been p u r c h a s e d . The 

c o n t r o l s y s t e m s needed for l inking the two d e v i c e s a r e u n d e r c o n s t r u c t i o n . 

The new s y s t e m wi l l be e s p e c i a l l y useful for exc i ta t ion- funct ion t-ype 

e x p e r i m e n t s , and even tua l ly such e x p e r i m e n t s can be c o m p u t e r c o n t r o l l e d . 

The a r r a n g e m e n t wi l l a l s o r e d u c e u n c e r t a i n t i e s due to h y s t e r e s i s effects 

in the a n a l y z i n g m a g n e t s . 

d. P h y s i c s Di-vision On-L ine C o m p u t e r S y s t e m 

The p r o c e s s of r e p l a c i n g the old ASI c o m p u t e r s -with a 

s y s t e m b a s e d on the P D P 11 /45 c e n t r a l p r o c e s s o r i s in p r o g r e s s . 

P e r i p h e r a l d e v i c e s c o n s i s t i n g of p r i n t e r / p l o t t e r , 9 - t r a c k m a g n e t i c t a p e , 

ADC i n t e r f a c e s , s t o r a g e s c o p e d i s p l a y un i t , 2 CAMAC c r a t e s , and 88 K 

of m e m o r y a r e now i n s t a l l e d on the c o m p u t e r to be u s e d for da ta a c q u i s i t i o n 

at the t a n d e m , A s i m i l a r a r r a y -will be a v a i l a b l e at t h e D-ynamitron. We 

a n t i c i p a t e w o r k i n g p r o g r a m s suff icient for t ak ing da ta wi l l be a v a i l a b l e by 

Ju ly 1, 1975, 

e. P l a n n e d Upgrad ing of the T a n d e m 

A m a j o r effort to u p g r a d e the t a n d e m wi l l s t a r t du r ing the 

s econd half of 1975. The u l t i m a t e ob jec t ive of th i s effort wi l l be to p r o v i d e 

i n t e n s e p u l s e d b e a m s of heavy ions t h r o u g h m a s s A = 70 , a s n e e d e d for 

i n j ec t ion in to the s u p e r c o n d u c t i n g - l i n a c e n e r g y b o o s t e r d e s c r i b e d in 

Sec . V . C . 

In the in i t i a l p h a s e of the w o r k , the i o n - s o u r c e con f igu ra t i on 

of the t a n d e m wi l l be r e s t r u c t u r e d in o r d e r to f o r m a f lex ib le m u l t i s o u r c e 

s y s t e m . Th i s change wi l l inc lude i m p r o v e m e n t s in t h e i o n - s o u r c e p o w e r 
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s u p p l i e s and the a c q u i s i t i o n of the p r e a c c e l e r a t i o n s y s t e m n e e d e d for 

r e l i a b l e in j ec t ion of h e a v y ions in to the t a n d e m . S i m u l t a n e o u s l y , t he 

d e v e l o p m e n t of n e g a t i v e - i o n s o u r c e s wi l l be con t inued . 

The m a i n p a r t of the u p g r a d i n g p r o j e c t -will c o n s i s t of 

e f for t s (a) to i m p r o v e the v a c u u m in the a c c e l e r a t o r t u b e , (b) to modi fy 

the t e r m i n a l , and (c) to bui ld an a d v a n c e d bunching s y s t e m , 

f. U n i v e r s i t y U s e of the T a n d e m A c c e l e r a t o r 

The appea l to n e i g h b o r i n g r e s e a r c h i n s t i t u t i o n s of the 

Argonne t a n d e m a s an a v a i l a b l e e x p e r i m e n t a l r e s o u r c e i n c r e a s e d d u r i n g 

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

u s e r p r o g r a m i n c r e a s e d f rom eight to e l e v e n . As in r e c e n t y e a r s , 

m o s t u s e r g roups c h o s e to c o l l a b o r a t e -with l o c a l s c i e n t i s t s . T h i s 

c o l l a b o r a t i o n does f ac i l i t a t e the r e s e a r c h p r o g r a m , a s -well a s p r o m o t e 

the i n t e r c h a n g e of i d e a s -within the r e s e a r c h c o m m u n i t y . 

M o s t u n i v e r s i t y g roups tend to u s e ex i s t i ng f a c i l i t i e s . 

S o m e , h o w e v e r , a r e p u r s u i n g f ie lds of r e s e a r c h for which no l o c a l 

s p e c i a l i z e d equ ipmen t i s a v a i l a b l e . T h e s e g r o u p s have i n s t a l l e d at the 

t a n d e m equ ipmen t b rough t f r om t h e i r own i n s t i t u t i o n . G e n e r a l l y , t h i s 

equ ipmen t i s c o m p l e m e n t e d by a l oca l s p e c i a l i z e d f ac i l i t y . 

A l i s t of t h o s e i n s t i t u t i o n s w h o s e staff m e m b e r s h a v e 

p e r f o r m e d e x p e r i m e n t s a t the t a n d e m du r ing the p a s t y e a r t o g e t h e r -with 

the n a m e s of the p r i n c i p a l i n v e s t i g a t o r s and the r e s e a r c h tha t w a s done 

is given be low. The n a m e s of the l oca l c o l l a b o r a t o r s a r e e n c l o s e d in 

p a r e n t h e s e s . 

1. E a s t T e x a s Sta te U n i v e r s i t y 

T r a n s f e r C r o s s Sec t ions in the Region of the M a l m i n R e s o n a n c e 

D. S. Gale (W. Henn ing , D. G. K o v a r , and B . Z e l d m a n ) 

2. U n i v e r s i t y of K a n s a s 
28 

A s s i g n m e n t of the Spin of a Sta te in Si by Studying the R e a c t i o n 
1 6 o ( l 6 o , a ) 2 8 s i ; 28s i -f 24Mg + a 

R. W. K r o n e and F . W. P r o s s e r (R, L , Boudr i e ) 
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3 . M a s s a c h u s e t t s I n s t i t u t e of Techno logy 
12 12 23 

E x c i t a t i o n F u n c t i o n of the C( C , p ) Na R e a c t i o n 

E . R. C o s m a n , T. M. C o r m i e r , K. Van B i b b e r , and 
G. Young ( J . R. E r s k i n e and L. R. Greenwood) 

4 . N o r t h e r n I l l i no i s U n i v e r s i t y 
54 57 

P r o d u c t i o n of a M o s s b a u e r s o u r c e by the C r ( a , p ) Mn R e a c t i o n 

R. S. P r e s t o n (B. J . Z a b r a n s k y ) 

5 . Nor th -wes te rn U n i v e r s i t y 
40 16 12 44 

A Study of the Ca( O, C) Ti R e a c t i o n 
L . R. Greenwood (J . R. E r s k i n e , W. Henn ing , and 
D. G. Kovar ) 

6. Ohio U n i v e r s i t y 
7 A 7 R 7 A 

L e v e l S t r u c t u r e of As As Seen in the A s ( d , p ) As R e a c t i o n 

J , F , L e m m i n g and J, R a p p a p o r t (A, J , Elwyn) 
108 107 108 

E n e r g y L e v e l s of Ag P r o d u c e d by the Ag(d ,p ) Ag R e a c t i o n 

C, E , B r i e n t and J , R, Comfor t 

7 . U n i v e r s i t y of P e n n s y l v a n i a 
20 12 12 20 

A Study of High-Spin S t a t e s in Ne Via the C( C , a ) Ne 
R e a c t i o n 

H. T. F o r t u n e (T . H. B r a i d , K. Raghuna than , and 
R. E, Segel) 

8. P u r d u e U n i v e r s i t y 

G y r o m a g n e t i c R a t i o s of High-Sp in S t a t e s 

R. J . M i t c h e l l , T . V. R a g l a n d , and R. P . S c h a r e n b e r g 
(R. E. Hol land and F . J . Lynch) 

9 . U n i v e r s i t y of Wash ing ton 

E x c i t a t i o n F u n c t i o n of Alpha P a r t i c l e s E l a s t i c a l l y S c a t t e r e d a t 
Back Ang le s 

K. A. E b e r h a r d ( J . P . Schif fer and S. E . Vigdor) 

10. W e s t e r n M i c h i g a n U n i v e r s i t y " 

L i f e t i m e s of S t a t e s in fp She l l Nucle i Seen in the G a m m a Decay 
f r o m High-Sp in S ta t e s 

G. H a r d l e (L . M e y e r - S c h u t z m e i s t e r ) 
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11. Wr igh t -Pa t t e r son Air F o r c e Base 
42 44 44 46 

Study of the Ca(a,d) Sc and the Ca(a, d) Sc Reactions 
J. C. Manthuruthil and C. P . P o i r i e r (T. H. Braid 
and L. Meyer -Schutzmeis te r ) 

In addition to the outside use r groups which visi t Argonne 

from their home institution to use the tandem facil i ty, the re a r e a 

number of graduate students doing their thes is problem at Argonne. 

These students did the i r course work at the i r sponsoring inst i tut ion. 

Fo r all but one, the thesis ad-visors a r e Argonne staff m e m b e r s . A l is t 

of the res ident graduate s tudents , the i r sponsoring inst i tut ion, and 

thei r thes is ad-visors is given below. 

1. R. L. Boudrie; University of Kansas 

F . W. P r o s s e r , adv. 

2. W. Cor-win; Illinois Institute of Technology 

R. E. Segel, adv. 

3. R, C, Pa rdo ; University of Texas 

C, N, Davids, adv, 

4. L. P a r k s ; University of Texas 

C. N. Davids, adv. 

5. K. Raghunathan; Northwestern Universi ty 

R. E. Segel, adv. 

6. T. Renner; University of Chicago 

J. P . Schiffer, adv. 

7. J. F . Tonn; Northwestern Universi ty 

R. E. Segel, adv. 
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B. OPERATION OF THE DYNAMITRON 

O p e r a t i o n a l E x p e r i e n c e 

F . P , M o o r i n g , A. Langsdo r f , J r . , and R. L , A m r e l n 

Dur ing the p a s t y e a r , t he D-ynamitron h a s p e r f o r m e d w e l l . 

T h i r t e e n w e e k s w e r e spent in In s t a l l i ng the new a c c e l e r a t o r tube and 

r e m o d e l i n g the m a c h i n e . The D y n a m i t r o n w a s u s e d to a c c e l e r a t e an ion 

b e a m for 85% of the r e m a i n i n g t i m e . Among the a t o m i c - i o n b e a m s u s e d 
,- , . 1TT+ 2, + 4,, + 11„+ 12^+ 14 + 16 + 
by the e x p e r i m e n t e r s w e r e H , H , He , B , C , J N , O , 
20^ + 3 5 ^ , + 3 7 ^ + 4 0 ^ + 5 1 , + 58^,.+ ^ 60^,.+ ^ ^^.^. 

Ne , CI , CI , A , V , Ni , and Ni . In a d d i t i o n , 
2 2 + 2 2 2 + 

m o l e c u l a r - i o n b e a m s w e r e u s e d . They inc luded ( H - H) , ( H - H - H) , 

(V-^H)^ ( V - V , (''o-^H)^ and (^S-^V. 
The -wide v a r i e t y of e x p e r i m e n t s p e r f o r m e d a t the D y n a m i ­

t r o n h a s r e q u i r e d the u s e of ion b e a m s with a g r e a t v a r i a t i o n of i n t e n s i t y 

and e n e r g y . Ion c u r r e n t s f rom a s lo-w a s a few n a n o a m p e r e s to a s l a r g e 

a s 200 m i c r o a m p e r e s w e r e u sed . P a r t i c l e e n e r g i e s v a r i e d f r o m 200 keV 

to s l igh t ly m o r e than 4. 5 MeV. Both dc b e a m s and p u l s e d b e a m s w e r e 

u s e d . 

M o r e than t h i r t y s c i e n t i s t s have u s e d t h e D y n a m i t r o n in 

t h e i r r e s e a r c h p r o g r a m . About half of i t s u s e r s w e r e f r o m the P h y s i c s 

Div i s ion . I n v e s t i g a t o r s f rom t-wo o the r Argonne r e s e a r c h d iv id ions 

c o m p r i s e d about o n e - t h i r d of the u s e r s . V i s i t o r s f r om five o the r 

l a b o r a t o r i e s w e r e a t t r a c t e d by the unique capab i l i t i e s of the f ac i l i t y , a s 

^vell a s v i s i t i ng s c i e n t i s t s f r om tw^o fo re ign c o u n t r i e s . 

The m a c h i n e con t inues to run 24 h o u r s p e r d a y , five days 

p e r week . Ac tua l m a c h i n e f a i l u r e s have been m i n i m a l . The m a n y i o n -

s o u r c e c h a n g e s r e q u i r e d by the need to supply a g r e a t v a r i e t y of ion s p e c i e s 

accoun t for m o s t of the los t t i m e . A p r o j e c t to modify the t e r m i n a l so a s 

to m a k e i o n - s o u r c e chang ing e a s i e r h a s been s t a r t e d . It should be 

c o m p l e t e d d u r i n g the coming f i s c a l y e a r . 
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A number of improvements of the Dynamitron a r e planned 

for the coming year . The t e rmina l -will be rebuilt so as to make ion-

source changes s imple , safe, and efficient. St ructural m e m b e r s within 

the te rmina l will be designed to allow easy access to the ion source . 

Where neces sa ry , support s t ruc tu res w^ill be hinged so that they can be 

moved out of the way while ion sources a re being exchanged. All 

electronic c i rcui ts will be relocated in a logical a r r a y that takes into 

account their roles in the overal l sys tem. Chances of wir ing e r r o r s -will 

be prac t ica l ly el iminated. 

If funds pernnit, the vacuum tube rec t i f ie rs in the Dynamitron 

will be replaced with sol id-s ta te rec t i f i e r s . The replacement will extend 

the acce l e ra to r ' s voltage range both upward and downward. The dow^n-ward 

extension is of considerable impor tance to the p r o g r a m of m e a s u r e m e n t s 

of low-energy charged-par t ic le c ros s sect ions. 

Our present s-witching magnet l imits the angle through 

which energetic heavy ions can be deflected. At p resen t most r e s e a r c h 

using heavy ions is l imited to the 9 por t s . At this angle the m a s s 

resolution of the magnet is inadequate for many exper iments . Along any 

other beam-l ine direct ion, the maximum available energy for heavy ions 

is too low for most purposes . Thus the experimental p rogram using 

heavy ions has been hampered. 

The ideal solution to this problem would be to replace the 

existing s-witching magnet with one having a much l a rge r m a s s - e n e r g y 

product. This cannot reasonably be done since the space available is 

simply too smal l for a l a rge r magnet, A sat isfactory solution, though a 

compromise , is to instal l a second bending magnet along one of the 9° 

beam l ines . This magnet will be able to bend the heavy-ion beam an 

additional 9 or 18 , This will add two m o r e beam line direct ions to the 

two existing 9 lines for heavy-ion r e s e a r c h . The new magnet -will be 

instal led during the next year . 
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As ion sources have become m o r e involved and complicated, 

the need for knowledge of the ion source p a r a m e t e r s has great ly increased , 

Pre-vious at tempts to provide a te lemeter ing system that would provide 

the n e c e s s a r y information at the control table was not entirely successful . 

Tank sparks destroyed circuit connponents and the rel iabil i ty of the 

sys tem was minimal , How^ever, new shielding techniques have been 

developed in recent y e a r s , and such systems at other labora tor ies a r e 

now dependable. Such a system will be developed and instal led in the 

Dynamitron during the next year . 
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V. SUPERCONDUCTING LINAC DEVELOPMENT 

L. M. B o l l i n g e r , J . A r o n , * R . B e n a r o y a , * B. E . Cl i f f t ,* A. H. Ja f fey , 
K. W. J o h n s o n , * T. K. K h o e , ^ J . J . L iv ingood , F . J . L y n c h , 

P . M a r k o v l c h , * J . M. N i x o n , * G. W. P a r k e r , * and B . Z e l d m a n 

INTRODUCTION 

H e a v y - i o n r e s e a r c h i s one of the p r i n c i p a l a c t i v i t i e s in t h e 
N u c l e a r S c i e n c e s p r o g r a m at A r g o n n e . As an i n t e g r a l p a r t of t h i s p r o g r a n n , 
the C h e m i s t r y and P h y s i c s Div i s ions have for s e v e r a l y e a r s been jo in t ly 
s u p p o r t i n g a p r o j e c t a i m e d at the d e v e l o p m e n t of s u p e r c o n d u c t i n g R F 
t echno logy and i t s app l i ca t ion to the a c c e l e r a t i o n of h e a v y i o n s . Beginning 
in m i d - 1 9 7 5 , t h e r e wi l l be a c o m p a n i o n p r o j e c t c o n c e r n e d with the spec i f i c 
t a s k of add ing a s m a l l s u p e r c o n d u c t i n g l inac a s an e n e r g y b o o s t e r for 
heavy ions f r o m the F N t a n d e m Van de Graaff a c c e l e r a t o r . 

Ma jo r p a r t s of the ongoing s u p e r c o n d u c t i n g - l i n a c d e v e l o p ­
m e n t p r o g r a m a r e : (1) the d e v e l o p m e n t and t e s t i n g of s u p e r c o n d u c t i n g 
R F a c c e l e r a t i n g s t r u c t u r e s , (2) the o p t i m i z a t i o n of the f a b r i c a t i o n 
t e c h n i q u e s and c o m p o n e n t d e s i g n s r e q u i r e d for a p r a c t i c a l a c c e l e r a t o r , 
and (3) the d e v e l o p m e n t of the concep tua l d e s i g n of a t a n d e m - l i n a c a c c e l e r ­
a t o r s y s t e m . 

M o s t of t h e w^ork to da t e h a s been c o n c e r n e d with he l ix 
a c c e l e r a t i n g s t r u c t u r e s m a d e of n iob ium m e t a l and o p e r a t i n g a t an R F 
f r e q u e n c y of about 100 M H z . The d e v e l o p m e n t of th i s s t r u c t u r e h a s b e e n 
p u s h e d to the poin t -where it i s r e a d y for p r a c t i c a l app l i ca t i on , No-w the 
e m p h a s i s i s shif t ing to the s tudy of the s p l i t - r i n g s t r u c t u r e and to the 
d e v e l o p m e n t of i n e x p e n s i v e t e c h n i q u e s of f a b r i c a t i o n . C o n c u r r e n t l y , t he 
concep t of a t a n d e m - l i n a c a c c e l e r a t o r s y s t e m h a s evolved s t e a d i l y and i s 
now we l l d e v e l o p e d . High l igh t s of the p r o g r e s s d u r i n g the p a s t y e a r a r e 
ou t l ined be low. 

* 
C h e m i s t r y D iv i s i on , ANL. " 

A c c e l e r a t o r R e s e a r c h F a c i l i t i e s D iv i s ion , A N L . 
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A, C O N C E P T AND C O M P O N E N T D E V E L O P M E N T 

\ / 2 Hel ix P e r f o r m a n c e 

S y s t e m a t i c s t u d i e s of the p e r f o r m a n c e of x / 2 s u p e r ­

c o n d u c t i n g - h e l i x r e s o n a t o r s such a s the one i l l u s t r a t e d in F i g . 28 

have con t inued . In p a r t i c u l a r , t e s t s on one r e s o n a t o r w e r e c a r r i e d 

out a f t e r each of s o m e 37 v a r i a t i o n s in s u r f a c e t r e a t m e n t . The 

r e s u l t s w e r e h ighly r e p r o d u c i b l e , i nd i ca t i ng tha t ou r s u r f a c e - t r e a t m e n t 

t e c h n i q u e s a r e r e l i a b l e . B a r e s u r f a c e s gave r e s u l t s s o m e w h a t s u p e r i o r 

to anod ized s u r f a c e s bu t , un l ike the a n o d i z e d s u r f a c e s , the b a r e 

s u r f a c e s d e t e r i o r a t e s o m e w h a t a f t e r long e x p o s u r e to a i r . S u r f a c e 

e l e c t r i c f ie lds a s high as 37 M V / m , m a g n e t i c f ie lds as high a s 1200 G, 

and s u r f a c e r e s i s t a n c e s a s low a s 5 X 10 o h m s have b e e n m e a s u r e d . 

An e x a m p l e of e x p e r i m e n t a l r e s u l t s i s g iven in F i g . 29 . 

B e a m - L i n e Use of a \ / 2 R e s o n a t o r 

In connec t ion with a b e a m - b u n c h i n g e x p e r i m e n t wi th O 

p r o j e c t i l e s ( d e s c r i b e d l a t e r ) , a \ / 2 r e s o n a t o r wi th a b a r e s u r f a c e w a s 

m a i n t a i n e d in a cool-do-wn condi t ion on a b e a m l ine at t he FN t a n d e m 

for a p e r i o d of about 20 w e e k s . The p e r f o r m a n c e of the s y s t e m -was 

e x c e l l e n t and r e m a i n e d unchanged d u r i n g t h i s p e r i o d in sp i t e of a s e r i e s 

of v a c u u m f a i l u r e s . Th i s good e x p e r i e n c e u n d e r l e s s than i d e a l c o n ­

d i t ions g ives us conf idence tha t the r e s o n a t o r s in a p r a c t i c a l a c c e l e r a t o r 

m a y be expec t ed to o p e r a t e w e l l for long p e r i o d s of t i m e . 

5 \ / 2 R e s o n a t o r 

A 5 x / 2 r e s o n a t o r d e s i g n e d for b e a m - l i n e u s e w a s 

comple t ed and t e s t e d u n d e r s e v e r a l c o n d i t i o n s . The in i t i a l p e r f o r m a n c e 

was a d e q u a t e . H o w e v e r , the f a i l u r e of a n ion pump a f t e r t h i s i n i t i a l 
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F i g . 2 9 . P e r f o r m a n c e of a X./2 he l ix r e s o n a t o r . F o r t h e s e d a t a , the 
s u p e r c o n d u c t i n g s u r f a c e s of the r e s o n a t o r w e r e b a r e e l e c t r o p o l i s h e d 
n iob ium. 

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

the p e r f o r m a n c e to d e t e r i o r a t e g r e a t l y . S ince our n o r m a l s u r f a c e 

t r e a t m e n t s fa i led to c o r r e c t the p r o b l e m , a new t e s t s y s t e m was 

deve loped so a s to be ab le to m a k e the d i a g n o s t i c t e s t s n e e d e d to 

d e t e r m i n e the n a t u r e of the dif f icul ty . On the b a s i s of the r e s u l t s 

of t e s t s wi th the new s y s t e m , it w a s conc luded that the r e s o n a t o r n e e d e d 

to be heat t r e a t e d a g a i n . Th i s w a s d o n e , at a t e m p e r a t u r e of 1250 C, 
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and the uni t then o p e r a t e d up to a m a x i m u m field of 2. 1 M V / m , which 

is above the d e s i g n va lue . At th i s f ield l e v e l , the r e s o n a t o r would 

(for e x a m p l e ) i n c r e a s e the e n e r g y of a n O ion by about 8 MeV. 

F i g u r e 30 i s a p h o t o g r a p h of the 5X./2 r e s o n a t o r and 

i t s b e a m - l i n e c r y o s t a t p r i o r to a s s e m b l y . 

F a b r i c a t i o n T e c h n i q u e s 

H e r e t o f o r e , t he e m p h a s i s in r e s o n a t o r des ign and c o n ­

s t r u c t i o n h a s been to o p t i m i z e p e r f o r m a n c e , with l i t t l e a t t en t ion being 

pa id to c o s t . The effort h a s now shif ted to the d e v e l o p m e n t of f a b r i c a t i o n 

t e c h n i q u e s tha t r e d u c e c o s t s s u b s t a n t i a l l y wi thout s a c r i f i c i n g r e s o n a t o r 

p e r f o r m a n c e ! The m a i n idea be ing p u r s u e d is to f a b r i c a t e r e s o n a t o r s 

f rom shee t m e t a l by the u s e of bend ing , p r e s s i n g , and ex t rud ing 

t e c h n i q u e s . Th i s a p p r o a c h - w i l l m i n i m i z e m a c h i n i n g , which is v e r y 

e x p e n s i v e for n i o b i u m . C o n s t r u c t i o n of the f i r s t r e s o n a t o r to be m a d e 

in th is way has s t a r t e d . 

Sp l i t -R ing R e s o n a t o r 

The s p l i t - r i n g r e s o n a t o r , deve loped in 1974 at the 

Ca l i fo rn i a In s t i t u t e of T e c h n o l o g y , has v e r y a t t r a c t i v e e l e c t r i c a l 

c h a r a c t e r i s t i c s , but h e r e t o f o r e it h a s s e e m e d i m p r a c t i c a l as a l o w -

f r e q u e n c y s t r u c t u r e m a d e of n iob ium b e c a u s e of i t s l a r g e r a d i a l d i m e n ­

s i o n s . The ne-w f a b r i c a t i o n t e c h n i q u e s out l ined above now s e e m to r e m o v e 

th i s ob jec t ion , and h e n c e we have s t a r t e d to d e s i g n and c o n s t r u c t the 

f i r s t such unit to be m a d e of n i o b i u m . It wil l be in o p e r a t i o n by l a te 

1975. 

If the e l e c t r i c a l c h a r a c t e r i s t i c s of the s p l i t - r i n g r e s o n a t o r 

t u r n out to be as good a s the p r e s e n t ev idence i n d i c a t e s , and if the new 

f a b r i c a t i o n t e c h n i q u e s ou t l ined above a r e s u c c e s s f u l , then the s p l i t - r i n g 

s u p e r c o n d u c t i n g r e s o n a t o r wil l be a s t r o n g con t ende r a s the o p t i m u m 

s t r u c t u r e for a h e a v y - i o n a c c e l e r a t o r . 



o 
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m o u n t e d . The b e a m l ine f r o m the t a n d e m a p p r o a c h e s f r o m the lef t . < 
> 
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T h e o r y 

A tho roughgo ing t h e o r e t i c a l a n a l y s i s of h e a v y - i o n 

a c c e l e r a t i o n in a l inac has been c a r r i e d out du r ing the p a s t y e a r . 

V a r i o u s c a u s e s for l o s s of b e a m qua l i ty have been ident i f ied and 

d e s c r i b e d quan t i t a t i ve ly . The a n a l y s i s shows that it should be f ea s ib l e 

to o p e r a t e a l inac in such a way as to p r o v i d e a b e a m with t a n d e m - l i k e 

qua l i ty . 

T a n d e m - L i n a c - A c c e l e r a t o r Concep t 

The concept of a t a n d e m - l i n a c a c c e l e r a t o r s y s t e m h a s 

been s y s t e m a t i c a l l y deve loped for a l inac with i n d e p e n d e n t l y - p h a s e d 

r e s o n a t o r s . The t h e o r e t i c a l a n a l y s i s m e n t i o n e d above shows tha t a 

r e q u i r e m e n t for good p e r f o r m a n c e i s the in jec t ion of u l t r a - s h o r t b e a m 

p u l s e s into the l i n a c . The bunching e x p e r i m e n t s d e s c r i b e d l a t e r in th is 

r e p o r t d e m o n s t r a t e tha t the r e q u i r e d n a r r o w bunches can be f o r m e d . 

The t h e o r e t i c a l a n a l y s i s a l s o iden t i f i e s the v a r i o u s f a c t o r s that tend to 

d e g r a d e the b e a m qua l i t y , and the r e l a t i o n s h i p of t h e s e f a c t o r s to 

component d e s i g n h a s been e x a m i n e d . It h a s been sho\vn that it should 

be f ea s ib l e to r e d u c e each of the b e a m d e g r a d i n g effects to a l eve l such 

tha t it wi l l c ause the r e l a t i v e s p r e a d A E / E in b e a m e n e r g y to be 
-3 

s u b s t a n t i a l l y l e s s than 10 

A second r e q u i r e m e n t for good p e r f o r m a n c e of a l inac i s 

a b e a m of s m a l l s i z e th roughout the a c c e l e r a t i o n p r o c e s s . The t a n d e m 

p r o v i d e s an inc iden t b e a m with the r e q u i r e d c h a r a c t e r i s t i c s , and 

r a d i a l - f o c u s i n g e l e m e n t s m a y be u s e d f r equen t ly wi thin the l inac to 

m a i n t a i n t h i s s m a l l s i z e . A protot-ype of an i n e x p e n s i v e s u p e r c o n d u c t i n g 

so leno id to p e r f o r m th i s function h a s been d e s i g n e d and wi l l be bui l t soon . 

The b a s i c logic of how to o p e r a t e a t a n d e m - l i n a c s y s t e m 

for o p t i m u m p e r f o r m a n c e has been deve loped . Th i s s tudy i n d i c a t e s 

tha t the m a i n des ign ob jec t ive should be to p r e s e r v e the long i tud ina l 

e m i t t a n c e of the output b e a m — t h a t i s , to m i n i m i z e the p r o d u c e A E A t , 
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w h e r e A E i s the e n e r g y s p r e a d and At i s the t i m e s p r e a d of t h e b e a m . 

T h e n , a f t e r l eav ing the l i n a c , the p h a s e e l l i p s e of the b e a m p u l s e can 

e a s i l y be m a n i p u l a t e d to m i n i m i z e e i t h e r AE or At , depend ing on t h e 

e x p e r i m e n t e r ' s r e q u i r e m e n t s . In t h i s w a y , t h e l i nac i t s e l f can p r o d u c e 
_3 

a b e a m with A E / E < 10 and At < 50 p s e c a n d , wi thout m u c h c o m p l i c a t i o n , 

the b e a m d e l i v e r e d to the e x p e r i m e n t e r can be modi f i ed to have e i t h e r 

A E / E ^ 2 X 10"^ or At > 30 p s e c . 

V a r i a b i l i t y of the b e a m e n e r g y i s a l s o a c h i e v e d -with e a s e 

in a l i nac tha t h a s i n d e p e n d e n t l y - p h a s e d r e s o n a t o r s . 

Des ign s t u d i e s a i m e d a t m a k i n g i t f e a s i b l e to i m p l e m e n t 

the above i d e a s in a cos t effect ive way a r e in p r o g r e s s . Our e x p e r i e n c e 

d u r i n g the p a s t t h r e e y e a r s i n d i c a t e s t h a t , f r o m the point of v iew of 

m i n i m i z i n g c o s t s of s u p e r c o n d u c t i n g r e s o n a t o r s , the m a i n p r o b l e m s 

a r e : (1) the diff iculty of m a c h i n i n g n iob ium and (2) the diff icul ty of 

m a k i n g l a r g e r e l i a b l e vacuum s e a l s on the r e s o n a t o r s . In o r d e r to 

e l i m i n a t e t h e s e d i f f i cu l t i e s , we a r e deve lop ing a concep t in wh ich t h e 

l iquid h e l i u m i s con ta ined in a d o u b l e - w a l l e d p a n e l that f o r m s t h e 

r e s o n a t o r i t se l f . Th i s idea p e r m i t s a l l l a r g e v a c u u m s e a l s a s s o c i a t e d 

with r e s o n a t o r to be e l i m i n a t e d and h e n c e allo-ws the r e s o n a t o r to be 

f a b r i c a t e d a l m o s t e n t i r e l y by bend ing , e x t r u d i n g , and we ld ing n i o b i u m 

s h e e t m e t a l and tub ing . Th i s a p p r o a c h i s e x p e c t e d to r e d u c e ' f a b r i c a t i o n 

c o s t s for r e s o n a t o r s to about half of the cos t r e q u i r e d for c o n v e n t i o n a l 

c o n s t r u c t i o n . 

In addi t ion to r educ ing c o s t s s u b s t a n t i a l l y , the new 

concept for the m e c h a n i c a l f e a t u r e s of the l inac i m p l i e s i m m e n s e 

f lex ib i l i ty for fu ture change . An a t t r a c t i v e a s p e c t of the l inac h a s 

a l w a y s been the f eas ib i l i t y of add ing to i t s l eng th , if d e s i r a b l e , -without 

need ing to r ebu i l d the whole s y s t e m . The new m e c h a n i c a l c o n c e p t s 

tha t a r e being deve loped now tend to m a k e i t f e a s i b l e to modify the 

ex i s t ing s t r u c t u r e , wi thout g r e a t e x p e n s e , a t s o m e fu ture t i m e in o r d e r 

to benef i t f rom fu ture t echno log ica l a d v a n c e s . 
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B. BUNCHING OF HEAVY-ION BEAMS 

As m e n t i o n e d a b o v e , a h e a v y - i o n l inac can p r o v i d e a b e a m 

of good qua l i ty only if the b e a m p u l s e s in jec ted in to it a r e e x t r e m e l y 

s h o r t . T y p i c a l l y , i t i s d e s i r a b l e to have p u l s e s l e s s than 100 p s e c wide . 

M o r e o v e r , in a t a n d e m - l i n a c s y s t e m , it is d e s i r a b l e to be ab le to bunch 

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

m e n t s of high bunching eff iciency and u l t r a - s h o r t p u l s e s a r e both an 

o r d e r of m a g n i t u d e beyond what h a s been a c h i e v e d p r e v i o u s l y . 

We in tend to m e e t the b e a m - p u l s i n g r e q u i r e m e n t s of a 

t a n d e m - l i n a c a c c e l e r a t o r -with a s y s t e m in which bunching i s c a r r i e d 

out in two m a i n s t e p s : be fo re and a f t e r a c c e l e r a t i o n in the t a n d e m . 

The ob jec t ive of the p r e t a n d e m bunching i s to bunch m o s t of the DC 

b e a m f r o m the ion s o u r c e into b e a m p u l s e s about 1 n s e c wide (for a 10 

n s e c R F cyc l e t i m e ) a t the t a n d e m t e r m i n a l . Then , folio-wing a c c e l e r a t i o n 

in the t a n d e m , th is r e l a t i v e l y wide bunch is c o m p r e s s e d to the r e q u i r e d 

wid th of < 1 0 0 p s e c . 

By now, i t is c l e a r that t he h a r d p a r t of the bunching 

o p e r a t i o n i s t he p r e t a n d e m p a r t . Ho-wever, th i s difficulty r e s u l t s f r om 

w e l l - u n d e r s t o o d effects in a r e g i m e of t i m e tha t i s c o m m o n p l a c e . 

On the o t h e r hand , the concept of c o m p r e s s i n g a nanosecond--wide h e a v y 

ion b e a m p u l s e dow^n to < 1 0 0 p s e c goes wel l beyond r e p o r t e d e x p e r i e n c e . 

T h u s , it s e e m e d p o s s i b l e that s o m e u n f o r e s e e n diff iculty would a r i s e a n d , 

in o r d e r to e l i m i n a t e t h i s p o s s i b i l i t y , the bunching e x p e r i m e n t i l l u s t r a t e d 

by F i g . 31 w a s c a r r i e d out . The DC O b e a m f rom the t a n d e m w a s 

f i r s t chopped in to p u l s e s about 1 n s e c -wide and t h e s e p u l s e s w e r e t hen 

c o m p r e s s e d by a \ / 2 h e l i x r e s o n a t o r o p e r a t i n g at a f r equency of 92 MHz 

and a n a c c e l e r a t i n g field of about 0 , 7 6 M V / m , The c o m p r e s s e d b e a m 

p u l s e w a s d e t e c t e d about 8 m e t e r s d o w n s t r e a m by m e a n s of a s u r f a c e -

b a r r i e r d e t e c t o r . 

F r o m the c h a r a c t e r i s t i c s of the b e a m inc iden t on the 

b u n c h e r and f r o m t h e known t i m e - s p r e a d i n g effects d u r i n g the bunch ing 
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p r o c e s s , i t w a s expec t ed that the final b e a m p u l s e would be about 20 

p s e c wide . H o w e v e r , t h i s width w a s expec ted to be l a r g e l y o b s c u r e d 

by the r e s o l u t i o n width of the d e t e c t o r — a width of about 50 p s e c . The 

m e a s u r e d width w a s 57 p s e c (FWHM), wh ich i s c o n s i s t e n t -with what 

w a s e x p e c t e d and s m a l l enough to e n s u r e tha t b e a m p u l s e s a r e not 

s e r i o u s l y b r o a d e n e d by u n f o r e s e e n ef fec ts . 

The e x p e r i m e n t ou t l ined above i n d i c a t e s tha t t he f o r m a t i o n 

of u l t r a - s h o r t p u l s e s of h e a v y ions at the e n e r g i e s p r o v i d e d by a t a n d e m 

a c c e l e r a t o r i s a s t r a i g h t f o r w a r d m a t t e r , with no b a r r i e r s in p r i n c i p l e . 

T h u s , one can p r o c e e d -with conf idence to deve lop the concept of a 

t a n d e m - l i n a c a c c e l e r a t o r s y s t e m that o p e r a t e s wi th good b e a m qua l i ty . 

A l m o s t a s i m p o r t a n t , the ava i l ab i l i t y of u l t r a - s h o r t p u l s e s of heavy 

ions opens up m a n y exc i t ing new e x p e r i m e n t a l p o s s i b i l i t i e s , and the 

e a s e wi th -which our bunching e x p e r i m e n t w a s c a r r i e d out is l ead ing us 

to p r o c e e d i m m e d i a t e l y to deve lop a c o m p l e t e bunching s y s t e m for t h i s 

p u r p o s e . 
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C. HEAVY-ION ENERGY BOOSTER 

In v iew of the s u c c e s s of the d e v e l o p m e n t p r o g r a m 

d e s c r i b e d a b o v e , in m i d - 1 9 7 5 we in tend to s t a r t on the d e s i g n , c o n ­

s t r u c t i o n , i n s t a l l a t i o n , and t e s t i n g of a s m a l l s u p e r c o n d u c t i n g l inac 

to s e r v e a s an e n e r g y b o o s t e r for h e a v y - i o n b e a m s f r o m the F N t a n d e m . 

The p r i n c i p a l j u s t i f i ca t ion for the w o r k i s t he oppo r tun i t y it a f fo rds to 

a d v a n c e the d e v e l o p m e n t of s u p e r c o n d u c t i n g R F t e c h n o l o g y , but the 

p r o j e c t i s a l s o e x p e c t e d to r e s u l t in a use fu l a c c e l e r a t o r s y s t e m . 

B e c a u s e of the d e v e l o p m e n t a l n a t u r e of the h e a v y - i o n 

b o o s t e r p r o j e c t , the concep tua l d e s i g n of the a c c e l e r a t o r s y s t e m h a s 

not yet been f r o z e n . H o w e v e r , the p r i n c i p a l d e s i g n ob j ec t i ve s a r e to 

c o n s t r u c t a l inac tha t (1) p r o v i d e s a m a x i m u m a c c e l e r a t i n g vo l t age of 

13. 5 MV and tha t (2) h a s an output b e a m with t andenn- l ike b e a m qua l i ty . 

In o r d e r to ach i eve the second o b j e c t i v e , we in tend to u s e an a c c e l e r a t i n g 

s t r u c t u r e with a r e l a t i v e l y low (about 100 MHz) R F f r e q u e n c y . The 

a c c e l e r a t o r s y s t e m wil l c o n s i s t of i n d e p e n d e n t l y - p h a s e d r e s o n a t o r s so 

a s to m a k e it useful for a -wide r ange of p r o j e c t i l e s . The s y s t e m wi l l 

be d e s i g n e d to be a s s i m p l e and f lexible as p o s s i b l e so tha t it wi l l be 

f e a s i b l e to m a k e u s e of fu tu re i m p r o v e m e n t s in a r a p i d l y deve lop ing 

t echno logy . The o v e r a l l layout of the s y s t e m is i l l u s t r a t e d in F i g . 32 

and i t s expec ted p e r f o r m a n c e with r e s p e c t to e n e r g y is shown in F i g . 33 . 

The f i r s t y e a r of the p r o j e c t -will be devo ted l a r g e l y to 

d e s i g n and to o the r p r e p a r a t i o n s for f a b r i c a t i o n . Majo r p a r t s of t h i s 

in i t i a l effort a r e (1) the d e s i g n , c o n s t r u c t i o n , and t e s t i n g of p r o t o t y p e 

r e s o n a t o r s , (2) the des ign of the m e c h a n i c a l s y s t e m as a w h o l e , (3) the 

d e v e l o p m e n t of spec i f i ca t i ons for a h e l i u m r e f r i g e r a t o r , and (4) the 

d e s i g n of the R F s y s t e m . That i s , m o s t of the d e s i g n d e c i s i o n s about 

the a c c e l e r a t o r wi l l have b e e n m a d e by m i d - 1 9 7 6 . 

The p r i m a r y d e c i s i o n s c o n c e r n i n g the d e s i g n of t h e l i nac 

involve the cho ice of the folio-wing: (a) a c c e l e r a t i n g s t r u c t u r e (b) the 

l eng ths of ind iv idua l r e s o n a t o r s , (c) the ve loc i ty p ro f i l e of the l inac 
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F i g . 32. O v e r a l l l ayou t of the p l anned t a n d e m - l i n a c a c c e l e r a t o r s y s t e m . 
The t a n d e m is the FN t a n d e m in i t s p r e s e n t loca t ion . 

(d) the o p e r a t i n g t e m p e r a t u r e of the r e s o n a t o r s and the m a x i m u m hea t 

load of the s y s t e m , (e) the t echn ique of v i b r a t i o n c o m p e n s a t i o n and 

c o n t r o l , and (f) the a c c e l e r a t i n g f ie ld . 

B a s i c q u e s t i o n s about the m o d e of o p e r a t i o n and the d e s i g n 

c h a r a c t e r i s t i c s r e q u i r e d to y ie ld the d e s i r e d h i g h - q u a l i t y output b e a m 

have a l r e a d y been a n s w e r e d by the i n v e s t i g a t i o n s c a r r i e d out u n d e r the 

g e n e r a l a c c e l e r a t o r - t e c h n o l o g y d e v e l o p m e n t p r o g r a m d e s c r i b e d a b o v e . 
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As it is now v i s u a l i z e d , t he l inac wil l consis*^ of a l i n e a r 

a r r a y of i n d e p e n d e n t l y - p h a s e d m u l t i p l e - w a v e l e n g t h n iob ium r e s o n a t o r s 

of e i t h e r the he l ix or s p l i t - r i n g d e s i g n . The o u t e r c o n t a i n e r s of the 

r e s o n a t o r s wi l l be f o r m e d by a double s h e e t - m e t a l wa l l within which 

cool ing l iquid h e l i u m i s conf ined. Th i s des ign f e a t u r e e l i m i n a t e s the 

need to s e p a r a t e the v a c u u m in the r e s o n a t o r f r o m the i n s u l a t i o n v a c u u m 

ou t s ide and i s expec ted to r e s u l t in m a j o r cos t r e d u c t i o n s . A c y l i n d r i c a l 

n i t r o g e n hea t sh ie ld e n c l o s e s the whole a r r a y of r e s o n a t o r s and an ou te r 

v a c u u m wa l l e n c l o s e s the whole a s s e m b l y . A c c e l e r a t o r s e c t i o n s about 

one m e t e r long wi l l be ind iv idua l ly r e m o v a b l e f rom the a s s e m b l y . 

T h u s , a l l p a r t s of the s y s t e m wi l l be r e a d i l y a c c e s s i b l e and fu ture 

naodif ica t ions of the s y s t e m can be m a d e with r e l a t i v e e a s e , 

A s c h e m a t i c i l l u s t r a t i o n of an a c c e l e r a t o r b a s e d on the 

above c o n c e p t s i s g iven in F i g , 3 4 . F a b r i c a t i o n of al l p a r t s of the l inac 

wi l l be u n d e r way by la te 1976 and the p r e s e n t a i m i s to s t a r t t e s t s on 

the c o m p l e t e d s y s t e m be fo re 1978. 



00 

< 10 
> 

UJ 

UJ 

O 

0 

MAXIMUM ACHIEVABLE ENERGY 
FOR OPTIMIZED DESIGN 

13.5 MV 

DESIGN 

Sn COULOUMB 
BARRIER 

^ I i 
0 20 40 60 

ION MASS 
80 100 

F i g , 34. A p p r o x i m a t e c a l c u l a t i o n s of the maxi imum ion e n e r g y a s a funct ion of ion m a s s for a 1 3 . 5 - M V 
l inac u n d e r the a s s u m p t i o n t h a t the t a n d e m i n j e c t o r i s o p e r a t e d wi th 10 MV on i t s t e r m i n a l . P e r f o r ­
m a n c e i s shown fo r two p o s s i b l e d e s i g n s : one o p t i m i z e d for ^ ° C a and one for ^ ^ N i . 



119 

VI. NEUTRON PHYSICS 

INTRODUCTION 

The p r i n c i p a l ob jec t ive of the N e u t r o n P h y s i c s p r o g r a m i s 
the e x p l o r a t i o n and u n d e r s t a n d i n g of t hose f e a t u r e s of n u c l e a r s t r u c t u r e 
for which the n e u t r o n is a usefu l and often unique p r o b e . Th i s goal s e t s 
the c h a r a c t e r of the p r o g r a m , a d i v e r s i t y of e x p e r i m e n t s spann ing s low 
and fa s t n e u t r o n p h y s i c s and inc lud ing r e l a t e d p h o t o n u c l e a r e x p e r i m e n t s . 
Bas i c n u c l e a r s t u d i e s a r e e m p h a s i z e d , but f r equen t ly r e s u l t s a r e usefu l 
in c l a r i fy ing a s p e c t s of n e u t r o n p h y s i c s r e l e v a n t to the l o n g - r a n g e n e e d s 
of the U. S. app l i ed e n e r g y p r o g r a m . T h r e e m a j o r r e s e a r c h f a c i l i t i e s 
a r e u t i l i z ed . T h e r m a l - and r e s o n a n c e - n e u t r o n e x p e r i m e n t s a r e p e r f o r m e d 
at the C P - 5 r e a c t o r , p h o t o n u c l e a r s t u d i e s at the ANL E l e c t r o n L i n a c , 
and f a s t - n e u t r o n m e a s u r e m e n t s at t he P h y s i c s Div i s ion 4 -MV D y n a m i t r o n . 

T h r e s h o l d - p h o t o n e u t r o n m e a s u r e m e n t s at the ANL E l e c t r o n 
L inac have b e c o m e a powerfu l t echn ique for exp lo r ing t hose a s p e c t s of 
r a d i a t i v e t r a n s i t i o n s c r i t i c a l to our u n d e r s t a n d i n g of the i n t e r a c t i o n of 
n e u t r o n s w^ith c o m p l e x n u c l e i . T h e s e s tud i e s focus on the n u c l e a r 
s p e c t r o s c o p y of 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 and r a d i a t i v e p r o p e r t i e s in 
the t h r e s h o l d r e g i o n . The e x t r e m e l y high b r e m s s t r a h l u n g flux g e n e r a t e d 
by the ANL E l e c t r o n L inac h a s b e e n explo i ted for s e v e r a l y e a r s in 
u n a m b i g u o u s m e a s u r e m e n t s -with u n e x c e l l e d sensiti-vity and r e s o l u t i o n of 
p h o t o n e u t r o n s p e c t r a in the t h r e s h o l d r eg ion . E x p l o r a t o r y m e a s u r e m e n t s 
c o m p l e t e d d u r i n g the p a s t y e a r i n d i c a t e tha t a new d i m e n s i o n -will be 
added by m e a s u r i n g the p o l a r i z a t i o n of n e u t r o n s f rom (y, n) r e a c t i o n s . 
F o r the m o m e n t the t e c h n i c a l p e r f o r m a n c e of the fac i l i ty r e m a i n s 
u n e x c e l l e d . 

At C P - 5 , m e a s u r e m e n t s u s ing the i n t e r n a l - t a r g e t fac i l i ty 
have r e c e i v e d i n c r e a s i n g e m p h a s i s b e c a u s e of t h e i r un ique c h a r a c t e r , 
the b r o a d c l a s s e s of i n f o r m a t i o n which can be ob ta ined and the e a s e w^ith 
which th i s p a r t i c u l a r type of r e s e a r c h can be s u p p o r t e d . F o r c e r t a i n 
c l a s s e s of m e a s u r e m e n t s in which the p r i m a r y r e q u i r e m e n t s a r e low 
b a c k g r o u n d and h igh sensit i-vity to n e u t r o n c a p t u r e , t he C P - 5 fac i l i ty 
r e m a i n s a t the s t a t e of the a r t . R e c e n t m e a s u r e m e n t s inc lude a s e a r c h 
for " c o l l a p s e d n u c l e i , " o b s e r v a t i o n of photon s c a t t e r i n g by the g i a n t - d i p o l e 
r e s o n a n c e , d e t a i l e d s t u d i e s of n u c l e a r l eve l s c h e m e s and the s p e c t r o s c o p y 
of 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 . Fund ing l inni ta t ions have d i c t a t e d the 
t e r m i n a t i o n of y - r a y d i f f rac t ion s p e c t r o s c o p y on the 7 . 7 - m c r y s t a l 
s p e c t r o m e t e r , -which w a s shut do-wn in J a n u a r y 197 5. We in t end to e x p l o r e 
the p o s s i b i l i t y of cont inuing o u r n u c l e a r - s t r u c t u r e s t u d i e s by c o o r d i n a t i n g 
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the a v e r a g e c a p t u r e - s p e c t r u m m e a s u r e m e n t s c a r r i e d out a t the h i g h -
s e n s i t i v i t y i n t e r n a l - t a r g e t f ac i l i ty wi th a p a r a l l e l effor t a t t he T a n d e m 
Van de Graaf f a c c e l e r a t o r in wh ich the s a m e nuc le i a r e s t u d i e d by m e a n s 
of the c h a r g e d - p a r t i c l e r e a c t i o n s . 
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A. THRESHOLD P H O T O N E U T R O N E X P E R I M E N T S 

AT THE ANL LINAC 

The t h r e s h o l d - p h o t o n e u t r o n e x p e r i m e n t s to s tudy the 
g r o u n d - s t a t e r a d i a t i v e t r a n s i t i o n s of h ighly exc i t ed n u c l e a r s t a t e s a r e 
c a r r i e d out a t the h i g h - c u r r e n t 2 0 - M e V e l e c t r o n l inac o p e r a t e d by the 
C h e m i s t r y D iv i s i on . 

P h o t o n e u t r o n e x p e r i m e n t s in which n e u t r o n s p e c t r a at 
t h r e s h o l d a r e o b s e r v e d with high r e s o l u t i o n have b e c o m e a power fu l tool 
in the s tudy of indi-vidual 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 . They c o m p l e m e n t 
t r a d i t i o n a l (n ,y ) m e a s u r e m e n t s and in m a n y c a s e s extend e x p e r i m e n t a t i o n 
to p r e v i o u s l y i n a c c e s s i b l e c l a s s e s of n u c l e i . A m a j o r f ac to r in the 
s u c c e s s of t h e t h r e s h o l d t echn ique h a s b e e n r e c e n t a d v a n c e s in the 
p e r f o r m a n c e s of e l e c t r o n l i n a c s and the a v a i l a b i l i t y of l a r g e s a m p l e s of 
s e p a r a t e d i s o t o p e s . T h i s i s p a r t i c u l a r l y t r u e at ANL w^here the c h a r a c t e r ­
i s t i c a l l y h igh r e s o l u t i o n and i n t e n s i t y wh ich a r e a v a i l a b l e p e r m i t one 
to s tudy l a r g e s a m p l e s of m a t e r i a l s wi th h ighly exc i t ed s t a t e s which could 
be o b s e r v e d in n e u t r o n r e a c t i o n s only wi th t h e g r e a t e s t diff icul ty. V e r y 
i n t e n s e n a n o s e c o n d - p u l s e d b r e m s s t r a h l u n g for i nc iden t e l e c t r o n e n e r g i e s 
of 6 —14 MeV which c h a r a c t e r i z e the ANL Linac m a k e i t unique for 
such s t u d i e s and i t s c a p a b i l i t i e s a r e be ing e x t e n s i v e l y explo i ted in a 
p r o g r a m in -which s u c h m e a s u r e m e n t s a r e be ing u s e d a s a p r o b e for 
s tudying the de t a i l s of n u c l e a r i n t e r a c t i o n s and n u c l e a r s t r u c t u r e . The 
e x p l o r a t i o n of the dependence of v a r i o u s n u c l e a r p a r a m e t e r s (photon 
s t r e n g t h func t i ons , l e v e l d e n s i t i e s ) on exc i t a t i on e n e r g y and sp in and 
p a r i t y a r e of p a r t i c u l a r i n t e r e s t . 

The e x c e l l e n t e n e r g y r e s o l u t i o n of the t i m e - o f - f l i g h t s y s t e m 
p e r m i t s o b s e r v a t i o n of l e v e l s t r u c t u r e for a r a n g e of n e u t r o n e n e r g i e s 
m u c h l a r g e r than i s p o s s i b l e in n e u t r o n - c a p t u r e r e a c t i o n s a t t he p r e s e n t 
t i m e . As a r e s u l t , t he t h r e s h o l d m e t h o d i s an i d e a l t echn ique for i s o l a t i n g 
" i n t e r m e d i a t e s t r u c t u r e " in the d i s t r i b u t i o n of r e a c t i o n s t r e n g t h a m o n g 
p h o t o n e u t r o n r e s o n a n c e s . T h o s e p r o b l e m s -which have been s tud i ed in the 
p a s t by n e u t r o n c a p t u r e a r e e m p h a s i z e d : n a m e l y , the dependence of 
r a d i a t i v e s t r e n g t h on the r e s o n a n c e sp ins and p a r i t i e s , r a d i a t i v e s t r e n g t h 
f u n c t i o n s , s t a t i s t i c a l d i s t r i b u t i o n s of g r o u n d - s t a t e r a d i a t i o n -widths, and 
p o s s i b l e c o r r e l a t i o n s be tween n e u t r o n and r a d i a t i v e w i d t h s . R e c e n t 
r e s u l t s have d e m o n s t r a t e d the p o w e r of t h i s c l a s s of m e a s u r e m e n t s and 
the t h r e s h o l d t e c h n i q u e i s m a k i n g m a j o r c o n t r i b u t i o n s to n u c l e a r -
r e s o n a n c e s p e c t r o s c o p y . 
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a ^ ^ ^ P h o t o d i j i n t e g r a ^ ^ of the Deuteron Near Threshold 

H. E. Jackson, R. J. Holt, and W. M. Wilson 

Although the photodisintegrat ion c r o s s section of the 

deuteron is kno-wn to be discrepant with cu r ren t theor ies at high photon 

ene rg i e s , no prec is ion absolute nneasurements have been made in the 

region near threshold. The c ross section in this region is of pa r t i cu la r 

in te res t because of its sensit ivity to the re la t ive s t rength of the photo-

magnetic and photoelectr ic dis integrat ion ampl i tudes . The predict ion of 

the ze ro - r ange cen t ra l - force approximation is sho-wn in F ig . 35. The 

only information available in this region comes from the inve r se react ion, 

i. e. , the rmal capture in hydrogen. The capture c ross section is 

observed to be enhanced over predic ted values by about 10%. Recently 

this enhancement has been attr ibuted to the effects of meson exchange 

c u r r e n t s . A study of deuteron photodisintegration in the threshold region 

E <C 3. 0 MeV was begun in 1974. The experiments a re per formed by 

i r radia t ing a deuterium ta rge t with pulsed b remss t rah lung and measur ing 

E 

b 0.2 

2.2 2.4 2.6 2.8 

^m • ^1 ^1 

^e • ^1 ^0,1,2 

2 
dcr/daj = a+b sin 9 n 

E^ (MeV) 

Fig. 35 , Photoelect r ic and photomagnetic c ros s sections of the deuteron 
near threshold. 
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o 
the p h o t o n e u t r o n e n e r g y s p e c t r u m by n e u t r o n t i m e - o f - f l i g h t at 90 and 

135 . The ob jec t ive of t h e m e a s u r e m e n t s in p r o g r e s s is to d e t e r m i n e 

the a n g u l a r d i s t r i b u t i o n of t h e p h o t o n e u t r o n s . A c o m p a r i s o n of the 

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

can be u s e d to pu t l i m i t s on any f i n a l - s t a t e i n t e r a c t i o n or m o m e n t u m -

dependen t componen t in the n u c l e o n p o t e n t i a l . Such effects would c a u s e 

spin m i x i n g and l ead to an i n t e r f e r e n c e t e r m in the p h o t o n e u t r o n d i s t r i b u ­

t ion . Such t e r m s a r e a b s e n t in the p r e d i c t i o n s of the e f f e c t i v e - r a n g e 

t h e o r y . 

b , N o n r e s o n a n t (y ,n) R e a c t i o n s in the M a s s Region A «̂  60 

H, E . J a c k s o n , R, J , Ho l t , and W, M, Wi l son 

The nuc le i in the r eg ion of C r and Ni a r e of p a r t i c u l a r 

i m p o r t a n c e in the channe l t h e o r y of n e u t r o n c a p t u r e . S t rong n o n r e s o n a n t 

r e a c t i o n s wh ich v a r y r a p i d l y -with changing a t o m i c m a s s a r e p r e d i c t e d . 

The r e a c t i o n a m p l i t u d e s for such p r o c e s s e s can be e s t a b l i s h e d in 

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

i n t e r f e r e n c e be tween the r e a c t i o n a m p l i t u d e due to an i s o l a t e d r e s o n a n c e 

and the u n d e r l y i n g n o n r e s o n a n t a m p l i t u d e . The t h r e s h o l d p h o t o n e u t r o n 

t e c h n i q u e i s p a r t i c u l a r l y we l l su i t ed for m e a s u r i n g r e s o n a n c e s h a p e s 

b e c a u s e of the a b s e n c e of s igni f icant m u l t i p l e s c a t t e r i n g of the e m e r g i n g 

n e u t r o n . P r e c i s i o n m e a s u r e m e n t s of the l ine s h a p e s for l o w - e n e r g y 

s -wave r e s o n a n c e s in C r and Ni have been p e r f o r m e d at the ANL 

t h r e s h o l d - p h o t o n e u t r o n f ac i l i t y . The t i m e - o f - f l i g h t s p e c t r u m in the 

e n e r g y r eg ion of the 1 1 , 7 - k e V r e s o n a n c e in Ni i s sho-wn in F i g , 36 . The 

in i t i a l a n a l y s i s of t h e da ta i n d i c a t e s t h a t a v e r y s t r o n g n o n r e s o n a n t 
53 

a m p l i t u d e i s p r e s e n t in the C r ( y , n) r e a c t i o n , but a l m o s t z e r o wi th in 
61 

e x p e r i m e n t a l e r r o r in the r e a c t i o n Ni(y, n) . This i s p r e c i s e l y the 

t r e n d p r e d i c t e d in the o r i g i n a l t h e o r e t i c a l i n t e r m e d i a t e - c o u p l i n g c a l c u l a ­

t ions of channe l c a p t u r e . Effor ts a r e cont inuing to e x p l o r e the connec t i on 

b e t w e e n such n o n r e s o n a n c e r e a c t i o n s and c o r r e l a t i o n s b e t w e e n the 

s t r e n g t h s for n e u t r o n and r a d i a t i v e d e c a y of the r e s o n a n t s t a t e s . 
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F i g . 36. P h o t o n e u t r o n t i m e - o f -
flight s p e c t r u m in t h e r e g i o n 
of the 1 1 . 7 - k e V r e s o n a n c e 
in the r e a c t i o n ^^ N i ( y , n ) . 
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A=140 M a s s Region 

R. J . Holt and H. E. J a c k s o n 

The E l and M l g r o u n d - s t a t e r a d i a t i o n w id t h s w e r e m e a s ­

u r e d for l e v e l s in Ba and Ce u s ing the t h r e s h o l d - p h o t o n e u t r o n 

m e t h o d . The r a d i a t i o n wid ths w e r e d e t e r m i n e d r e l a t i v e to t h e well-kno-wn 
208 

254-keV r e s o n a n c e in P b , The p h o t o n e u t r o n s p e c t r a w e r e m e a s u r e d 

with high r e s o l u t i o n (0. 5 ns/m) u s ing the t i m e - o f - f l i g h t s p e c t r o m e t e r 

a s s o c i a t e d with the Argonne h i g h - c u r r e n t l i n a c . The m u l t i p o l a r i t i e s of 

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

s i m u l t a n e o u s l y at r e a c t i o n a n g l e s of 90 and 135 . The p o w e r of t h i s 

m e t h o d i s c l e a r l y d e m o n s t r a t e d in F i g . 3 7 . H e r e , the n u m b e r of 
138 

o b s e r v e d r e s o n a n c e s in Ba i s p lo t t ed a s a funct ion of t h e a n g u l a r 

d i s t r i b u t i o n r a t i o R. Th is r a t i o i s def ined a s the p h o t o n e u t r o n y ie ld a t 
o o 

90 d iv ided by tha t a t 135 . The s - and p - w a v e n e u t r o n s a r e e m i t t e d 

f rom M l and E l e x c i t a t i o n s , r e s p e c t i v e l y in Ba o r C e . H e n c e , 

R i s uni ty for M l r e s o n a n c e s and 0 . 8 o r 1.2 for E l s t a t e s . The p - w a v e 

s t a t e s b e c o m e enhanced above 40 keV a s i l l u s t r a t e d in F i g . 37 . 

The M l g r o u n d - s t a t e r a d i a t i o n wid ths a r e e x p e c t e d to be enhanced 

for nuc le i wi th A <=» 140, s i n c e nuc l e i in t h i s m a s s r e g i o n a r e n e a r a 

c l o s e d n e u t r o n s h e l l ( I h . ) and the Ih , n e u t r o n o r b i t a l i s v a c a n t . 
1 1 / ^ y / Ll 
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9 - 6 0 keV 

Fig. 37. The number of observed resonances plotted as a function of 
the angular distribution ra t io . 
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In a d d i t i o n , t h e p r o t o n s in the IgQ #-, o r b i t a l can a l s o be e x c i t e d to the 
7 1^ 

cant l g _ / - , o r b i t a l by M l r a d i a t i o n . H e n c e , we expec t a c o l l e c t i v e 
7 / 2 J v a 

M l r e s o n a n c e in th i s m a s s r e g i o n . We have d i s c o v e r e d and r e p o r t e d 

e v i d e n c e of a giant Ml r e s o n a n c e m the Ba n u c l e u s a t a n e x c i t a t i o n 

e n e r g y of 8 .6 MeV. In a d d i t i o n , t he E l - p h o t o n r e d u c e d wid ths w e r e 

deduced for t h e Ce(y,n^) Ce and Ba(y,nQ) Ba r e a c t i o n s . 
2 

F o r t h i s p u r p o s e , a new m e t h o d w a s d e v e l o p e d for e x t r a c t i n g g r o u n d -

s t a t e r a d i a t i o n w id th s in the p r e s e n c e of n o n g r o u n d - s t a t e t r a n s i t i o n s . 

T h e E l r e d u c e d wid ths w e r e found to be in good a g r e e m e n t wi th a l l p r e ­

v ious m e a s u r e m e n t s in the m a s s r a n g e 50 to 250 n u c l e o n s . 
^R. J . Holt and H. E . J a c k s o n , Bul l . A m . P h y s . Soc . 20^ 167 (1975). 
2 

R. J . Holt and H. E . J a c k s o n , P h y s , Rev , C, to be p u b l i s h e d . 

91 90 
d. Va lence T r a n s i t i o n s in Z r ( y , n ) Z r 

R. E . Toohey and H. E, J a c k s o n 

S tudies of v a l e n c e t r a n s i t i o n s in t h e t h r e s h o l d p h o t o n e u t r o n 
91 s p e c t r a of Z r w e r e c o m p l e t e d and the r e s u l t s w e r e w ide ly r e p o r t e d and 

p u b l i s h e d . In the v a l e n c e m o d e l r a d i a t i v e t r a n s i t i o n s a r e a t t r i b u t e d to 

s i m p l e s ingle p a r t i c l e t r a n s i t i o n s of the v a l e n c e n u c l e o n s in the p a r t i a l l y 

f i l led s h e l l s ou t s i de the c l o s e d she l l n u c l e a r c o r e . Such t r a n s i t i o n s can 

inf luence r a d i a t i v e s t r e n g t h n e a r t h r e s h o l d in c e r t a i n n u c l e i in a m a j o r 

way . A p r i m e c a n d i d a t e for i n v e s t i g a t i o n of t h i s m o d e l is the n u c l e u s 
91 90 

Z r which c o n s i s t s of a s ingle v a l e n c e n e u t r o n ou t s i de a s p h e r i c a l Z r 
91 

c o r e . The g round s t a t e of Z r c a n be v iewed a s a p u r e d . o r b i t a l 

which can be connec ted by an E l t r a n s i t i o n to P_/ - , unbound r e s o n a n c e s . 

The t h r e s h o l d t echn ique w a s u s e d to i n v e s t i g a t e t h e E l t r a n s i t i o n 

s t r e n g t h for t h e n u c l e u s by m e a s u r i n g the g r o u n d - s t a t e r a d i a t i o n -widths 

for 35 Po/T r e s o n a n c e s . A s i g n a t u r e of the d o m i n a n c e of the v a l e n c e 

r e a c t i o n s , a s t r o n g c o r r e l a t i o n be tween the g r o u n d - s t a t e r a d i a t i o n wid ths 

R. E. Toohey and H. E . J a c k s o n , P h y s . R e v . C 9̂ , 346 (1974), 
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and the r e d u c e d n e u t r o n w i d t h s , i s d i s p l a y e d by t h e t h r e s h o l d da t a . 

D e t a i l e d a n a l y s i s of the da ta i nd i ca t ed tha t v a l e n c e t r a n s i t i o n s accoun t for 
91 

a m a j o r p o r t i o n of the E l t r a n s i t i o n a m p l i t u d e n e a r t h r e s h o l d in Z r . 

207 
e. Giant Ml R e s o n a n c e in P b 

L. R. M e d s k e r and H. E , J a c k s o n 

207 
Work e s t a b l i s h i n g a giant M l r e s o n a n c e in P b was 

c o m p l e t e d and p u b l i s h e d . In th i s e x p e r i m e n t the P b ( y , n ) r e a c t i o n 

w a s s tud ied -with high r e s o l u t i o n and photon i n t e n s i t y to d e t e r m i n e 

r a d i a t i o n -widths, sp in s and p a r i t i e s of r e s o n a n c e s . The da ta i nd ica t e the 

e x i s t e n c e of an i n t e n s e p - w a v e s t r e n g t h and a c o m p a r i s o n be tween the 

m e a s u r e d and c a l c u l a t e d i n t e g r a t e d M l s t r e n g t h s u g g e s t s the e x i s t e n c e 
207 

of a g iant M l r e s o n a n c e , A s i m p l e weak coupl ing m o d e l of P b w a s 

found to d e s c r i b e the e x p e r i m e n t a l da ta v e r y w e l l , A s e a r c h for a 
207 

" c o m m o n " E l photon d o o r w a y in the P b ( y , n) p r o p o s e d in e a r l i e r 

e x p e r i m e n t s in o the r l a b o r a t o r i e s w a s n e g a t i v e . Th i s s t a t e had been 

i n t e r p r e t e d a s a c o m m o n doo rway o c c u r r i n g in both photon and n e u t r o n 

c h a n n e l s . 

^L, R . M e d s k e r and H. E . J a c k s o n , P h y s . Rev , C 2 , 709 (1974). 

2 0 8 ^ ^ 
f. B a c k g r o u n d (y ,n) C r o s s Sec t ion m P b 

H. E. J a c k s o n 

I n t e r f e r e n c e effects in the s h a p e s of i s o l a t e d p h o t o n u c l e a r 

r e s o n a n c e s con t inue to be a sub jec t of m a j o r i n t e r e s t . The e x i s t e n c e of 

s i z ab l e i n t e r f e r e n c e ef fec ts can be i n t e r p r e t e d as ev idence for a n o m a l o u s 

r e a c t i o n m e c h a n i s m s such a s s t r o n g d i r e c t and s e m i d i r e c t c a p t u r e . The 

s e r i e s of e x p e r i m e n t a l e s t i m a t e s of t h e n o n r e s o n a n c e , r a d i a t i v e n e u t r o n -
208 

r e a c t i o n c r o s s s e c t i o n in P b have b e e n r e p o r t e d r e c e n t l y . P r e v i o u s 

r e s u l t s f r o m (y ,n ) s t u d i e s h a d been i n c o n s i s t e n t wi th m e a s u r e m e n t s of the 

n e u t r o n r e a c t i o n . In a n effort to r e s o l v e t h i s d i s c r e p a n c y the s h a p e of 
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T A B L E V . C o m p a r i s o n of c a l c u l a t e d and o b s e r v e d b a c k ­
g r o u n d c r o s s s e c t i o n s for 208p^^Y,n)'^07p]-,_ -pĵ g v a l u e s c o r r e s ­
ponding to a \ / E e x t r a p o l a t i o n of the t h e r m a l ( Y , n) c r o s s s e c t i o n 
a r e g iven in t h e four th c o l u m n . The r e s u l t s of a c a l c u l a t i o n 
m e n t i o n e d in the text a r e given in the l a s t c o l u m n . 

E x p e r i m e n t a l cr. C a l c u l a t e d cr, 
bg „ bg 

E 
n 

(keV) 

0 . 0 2 5 X l o ' ' ^ 

1.95 

25 

41 

(n,Y) 

(mb) 

709 ± 10^ 

3 . 2 ± 1.2^" 

0 . 5 ^ 

. . . 

(Y^n) 

(mb) 

0 .0012 

0 . 4 5 ± 0, 

0 . 9 ± 0. 

- 0 , 7 

16 

2 

E x t r a p , 

(mb) 

0 , 0 0 1 2 

0 . 3 4 

1. 2 

1.5 

(Y^n) 

(mb) 

0 . 0 0 1 2 

0 . 4 1 

1.01 

1. 15 

3. 

C r o s s s e c t i o n s e x t r a p o l a t e d f r o m the t h e r m a l c a p t u r e c r o s s 
s e c t i o n cr̂ , (y, n) by u s e of the r e l a t i o n 

cr(Y,n) = c r^^(Y,n) [E^/ (0 .025 X l o " ^ ) ] ^ ' ' ^ , 

w h e r e E and the t h e r m a l e n e r g y a r e in k e V . 

E . T. J u r n e y and H. T. M o t z , Argonne Na t iona l L a b o r a t o r y 
R e p o r t No. A N L - 6 7 9 7 , 1963 (unpub l i shed) , p . 236. 

"^R, C. Greenwood and C. W. R e i c h , P h y s . Rev . C £ , 2 2 4 9 ( 1 9 7 1 ) . 
d 

O. A. W a s s o n and R. E . C h r i e n , in P r o c e e d i n g s of the I n t e r ­
n a t i o n a l Con fe r ence on P h o t o n u c l e a r R e a c t i o n s and A p p l i c a t i o n s , 
A s i l o m a r , 1973, ed i ted by B . L . B e r m a n ( L a w r e n c e L i v e r m o r e 
L a b o r a t o r y , L i v e r m o r e , C a l i f o r n i a , 1973), Vol . 1, p . 3 1 1 . 

e 
Th is w o r k . 

the 4 1 - k e V r e s o n a n c e in the r e a c t i o n Pb(Y,n) w a s s tud ied in d e t a i l 

by s i m u l t a n e o u s m e a s u r e m e n t s of the p h o t o n e u t r o n s p e c t r a a t 9 0 ° and 

135 , A s m a l l a s y m m e t r y in the r e s o n a n c e shape w a s d e t e c t e d . A n a l y s i s 

of i t s m a g n i t u d e i m p l i e d a b a c k g r o u n d c r o s s s e c t i o n of 1, ?, m b . As 

i n d i c a t e d in T a b l e V, th i s va lue can be exp la ined in t e r m s of c o n t r i b u t i o n s 

f r o m n e i g h b o r i n g r e s o n a n c e s p lus a s m a l l d i r e c t c o m p o n e n t ; t h e r e i s no 

ev idence for a n o m a l o u s p r o c e s s e s . 

H. E . J a c k s o n , P h y s . R e v . 0 9̂ , 1148 (1974). 
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208 -*• 207 
g. T h r e s h o l d P h o t o n e u t r o n P o l a r i z a t i o n in the P b ( Y , n - ) P b 

R e a c t i o n : A New Method for T h r e s h o l d P h o t o n e u t r o n S p e c t r o s c o p y 

R. J . Hol t , H. E. J a c k s o n , and W. M. W i l s o n 

P r e l i m i n a r y m e a s u r e m e n t s of the t h r e s h o l d - p h o t o n e u t r o n 
208 -•• 

p o l a r i z a t i o n f r o m t h e Pb(Y,nQ) r e a c t i o n have been p e r f o r m e d . T h i s 

w o r k r e p r e s e n t s the f i r s t t i m e that p o l a r i z a t i o n of p h o t o n e u t r o n s h a s been 

m e a s u r e d a s a con t inuous function of e n e r g y n e a r t h r e s h o l d . The m u l t i -

p o l a r i t y of p h o t o n e u t r o n r e s o n a n c e s cannot be d e t e r m i n e d f rom the 

n e u t r o n a n g u l a r d i s t r i b u t i o n a l o n e . Ho-wever, m e a s u r e m e n t of the 

p o l a r i z a t i o n of t h e p h o t o n e u t r o n s t o g e t h e r wi th the a n g u l a r d i s t r i b u t i o n 

p r o v i d e s u n a m b i g u o u s d e t e r m i n a t i o n of m u l t i p o l a r i t y . The d i f f e ren t i a l 

p o l a r i z a t i o n for the Pb(y ,nQ) P b r e a c t i o n i s g iven by t h e e x p r e s s i o n 

^ - k X ^ 
dn ^^y 

( 0 , 3 8 a a s in A -I- 0. 27 a a s in A ) sin 
s PQ SPo s p 1 s p 1 

-f 0, 20 a a , s in A , sin 20 I , 
s d ds 

w h e r e a , a , and a a r e the a m p l i t u d e s for s - , p - , and d--wave n e u t r o n 
s p d 

e m i s s i o n , r e s p e c t i v e l y , and A = 6 , - 6 i s the p h a s e d i f f e r ence . H e r e 
A ds d s 
k i s a unit v e c t o r w h o s e d i r e c t i o n i s p e r p e n d i c u l a r to t h e r e a c t i o n p l a n e 

and k i s t he r e d u c e d w a v e l e n g t h . The E l exc i t ed s t a t e s r e s u l t in s - and 
Y 

d -wave n e u t r o n e m i s s i o n whi le the M l l e v e l s emi t p - w a v e n e u t r o n s . 

H e n c e , m e a s u r e m e n t s of the n e u t r o n p o l a r i z a t i o n at r e a c t i o n a n g l e s of 

90 and 135 would un ique ly define the m u l t i p o l a r i t i e s of t h e r e s o n a n c e s . 
208 

The P b n u c l e u s i s p a r t i c u l a r l y i n t e r e s t i n g , s ince the 
2 

t h e o r e t i c a l c a l c u l a t i o n s involv ing the M l sp in - f l i p t r a n s i t i o n s have been 

p e r f o r m e d in d e t a i l . T h e s e c a l c u l a t i o n s p r e d i c t tha t an M l g iant r e s o n -
208 

ance e x i s t s in P b at an e x c i t a t i o n e n e r g y of 7, 5 M e V , The p o l a r i z a t i o n 

A, M. Ba ld in , V. I, G o l d a n s k i i , and I, L . R o z e n t a l , K i n e m a t i c s of 
N u c l e a r R e a c t i o n s (Oxford U n i v e r s i t y P r e s s , 1961), p . 170. 

2 
J . D. V e r g a d o s , P h y s . L e t t . 3 6 B , 12 (1971); T. - S . H. L e e and 

S. P i t t e l , P h y s . Rev , C 1 1 , 607 (1975), 
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of the photoneutrons was detected using a liquid O p o l a r i m e t e r . In 

o rder to reduce systemat ic e r r o r s in the polar izat ion measu remen t to 

negligible amounts , we are present ly construct ing a neutron spin-

p recess ion solenoid which is suitable for use with a continuous spect rum 

of neut rons . The p re l iminary polar izat ion m e a s u r e m e n t s indicate that 
208^ 

there is considerable Ml s trength in P b . 
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B, R E S E A R C H AT THE C P - 5 R E A C T O R 

At the p r e s e n t t i m e i n v e s t i g a t i o n s at C P - 5 can be d iv ided 
into t h r e e m a j o r c l a s s e s : (1) m e a s u r e m e n t s c o n c e r n e d with the r e a c t i o n 
m e c h a n i s m of n e u t r o n c a p t u r e and the h i g h l y - e x c i t e d s t a t e s a s s o c i a t e d 
with the p r i m a r y r e a c t i o n , (2) s t u d i e s of the low- ly ing n u c l e a r s t a t e s 
popu la t ed by n e u t r o n c a p t u r e and subsequen t y - r a y e m i s s i o n s , and 
(3) e x p e r i m e n t s in which n e u t r o n c a p t u r e i s u s e d a s a m e a n s of g e n e r a t i n g 
a m o n o c h r o m a t i c - p h o t o n s o u r c e for p h o t o n u c l e a r m e a s u r e m e n t s . In the 
f i r s t c a t e g o r y the p r i m a r y ob jec t ive i s u n d e r s t a n d i n g the r e a c t i o n m e c h a n ­
i s m for n e u t r o n c a p t u r e . The " a v e r a g e c a p t u r e - s p e c t r u m t e c h n i q u e " 
-which u s e s a n i n t e r n a l b o r o n - f i l t e r e d t a r g e t deve loped at ANL r e m a i n s 
a un ique and power fu l tool for such s t u d i e s . The e n e r g y dependence of 
p a r t i a l r a d i a t i o n -widths is i n f e r r e d f r o m s t u d i e s of a v e r a g e s p e c t r a and 
c o m p a r e d with v a r i o u s m o d e l s of r a d i a t i v e decay of h ighly exc i t ed s t a t e s . 
S t a t i s t i c a l a n a l y s i s of p a r t i a l r a d i a t i o n -widths and c o r r e s p o n d i n g p a r a ­
m e t e r s in r e l a t e d r e a c t i o n da ta i s u s e d to d e t e r m i n e the i m p o r t a n c e of 
d i r e c t and c o m p o u n d - n u c l e u s r e a c t i o n s in d e s c r i b i n g the c a p t u r e p r o c e s s , 
and f e a t u r e s of the s y s t e m a t i c s of the photon s t r e n g t h funct ions such as 
m a s s d e p e n d e n c e a r e e x a m i n e d in an effort to i s o l a t e giant r e s o n a n c e s 
in t h e t r a n s i t i o n s t r e n g t h . 

The s p e c t r o s c o p y of l ow- ly ing s t a t e s i s c a r r i e d out by 
c o o r d i n a t i n g n e u t r o n - y - r a y m e a s u r e m e n t s with r e l a t e d e x p e r i m e n t s -which 
u t i l i ze n u c l e a r r e a c t i o n s c h o s e n to e m p h a s i z e p a r t i c u l a r f e a t u r e s of 
n u c l e a r s t r u c t u r e , A m a j o r ob jec t ive of the p r o g r a m is to deve lop an 
u n d e r s t a n d i n g of t h e t r e n d s and changing c h a r a c t e r of the r o t a t i o n a l and 
v i b r a t i o n l eve l s t r u c t u r e of r a r e - e a r t h nuc le i a s one m o v e s f r o m the m a s s 
r e g i o n c o r r e s p o n d i n g to d e f o r m e d n u c l e i t o w a r d c lo sed she l l n u c l e i . Such 
i n f o r m a t i o n p r o v i d e s ins igh t in to the c h a r a c t e r of the co l l ec t i ve m o d e l s 
which have b e e n p r o p o s e d to d e s c r i b e the l eve l s t r u c t u r e in th i s m a s s 
r eg ion . 

In the m e a s u r e m e n t s u s ing m o n o c h r o m a t i c - p h o t o n b e a m s 
g e n e r a t e d by n e u t r o n c a p t u r e , p h o t o n - s c a t t e r i n g c r o s s s e c t i o n s and t h e i r 
a n g u l a r d e p e n d e n c e a r e s tud ied to u n d e r s t a n d b a s i c p h o t o n u c l e a r i n t e r ­
a c t i o n s such as De lb ruck s c a t t e r i n g and n u c l e a r R a m a n s c a t t e r i n g . T h i s 
w o r k i s f a c i l i t a t e d by the a v a i l a b i l i t y of a v e r y i n t e n s e w e l l c o U i m a t e d 
b e a m of h i g h - e n e r g y pho tons g e n e r a t e d in the i n t e r n a l t a r g e t f ac i l i ty at 
C P - 5 . D e l b r u c k s c a t t e r i n g w a s e x p e r i m e n t a l l y r e s o l v e d for the f i r s t t i m e 
u s i n g th i s b e a m . The high r e s o l u t i o n c h a r a c t e r i s t i c of t h e s e s t u d i e s 
p e r m i t s s tudy of i n e l a s t i c and e l a s t i c s c a t t e r i n g . An e x t e n s i v e p r o g r a m of 
m e a s u r e m e n t s wi th a c t l n i d e and l an than ide t a r g e t s h a s y i e lded i n f o r m a t i o n 
of f u n d a m e n t a l i m p o r t a n c e for u n d e r s t a n d i n g the p h o t o n u c l e a r i n t e r a c t i o n 
in the r e g i o n of the g i a n t - d i p o l e r e s o n a n c e . 
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1, FUNDAMENTAL PHENOMENA 

a. M e a s u r e m e n t s of Spac ia l A s y m m e t r i e s in the Decay of P o l a r i z e d 

N e u t r o n s 

V, E , K r o h n and G, R, Ringo 

Knowledge of the a s y m m e t r y coef f ic ien ts in the e x p r e s s i o n 

d e s c r i b i n g the d e c a y of p o l a r i z e d n e u t r o n s i s i m p o r t a n t to the t h e o r y of 

the weak i n t e r a c t i o n . We r e c e n t l y p u b l i s h e d new r e s u l t s for the e l e c t r o n 

a s y m m e t r y coeff icient A and the r a t i o of b e t a - d e c a y coupl ing c o n s t a n t s 

G . / G which fol lows f rom t h e r e s u l t for A. The v a l u e s r e p o r t e d w e r e 
A V 

A = - 0 . 113 ± 0 .006 and I G , / G , I = 1. 258 ± 0, 015 , Th i s r e s u l t for 
I A Vl 

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

t ions a s s o c i a t e d with n u c l e a r s t r u c t u r e . 

We a r e not p lanning to do f u r t h e r w o r k on t h i s p r o j e c t . 

V, E , Krohn and G, R, R ingo , P h y s , Le t t , 5 3 B , 175 (1975) . 

b . The E l e c t r o n - N e u t r o n I n t e r a c t i o n 

V. E . K r o h n and G. R. Ringo 

Our va lue for the e l e c t r o n - n e u t r on s c a t t e r i n g length 

h a s been c o r r e c t e d on the b a s i s of new m e a s u r e m e n t s of s o m e n e u t r o n 

s c a t t e r i n g l eng ths and now is ( - 1 . 30 ± 0. 03) X 10 c m , wh ich i s 3% 

lower than ou r o r i g i n a l r e s u l t . (The equ iva len t f i gu re in the F e r m i 

conven t ion i s -3630 ± 70 eV and at q = 0, dG / d q = 0. 0189 ± 0. 0004 
-, En 

fm . ) A check on the w o r r i s o m e p o s s i b i l i t y of an H i m p u r i t y in the 

s c a t t e r i n g g a s e s showed that th is i s qui te un l ike ly to be a s ign i f i can t 

s o u r c e of e r r o r . The d i f fe rence be tween o u r r e s u l t and t h e Mun ich 

m e a s u r e m e n t and a l s o the Fo ldy c a l c u l a t i o n thus con t inues u n e x p l a i n e d . 

We have p u b l i s h e d t h e s e r e s u l t s and do not p lan f u r t h e r w o r k on th i s 

p r o j e c t . 

V. E . Krohn and G. R. R ingo , P h y s . Rev , D 8^ 1 3 0 5 ( 1 9 7 3 ) , 
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c . S e a r c h for C o l l a p s e d Nuc le i 

L , M, B o l l i n g e r , A, M. F r i e d m a n , * S. M. F r i e d , * J, P . Sch i f f e r , 
J . R. Spech t , G. E . T h o m a s , and A, Turkev ich f 

In 197 2 A. B o d m e r in the ANL N u c l e a r T h e o r y p r o g r a m 

p o s t u l a t e d t h e e x i s t e n c e of " c o l l a p s e d " nuc l e i tha t have p r o p e r t i e s e n t i r e l y 

unl ike n o r m a l n u c l e i . One such p r o p e r t y i s an e x t r e m e l y high binding 

e n e r g y for n e u t r o n s . In e a r l y 1973, a s e a r c h for the p o s s i b l e e x i s t e n c e of 

c o l l a p s e d n u c l e i in n a t u r e was c a r r i e d out by looking for n e u t r o n - c a p t u r e 

Y r a y s -with e n e r g i e s m u c h g r e a t e r t han any known n e u t r o n - b i n d i n g e n e r g y . 

The s a m p l e s tud ied w a s a l a r g e c y l i n d e r of g r a p h i t e ba thed in an i n t e n s e 

flux of n e u t r o n s in the t h r o u g h - h o l e fac i l i ty at C P - 5 . The y - r a y s p e c ­

t r o m e t e r w a s an a r r a y of l a r g e Nal (Tl ) s c i n t i l l a t o r s , which eff ic ient ly 

counted y r a y s in the r a n g e 25—200 MeV and effect ively r e j e c t e d c o s m i c -

r a y b a c k g r o u n d . 

No effect above b a c k g r o u n d w a s o b s e r v e d . Fronn th i s nul l 

r e s u l t -we i n f e r r e d t h a t , in the s a m p l e s t u d i e d , the c o n c e n t r a t i o n of the 
9 3 

h-ypothetical c o l l a p s e d nuc l e i i s < 1 0 a t o m s / c m . Th i s l imi t i s m a n y 

o r d e r s of m a g n i t u d e s m a l l e r t han can be i n f e r r e d f r o m o t h e r k inds of 

ex i s t i ng e v i d e n c e . 

The r e c e n t t h e o r y of a b n o r m a l n u c l e a r m a t t e r by L e e and 

Wick h a s g e n e r a t e d a rene-wed i n t e r e s t in the p o s s i b i l i t y of c o l l a p s e d n u c l e i , 

and t h e r e f o r e we p lan a new s e a r c h for t h e m in n a t u r e . To m a x i m i z e t h e 

e x p e r i m e n t a l s e n s i t i v i t y , we in tend to u s e a s a m p l e w^ith the following 

p r o p e r t i e s : (1) e a s i l y p r e d i c t a b l e g e o t h e r m a l b e h a v i o r , (2) no s t ab l e 

i s o t o p e s of n o r m a l m a t t e r , and (3) a t o m i c weight ^ 2 0 0 . Of a l l the e l e m e n t s , 

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

S ince r a d o n and xenon c o n c e n t r a t e in the a t m o s p h e r e , a 

s a m p l e of the " r a d o n " f r a c t i o n h a s been ob ta ined f r o m a c o m m e r c i a l 

C h e m i s t r y D iv i s i on , ANL. 

U n i v e r s i t y of C h i c a g o , C h i c a g o , I l l i no i s . 
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x e n o n s t i l l . Th i s s a m p l e c o n t a i n s about 300 l i t e r s of r e s i d u a l xenon and 
3 

r e p r e s e n t s the r a d o n f r o m about 0. 2 k m of a i r . The r a d o n i s be ing 

e x t r a c t e d f r o m th i s s a m p l e . L a t e r t h i s y e a r we -will a t t e m p t to d e t e c t 

the p r e s e n c e of c o l l a p s e d r a d o n nuc l e i in the pu r i f i ed s a m p l e by a g a i n 

looking for n e u t r o n - c a p t u r e y r a y s wi th a n o m a l o u s l y h igh e n e r g y . If 

o b s e r v e d , m a s s s p e c t r o m e t r i c s t u d i e s m a y be c a r r i e d out . 

d. Ro ta t iona l I n v a r i a n c e in Nucle i 

R, J , Holt and W, M, Wi l son 

We a r e d e s i g n i n g a n e x p e r i m e n t which t e s t s the fundamenta l 

p r i n c i p l e of r o t a t i o n a l i n v a r i a n c e for the c a s e of the n u c l e a r i n t e r a c t i o n , 
6 — —6 

The L i ( n , t ) He r e a c t i o n wi l l be u s e d in t h i s s tudy . Th i s i n v e s t i g a t i o n 

-will avoid t h e u n c e r t a i n t i e s due to i s o s p i n m i x i n g , which a r e i n h e r e n t in 

s tud i e s tha t involve the -weak i n t e r a c t i o n , e. g. , y o r P d e c a y . The flux 

of t h e r m a l , p o l a r i z e d n e u t r o n s -will be g e n e r a t e d u s i n g the t h r o u g h - h o l e 
-3 

fac i l i ty at the C P - 5 r e a c t o r . The s e n s i t i v i t y of th i s m e a s u r e m e n t (10 
-4 

to 1 0 ) i s a c h i e v e d by u s i n g a nul l t e chn ique in -which we look for a d e v i a ­
t ion f rom z e r o of the t r i t o n p o l a r i z a t i o n . 

2, P H O T O N S C A T T E R I N G STUDIES 

a. De lb ruck and N u c l e a r R a m a n S c a t t e r i n g of 1 0 . 8 3 - M e V P h o t o n s by 

D e f o r m e d and S p h e r i c a l Heavy Nucle i 

H. E . J a c k s o n , K. J, W e t z e l , and G, E, Thonnas 

S tudies of the e l a s t i c and i n e l a s t i c s c a t t e r i n g of 1 0 , 8 - M e V 

photons w e r e c o m p l e t e d at the i n t e r n a l - t a r g e t fac i l i ty of t h e C P - 5 

r e a c t o r , and a p a p e r s u m m a r i z i n g the r e s u l t s w a s p u b l i s h e d . F o r P b 

and U , ex t ens ive m e a s u r e m e n t s of the a n g u l a r d i s t r i b u t i o n s for e l a s t i c 

and i n e l a s t i c s c a t t e r i n g w e r e m e a s u r e d . S c a t t e r e d photon s p e c t r a a r e 

H. E . J a c k s o n , K. J . W e t z e l , and G. E . T h o m a s , P h y s . R e v . C 9, 
1153 (1974) . 
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shown in F i g , 38 for a U t a r g e t . F o r s c a t t e r i n g a n g l e s 9 < 4 5 ° the 

e l a s t i c s c a t t e r i n g i s d o m i n a t e d by the D e l b r u c k effect . With the p o s s i b l e 

e x c e p t i o n of T a , for 0 > 9 0 (where only n u c l e a r r e s o n a n c e s and T h o m s o n 

s c a t t e r i n g a r e i m p o r t a n t ) , both the m a g n i t u d e and a n g u l a r dependence of 

the e l a s t i c s c a t t e r i n g c r o s s s e c t i o n a r e in good a g r e e m e n t -with the v a l u e s 

wh ich fol low f rom the m o s t r e c e n t p h o t o a b s o r p t i o n c r o s s s e c t i o n s in the 

c o r r e s p o n d i n g t a r g e t s . To an a c c u r a c y of ~ 1 0 % the e l a s t i c and i n e l a s t i c 

( n u c l e a r - R a m a n ) s c a t t e r i n g for U and Th can be deduced f rom the s i m p l e 

r o t a t o r m o d e l u s ing the p a r a m e t e r s i m p l i e d by the p h o t o a b s o r p t i o n da t a . 

A t r e n d of R a m a n s c a t t e r i n g to be 10% w e a k e r than e x p e c t e d i s s u g g e s t e d 

by the d a t a . F o r Tb and Ta the R a m a n s c a t t e r i n g i s s u b s t a n t i a l l y w e a k e r 

than e x p e c t e d . 

b . N u c l e a r R a m a n S c a t t e r i n g of 1 1 , 4 - M e V Pho tons 

H, E , J a c k s o n , G, E , T h o m a s , and K, J . We tze l* 

S tudies of the e l a s t i c and i n e l a s t i c s c a t t e r i n g of 1 1 . 4 - M e V 

photons -were c o m p l e t e d d u r i n g the p a s t y e a r at the i n t e r n a l - t a r g e t fac i l i ty 

of the C P - 5 r e a c t o r , and a p a p e r s u m m a r i z i n g the r e s u l t s wi l l be p u b ­

l i shed . The b e a m of 1 1 . 4 - M e V photons u s e d in t h e s e m e a s u r e m e n t s w a s 
59 g e n e r a t e d by an i n t e r n a l c a p t u r e t a r g e t e n r i c h e d in Ni . This t a r g e t -was 

ob ta ined by i r r a d i a t i n g a 25 -g s a m p l e of n o r m a l Ni for 90 days in the HFIR 

r e a c t o r at ORNL and t r a n s f e r r i n g i t to the C P - 5 i n t e r n a l - t a r g e t fac i l i ty a s 

shown s c h e m a t i c a l l y in F i g . 39 - Abso lu t e d i f fe ren t i a l c r o s s s e c t i o n s w e r e 
141 23 8 

m e a s u r e d for photon s c a t t e r i n g by nuc le i r ang ing f r o m P r to U. 

I n e l a s t i c s c a t t e r i n g which l e a v e s the r e s i d u a l nuc leus in a s t a t e of the 

g r o u n d - s t a t e r o t a t i o n a l band -was m e a s u r e d r e l a t i v e to e l a s t i c s c a t t e r i n g . 

The da ta c o n f i r m the t r e n d s o b s e r v e d in e a r l i e r ANL m e a s u r e m e n t s at 

1 0 . 8 3 M e V . The s t r e n g t h of i n e l a s t i c s c a t t e r i n g i s s y s t e m a t i c a l l y w e a k e r 

* 
U n i v e r s i t y of P o r t l a n d , P o r t l a n d , O r e g o n . 

H. E . J a c k s o n , G. E . T h o m a s , and K. J . W e t z e l , P h y s . R e v . C 1 1 , 
1664 (1975) . 
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F i g . 39- S c h e m a t i c of the p r o c e d u r e 
for p r e p a r i n g the e n r i c h e d ^"^Ni 
c a p t u r e t a r g e t u s e d to g e n e r a t e the 
11 . 387-MeV e x t e r n a l photon b e a m . 
The i n i t i a l i r r a d i a t i o n m a d e to 
e n r i c h the n a t u r a l n i c k e l t a r g e t w a s 
c a r r i e d out at the HFIR at Oak 
Ridge Nat iona l L a b o r a t o r y . 

11.387 MeV 

<r (n,y)=~l4 barns 

than p r e d i c t e d by s i m p l e m o d e l s of the g i a n t - d i p o l e r e s o n a n c e . The 

d i s c r e p a n c i e s a r e s ign i f i can t in the l an than ide r eg ion and m a y be v i ewed 

a s ev idence for the e x i s t e n c e of a s m a l l d i r e c t n o n r e s o n a n t r e a c t i o n 

componen t in the r e g i o n of the g i a n t - d i p o l e s t a t e . 

3. N E U T R O N - C A P T U R E y RAYS 

a. A C o m p a r i s o n of the y - R a y S p e c t r a f r o m T h e r m a l - N e u t r o n C a p t u r e 

and 2. 8-keV N e u t r o n C a p t u r e in 23Na 

W. M. Wi l son , G. E. T h o m a s , and H. E. J a c k s o n 

A study of the y - r a y s p e c t r a f rom t h e r m a l - n e u t r o n c a p t u r e 

and 2. 8 -keV n e u t r o n c a p t u r e w a s begun at t he i n t e r n a l - t a r g e t fac i l i ty of 

the r e s e a r c h r e a c t o r C P - 5 . The m e a s u r e m e n t s have been m a d e with 

the h i g h - r e s o l u t i o n a n n i h i l a t i o n - p a i r s p e c t r o m e t e r and the a n a l y s i s of 

the da ta i s in p r o g r e s s . Since sod ium i s u s e d as a coolant in the b r e e d e r 

r e a c t o r , it i s i m p o r t a n t that n e u t r o n c a p t u r e in t h e low-keV r e g i o n be 

wel l u n d e r s t o o d . In p a r t i c u l a r , we a r e c o n c e r n e d h e r e wi th the to t a l 

r a d i a t i o n width of t h e 2 . 8 - k e V r e s o n a n c e . G r o s s l y conf l ic t ing v a l u e s 

for t h i s -width h a v e been p r e v i o u s l y r e p o r t e d in t h e l i t e r a t u r e and t h i s 

i s due to the v e r y s m a l l c a p t u r e c r o s s s e c t i o n . We have b e e n ab le to 

s tudy th i s r e s o n a n c e by u s i n g t h e " a v e r a g e r e s o n a n c e " t e c h n i q u e . 

A ;|--in. f i l t e r of B s u r r o u n d i n g the Na s a m p l e r e d u c e d c a p t u r e be low 
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~ 2 keV to a neg l i g ib l e l e v e l ; c a p t u r e above 2. 8 keV i s n e g l i g i b l e b e c a u s e 

t h e 1/E s p e c t r u m of t h e i nc iden t n e u t r o n flux a s s u r e s a low i n t e n s i t y of 

e n e r g e t i c n e u t r o n s and the c l o s e s t r e s o n a n c e hav ing a p p r e c i a b l e n e u t r o n 

width i s at E ~ 53 k e V . 
n 

The t h e r m a l - n e u t r o n - c a p t u r e y - r a y spec t runn -was 

n n e a s u r e d -with an u n f i l t e r e d sod ium s a m p l e . S ince the s p e c t r u m of 

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

c a p t u r e (by an u n f i l t e r e d s a m p l e ) above t h e r m a l e n e r g i e s i s neg l i g ib l e 

c o m p a r e d to t h e r m a l - n e u t r o n c a p t u r e . 

F o r each p r i m a r y y - r a y t r a n s i t i o n o b s e r v e d in the t h e r m a l -

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

r e s o n a n c e s p e c t r u m . The r e s o n a n c e s p e c t r u m i s sho-wn in F i g , 4 0 , w h e r e 

the a r r o w s r e f e r to p r i m a r y t r a n s i t i o n s . C a p t u r e p r e d o m i n a n t l y in t h e 

2, 8-keV r e s o n a n c e i s i n d i c a t e d by a ~ 2 — 3 - k e V shift in t h e e n e r g i e s of 

the p r i m a r y t r a n s i t i o n s r e l a t i v e to those o b s e r v e d in t h e r m a l c a p t u r e . 

The p r i n c i p a l f e a t u r e of the a n a l y s i s wi l l be a c o m p a r i s o n bet-ween the 

r e l a t i v e i n t e n s i t i e s of each m e a s u r e m e n t to d e t e r m i n e the ex tent to which 

the 2 , 8 - k e V r e s o n a n c e c o n t r i b u t e s to the c a p t u r e c r o s s s e c t i o n fronn 

t h e r m a l to a few-keV n e u t r o n e n e r g y . 

b . G a m m a Rays f rom T h e r m a l - N e u t r o n C a p t u r e in ^"^Ni and ^'^Ni 

W. M. Wi l son , G. E . T h o m a s , and H. E. J a c k s o n 

The t h e r m a l - n e u t r o n c a p t u r e y - r a y s p e c t r a of Ni and 
64^^. 

Ni w e r e m e a s u r e d with the h i g h - r e s o l u t i o n a n n i h i l a t i o n - p a i r s p e c ­

t r o m e t e r a t t he i n t e r n a l - t a r g e t fac i l i ty of the r e s e a r c h r e a c t o r C P - 5 . 

The s a m p l e , c o n s i s t i n g of the l o n g - l i v e d Ni and '^Ni i s o t o p e s (as we l l 

a s the s t ab l e i s o t o p e s N i , N i , N i , and V i ) , w a s p r e p a r e d by 

i r r a d i a t i n g n a t u r a l n i cke l in a high n e u t r o n flux at t he Oak Ridge h igh 

flux i so tope r e a c t o r (HFIR) . The i m p r o v e d p r e c i s i o n of t h e s e da ta 
r e s u l t s in m o r e a c c u r a t e e s t i m a t e s of the n e u t r o n binding e n e r g i e s of 
59^,. 60^^. 61 .̂ 62 64 5 e 

N i , N i , N i , N i , and Ni t han was a v a i l a b l e e a r l i e r 
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F i g . 4 0 . The ann ih i l a t ion p a i r s p e c t r o m e t e r s p e c t r u m for ^ ' N a ( n , y). The a r r o w s r e f e r to p r i m a r y 
t r a n s i t i o n s o b s e r v e d in the p r e s e n t ( r e s o n a n c e ) m e a s u r e m e n t or to the e n e r g i e s of t r a n s i t i o n s o b s e r v e d 
by o t h e r s in t h e r m a l - n e u t r o n c a p t u r e . The 2, 754 -MeV P - • y - r a y t r a n s i t i o n i s u s e d for the a b s o l u t e 
i n t e n s i t y n o r m a l i z a t i o n . The b r o k e n l ine i n d i c a t e s a d i f ferent e x p e r i m e n t a l r un . A r e g i o n b e t w e e n 
4 and 5 MeV is not shown b e c a u s e no p r i m a r y t r a n s i t i o n s a r e o b s e r v e d . 
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The da ta a r e p lo t t ed in F i g . 41 , w h e r e t h e a r r o w s i n d i c a t e 

p r i m a r y t r a n s i t i o n s in the n i c k e l connpound n u c l e i . 

The e n e r g y d i s t r i b u t i o n of the y - r a y s t r e n g t h p r o v i d e s a 
1 2 

q u a l i t a t i v e t e s t of the p r e d i c t e d ' s t r o n g c o r r e l a t i o n s b e t w e e n the y - r a y 

r e d u c e d t r a n s i t i o n p r o b a b i l i t i e s and t h e (d ,p ) s i n g l e - p a r t i c l e s t r e n g t h s 

of the f ina l s t a t e s . The c o r r e l a t i o n s h a v e b e e n v e r i f i e d for c a p t u r e and 

s t r i p p i n g on e v e n - m a s s t a r g e t n u c l e i . In t h e s e c a s e s t h e Y'i'a-y s t r e n g t h 

i s o b s e r v e d to be p e a k e d a t h igh e n e r g i e s , w h e r e t r a n s i t i o n s o c c u r to 

f inal s t a t e s -with l a r g e s i n g l e - p a r t i c l e s t r e n g t h s . 

No t e s t h a s b e e n m a d e p r e v i o u s l y for o d d - m a s s t a r g e t 

n u c l e i . It w a s e x p e c t e d tha t the Y' i ' ay s t r e n g t h would not be a s s t r o n g l y 

p e a k e d a t h igh e n e r g y s i n c e the s i n g l e - p a r t i c l e s t r e n g t h s for (d ,p ) 

s t r i p p i n g on o d d - m a s s t a r g e t nuc le i a r e m u c h s m a l l e r t h a n t h o s e for 

e v e n - m a s s t a r g e t n u c l e i . The p r e s e n t da ta suppor t t h i s c o n j e c t u r e . The 

t r a n s i t i o n s to the g round and f i r s t e x c i t e d s t a t e s a c c o u n t for only ~ 2 0 % 
59 . 63 

of the t o t a l c a p t u r e c r o s s s e c t i o n in Ni and ~ 3 1 % in N i , c o m p a r e d , 

for e x a m p l e , to ~ 6 2 . 3 % in Ni and ~ 7 7 . 3 % in Ni (Ref. 3) . A p a p e r 

d e s c r i b i n g the e x p e r i m e n t and r e s u l t s h a s been a c c e p t e d fo r p u b l i c a t i o n 

in The P h y s i c a l R e v i e w . 
A. M. L a n e , Nuc l . P h y s . j j _ , 625 (1959); S t a t i s t i c a l P r o p e r t i e s of 

N u c l e i , ed i ted by J . B . G a r g ( P l e n u m , New Y o r k ) , p . 2 7 1 . 
2 

J . E . Lynn , The T h e o r y of N e u t r o n R e s o n a n c e R e a c t i o n s ( C l a r e n d o n , 
Oxford , 1968). 

3 
J . K o p e c k y , K. A b r a h a m s , and F . S t e c h e r - R a s m u s s e n , N u c l . P h y s . 

A 1 8 8 , 535 (1972) . 

c. A v e r a g e R e s o n a n c e Method for N e u t r o n - C a p t u r e y - R a y S p e c t r o s c o p y : 

I'^^Lu and 1 7 7 L U 

W. M. Wi l son , G. E . T h o m a s , and H. E , J a c k s o n 

The y - r a y s p e c t r a f r o m n e u t r o n c a p t u r e in a b r o a d band 
i 7 A 177 

of c a p t u r e s t a t e s of Lu and Lu h a v e been m e a s u r e d at the i n t e r n a l 

t a r g e t fac i l i ty of the r e s e a r c h r e a c t o r C P - 5 . A ^ - i n . B f i l t e r 
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s u r r o u n d i n g the n a t u r a l l u t e t i u m t a r g e t (97 . 4% L u , 2 . 6 % Lu) 

r e d u c e s t h e r m a l c a p t u r e to a n e g l i g i b l e l e v e l and thus p r o v i d e s an 
1 76 

a v e r a g e o v e r m a n y c a p t u r e s t a t e s in the compound nuc l e i Lu and 
177 

Lu . P r e l i m i n a r y a n a l y s i s i n d i c a t e s a c l e a r s e p a r a t i o n be tween the 

r e l a t i v e s t r e n g t h s of t h e E l and M l t r a n s i t i o n s to l o w - l y i n g bound s t a t e s 

of the compound n u c l e u s . T h i s i n f o r m a t i o n -will enab le us to d e t e r m i n e 

the p a r i t i e s and p l a c e l i m i t s on the sp in s of the f ina l s t a t e s . Of g r e a t e r 

i n t e r e s t i s the a b s o l u t e m a g n i t u d e of the E l and M l s t r e n g t h func t i ons . 

Add i t iona l m e a s u r e m e n t s , -which c o m p l e m e n t the p r e s e n t m e a s u r e m e n t , 

m u s t be m a d e to d e t e r m i n e the a b s o l u t e s t r e n g t h s . T e c h n i q u e s to do th i s 

a r e p r e s e n t l y be ing i n v e s t i g a t e d . 

113 114 
d. Abso lu te ( H J Y ) C r o s s Sec t ions in the Cd(n , y) Cd and 

149sm(n ,Y)150sm R e a c t i o n s 

R. K. S m i t h e r and G. E . T h o m a s 

The i n t ens i t y of the (n, y) s p e c t r u m f r o m t h e r m a l - n e u t r o n 
113 149 14 

c a p t u r e in Cd, S m , and N w a s m e a s u r e d s i m u l t a n e o u s l y a s a 
funct ion of t i m e and i n t e g r a t e d n e u t r o n flux. The c a p t u r e r a t e in t h e 
113 149 

Cd and Sm i s o t o p e s i s c a l c u l a t e d f rom the b u r n - u p r a t e f r o m neu t ron 

c a p t u r e . When th i s is combined with the c o m p a r i s o n of r e l a t i v e g a m m a -

r a y i n t e n s i t i e s f r om the t h r e e (n, y) s p e c t r a , a b s o l u t e v a l u e s a r e ob ta ined 

for the Y- ray i n t e n s i t i e s in un i t s of g a m m a s / 1 0 0 n e u t r o n c a p t u r e s and 

in t e r m s of p a r t i a l c r o s s s e c t i o n s for the p r o d u c t i o n of i nd iv idua l 

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

t ion about the n e u t r o n flux a t the s a m p l e p o s i t i o n , a b s o l u t e t o t a l - c a p t u r e 

c r o s s s e c t i o n s for r e a c t o r - n e u t r o n f luxes a r e ob ta ined . The p r e v i o u s 

m e a s u r e m e n t s m a d e at Argonne u s ing t h i s t echn ique had e r r o r s of 2 to 5%, 

The new m e a s u r e m e n t s of the (n, y) s p e c t r a m a d e th i s y e a r wi l l r e d u c e 

t h e s e e r r o r s by a f a c t o r of two. 
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e. N u c l e a r S t r u c t u r e of S m , S m , and Sm 

R. K. S m i t h e r and D. L . B u s h n e l l 

TU I \ , f .u ^47 148^ 149^ 

The (n, Y) s p e c t r a f r o m the Sm(n , y) S m , Sm 

(n, y) S m , and Sm(n,Y) Sm r e a c t i o n s have been u s e d to deve lop 

the l eve l s c h e m e s of Sm,^ S m , and Sm and the Y '^ay b r a n c h i n g 

r a t i o s b e t w e e n m a n y of the l e v e l s be low 3 MeV. New da ta w e r e t aken 

du r ing the y e a r wi th the Argonne 7 . 7 - m b e n t - c r y s t a l y - r a y d i f f rac t ion 

s p e c t r o m e t e r on a l l t h r e e r e a c t i o n s . Th i s new w o r k i m p r o v e d the 

p r e c i s i o n of the y - r a y e n e r g y and i n t e n s i t y m e a s u r e m e n t s by a f ac to r 

of 2 to 4 o v e r the e a r l i e r e x p e r i m e n t s . The i m p r o v e m e n t was p o s s i b l e 

b e c a u s e of r e c e n t m o d i f i c a t i o n s to the b e n t - c r y s t a l s p e c t r o m e t e r . New 

data -were a l s o t a k e n for the h i g h - e n e r g y a v e r a g e - r e s o n a n c e n e u t r o n -

c a p t u r e s p e c t r a . The o lde r da ta suf fe red f r o m poor r e s o l u t i o n and a low 

s i g n a l - t o - b a c k g r o u n d r a t i o that was c a u s e d by a p a r t i a l f a i l u r e of the 

Ge(Li) y - r a y s p e c t r o m e t e r . The new b e n t - c r y s t a l s p e c t r o m e t e r w^ork 

s ign i f i can t ly i m p r o v e s the i n f o r m a t i o n about y - r a y b r a n c h i n g r a t i o s 

be tween the n u m e r o u s exc i t ed s t a t e s be low 3 MeV. The new a v e r a g e -

r e s o n a n c e n e u t r o n - c a p t u r e da ta s ign i f ican t ly i m p r o v e the iden t i f i ca t ion of 

the n e g a t i v e - p a r i t y l e v e l s . The m o s t i n t e r e s t i n g r e s u l t of th is w o r k i s 

tha t a l l t h r e e l eve l s c h e m e s a r e v i r t u a l l y i d e n t i c a l . This can be s e e n 

in F i g , 4 2 , -where t h e t h r e e l e v e l s c h e m e s a r e c o m p a r e d . F u r t h e r m o r e , 

the g a m m a - r a y b r a n c h i n g r a t i o s change in a smoo th way f rom n u c l e u s 

to n u c l e u s . F o r s o m e s p e c i a l l e v e l s the r a t i o s do not change at a l l . 

An i n t e r e s t i n g e x a m p l e of t h i s i s t h e r a t i o of the B(E2) of the t r a n s i t i o n 

f rom the s e c o n d 2 exc i t ed s t a t e to the f i r s t 0 exc i t ed s t a t e to the B(E2) 

of the t r a n s i t i o n f r o m the second 2 exc i t ed s ta te to the 0 g round s t a t e . 

Th i s r a t i o r e m a i n s the s a m e to wi th in 2% for a l l t h r e e nuc le i even though 

the a b s o l u t e v a l u e s of the B(E2) ' s change by m o r e than an o r d e r of 

m a g n i t u d e . T h e s e r e s u l t s a r e r a t h e r s u r p r i s i n g s ince t h i s i s j u s t the 

m a s s r e g i o n -where the g r o u n d - s t a t e conf igura t ion w a s e x p e c t e d to be 

changing qu i te d r a m a t i c a l l y for t h e s e n u c l e i . 
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114 
f. N u c l e a r S t r u c t u r e of Cd 

R. K. S m i t h e r 

The a v e r a g e - r e s o n a n c e n e u t r o n - c a p t u r e y - r a y s p e c t r u m 
113 114 

of Cd(n , y) Cd was m e a s u r e d u s i n g a h i g h l y - e n r i c h e d CdO s a m p l e . 

The new r e s u l t s h a v e suff ic ient s e n s i t i v i t y and r e s o l u t i o n for i n v e s t i g a t i o n 
114 

of the l e v e l s c h e m e of Cd up to 4 - M e V exc i t a t i on . Of s p e c i a l i n t e r e s t 
+ 

a r e weak p r i m a r y E2 t r a n s i t i o n s to 3 s t a t e s and the s t r o n g E l t r a n s i t i o n s 

to 0 , 1 , and 2 s t a t e s above 2 -MeV e x c i t a t i o n s . The 3 s t a t e s a l l 

a p p e a r to be m e m b e r s of q u a s i - r o t a t i o n a l b a n d s . The sp in s e q u e n c e of 

the n e g a t i v e - p a r i t y s t a t e s is qui te confused and s u g g e s t s a m o r e c o m p l e x 

s t r u c t u r e . About one -ha l f of the n e g a t i v e - p a r i t y s t a t e s a p p e a r to be p a r t 
114 

of a q u a s i - b a n d . In g e n e r a l the q u a s i - b a n d s t r u c t u r e s e e n in Cd i s 

qui te s i m i l a r to the q u a s i - b a n d s t r u c t u r e o b s e r v e d in the e v e n - Z , 

even -N Sm i s o t o p e s ( see F i g . 42). 

,^^^^^^^Neutrori^£apjtu^^^^^ in Te I so topes 

R. K. S m i t h e r and B. H a m e r m e s h * 

The t h e r m a l - n e u t r o n - c a p t u r e y - r a y s p e c t r u m r e s u l t i n g 
123 

f rom n e u t r o n c a p t u r e in the m e t a s t a b l e s t a t e ( Y " ) in Te was s tud ied 
with the Argonne (n, y) fac i l i ty u s i n g the Ge(Li) y - r a y s p e c t r o m e t e r . 

124 + 

P r i m a r y t r a n s i t i o n s to s t a t e s in Te with sp ins 6 and 7 w e r e 

o b s e r v e d but no t r a n s i t i o n s to 4 s t a t e s w e r e d e t e c t e d . Th i s s u g g e s t s 

that m o s t of the n e u t r o n c a p t u r e i s in 6 s t a t e s r a t h e r than 5 s t a t e s . 

The m e t a s t a b l e s t a t e was m a d e by n e u t r o n c a p t u r e in the Oak Ridge H F 

r e a c t o r . F u r t h e r e x p e r i m e n t s a r e p l anned for n e u t r o n c a p t u r e in 
, 123 125 127 

i s o m e r i c s t a t e s of T e , T e , and Te to s tudy t h e h i g h - s p i n 

s t a t e s in T e , T e , and T e , This w o r k wi l l c o m p l e m e n t the naore 

t r a d i t i o n a l (n, y) s t u d i e s w h e r e the n e u t r o n c a p t u r e i s in the g round s t a t e 

of the o d d - T e i s o t o p e s -with J = -| and | and the l o w - s p i n s t a t e s a r e 

fed by the p r i m a r y y t r a n s i t i o n s . * 
C l e v e l a n d S ta te U n i v e r s i t y , C l e v e l a n d , Ohio . 
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144 146 
h . N u c l e a r S t r u c t u r e in Nd and Nd 

R. K. S m i t h e r , D. L . B u s h n e l l , G. T a s s o t t o , S. L e d v i n a , * 
and J, Hawkins 

144 146 

The l e v e l s c h e m e s of Nd and Nd a r e be ing deve loped 

t h r o u g h the u s e of both t h e r m a l - n e u t r o n c a p t u r e and a v e r a g e - r e s o n a n c e 

n e u t r o n - c a p t u r e g a m m a - r a y s p e c t r o s c o p y . Th i s is p a r t of a sys tenna t ic 

s tudy of the e v e n - Z , e v e n - N nuc le i and i s nrieant to c o m p l e m e n t the w o r k 
143 

be ing done on the Sm i s o t o p e s , I s o t o p i c a l l y e n r i c h e d s a m p l e s of Nd 
145 

and Nd h a v e been u s e d in the t h e r m a l - c a p t u r e e x p e r i m e n t s on t h e 

m e d i u m - and h i g h - e n e r g y p a r t s of the (n, y) s p e c t r u m . Only n a t u r a l -

abundance t a r g e t s have been u s e d in the a v e r a g e - r e s o n a n c e n e u t r o n -

c a p t u r e e x p e r i m e n t s , A c o m p a r i s o n of the (n, y) s p e c t r a ob ta ined with 

t h e r m a l - n e u t r on c a p t u r e is u s e d to a s s i g n the y t r a n s i t i o n to the a p p r o ­

p r i a t e i s o t o p e of Nd, The spin and p a r i t y a s s i g n m e n t s a r e b a s e d on the 

a v e r a g e - r e s o n a n c e n e u t r o n - c a p t u r e da ta and the m e d i u m - e n e r g y ( 0 , 5 MeV 

to 2 MeV) t h e r m a l - c a p t u r e da t a . A f a i r l y c o m p l e t e l eve l s c h e m e i s 
146 

ob ta ined for Nd and the a n a l y s i s of th i s da ta i s a l m o s t c o m p l e t e , 
144 

ThCjanalysis of the Nd leve l s c h e m e i s in p r o g r e s s . In both i s o t o p e s 

p o s i t i v e - p a r i t y s t a t e s a r e fed by E l t r a n s i t i o n s and give r i s e to s t r o n g 

l i ne s in the a v e r a g e - r e s o n a n c e n e u t r o n - c a p t u r e w o r k . The a v e r a g e -

r e s o n a n c e e x p e r i m e n t -will have to be r e p e a t e d with s e p a r a t e d - i s o t o p e 

s a m p l e s to c o m p l e t e t h e i n v e s t i g a t i o n of the n e g a t i v e - p a r i t y s t a t e s . 

A l so m i s s i n g f rom the da ta i s t he l o w - e n e r g y p a r t of t h e (n , y) s p e c t r u m . 

A c o l l a b o r a t i o n m a y be a r r a n g e d with the (n,Y) g roup a t G r e n o b l e to 

c o m p l e t e th i s p a r t of the p r o g r a m . 

N o r t h e r n I l l ino i s U n i v e r s i t y , D e K a l b , I l l i no i s , 
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160 
i . S tud ies of t h e E x c i t e d S ta t e s of Tb P o p u l a t e d in the R e a c t i o n s 

159Tb(n,Y) and 159Tb(n, Y)160Tb 

S. B . B u r s o n , F , J. Z e h r , * J . R. C h a m p i o n , and C. H. B a t s o n 

E x t e n s i v e a n a l y s i s has been c a r r i e d out on da ta t aken 
159 160 

e a r l i e r at the Argonne C P - 5 r e a c t o r on the r e a c t i o n Tb(n, y) Tb . 

Both t h e r m a l and a v e r a g e - r e s o n a n c e - c a p t u r e e x p e r i m e n t s w e r e done a t 

the i n t e r n a l - t a r g e t fac i l i ty whi le e l e c t r o n and g a m m a s ing l e s as we l l a s 

e -y co inc idence m e a s u r e m e n t s w e r e m a d e -with the Argonne s u p e r ­

conduct ing co inc idence s p e c t r o m e t e r at the e x t e r n a l b e a m fac i l i ty of 

the e a s t t h e r m a l c o l u m n . The i n f o r m a t i o n obta ined about the exc i t ed 

s t a t e s t h r o u g h t h e s e v a r i o u s t e c h n i q u e s i s of p a r t i c u l a r t h e o r e t i c a l 

va lue s i n c e l i t t l e i s known about the n u c l e a r s t r u c t u r e of d e f o r m e d odd -

odd n u c l i d e s . 

Over 400 g a m m a r a y s a r e o b s e r v e d in the Ge(Li) s p e c t r u m 

be tween 23 and 1300 keV, In the h i g h - e n e r g y t h e r m a l - n e u t r o n - c a p t u r e 

s p e c t r u m o b s e r v e d with the p a i r s p e c t r o m e t e r , a p p r o x i m a t e l y 200 

componen t s a r e o b s e r v e d be tween the e n e r g i e s 4790 and 6375 keV, 

A study of the r e l a t i v e i n t e n s i t i e s of the p r i m a r y g a m m a 

r a y s in the a v e r a g e - r e s o n a n c e s p e c t r a t a k e n with two di f ferent t h i c k n e s s e s 

of b o r o n sh i e ld ing i n d i c a t e s tha t the s y s t e m a t i c b e h a v i o r r e p o r t e d to be 
166 

app l i cab l e in a c o r r e s p o n d i n g s tudy of Ho does not apply in the c a s e 

of Tb , We have not found a n exp lana t ion for th i s o b s e r v a t i o n . The 

r o t a t i o n a l s t r u c t u r e is c l e a r l y e-vident with m o s t of the bands expec ted 

to a c c o m p a n y the low-1-ying i n t r i n s i c s t a t e s being iden t i f i ab le . F r o m 12 

to 15 bands have b e e n found be low 1. 0 MeV. The a n a l y s i s is cont inuing . 

W e s t m i n s t e r C o l l e g e , New Wi lming ton , P e n n s y l v a n i a . 
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178 180 
j . N u c l e a r S t r u c t u r e of Hf and Hf 

R. K. S m i t h e r , D. L . B u s h n e l l , and D. J . B u s s 

The A r g o n n e 7 . 7 - m b e n t - c r y s t a l Y ' l ' ay d i f f r ac t ion s p e c ­

t r o m e t e r and the Ge(Li) y - r a y s p e c t r o m e t e r a t t h e C P - 5 r e s e a r c h 

r e a c t o r w e r e u s e d to m e a s u r e the Hf(n, y) Hf and Hf(n, y) Hf 

g a m m a - r a y s p e c t r u m f rom 20 keV to 10 MeV. Both t h e r m a l n e u t r o n 

c a p t u r e and a v e r a g e r e s o n a n c e n e u t r o n c a p t u r e e x p e r i m e n t s w e r e 

p e r f o r m e d . T h e s e (n, y) s p e c t r a w e r e u s e d to deve lop the l e v e l s c h e m e s 

of Hf and Hf. The e x p e r i m e n t a l (n , y) w o r k on t h e Hf(n, y) Hf 

r e a c t i o n h a s been c o m p l e t e d and p u b l i s h e d in a p a p e r . The a n a l y s i s of 
180 

the exc i t ed s t a t e r o t a t i o n a l band s t r u c t u r e of Hf def ied a n a l y s i s for 

m a n y y e a r s . The l o w - e n e r g y p o r t i o n of the (n, y) s p e c t r u m had to be 

r e m e a s u r e d with the i m p r o v e d r e s o l u t i o n and p r e c i s i o n of the p r e s e n t 

A r g o n n e d i f f rac t ion s p e c t r o m e t e r b e f o r e the l e v e l s t r u c t u r e of t h e 
180 

exc i t ed s t a t e bands could be iden t i f i ed . The b a s i c p r o b l e m faced in Hf 

i s t ha t t h e l eve l dens i t y above 1 MeV exc i t a t i on e n e r g y i s so g r e a t tha t 

the l eve l s p a c i n g s w e r e not we l l enough defined by the Ge(Li) y - d e t e c t o r 

-work to a l low one to p l a c e the l o w - e n e r g y y r a y s in the l eve l s c h e m e with 

any c e r t a i n t y . The e n e r g y p r e c i s i o n of the l o w - e n e r g y g a m m a r a y s had 

to be i n c r e a s e d to t h e point tha t one could u s e the Ri tz c o m b i n a t i o n 

p r i n c i p l e to d e t e r m i n e the p r o p e r p l a c e m e n t . A s i m i l a r a n a l y s i s for the 
178 

Hf l e v e l s c h e m e w a s s t a r t e d . In both nuc le i t he l e v e l s above 1-MeV 
exc i t a t i on can be d e s c r i b e d a s o v e r l a p p i n g r o t a t i o n a l band b a s e on t-wo-

180 
q u a s i p a r t i c l e exc i t ed s t a t e s . The l eve l s c h e m e of Hf i s sho-wn in 

F i g , 4 3 , The m o s t s igni f icant f e a t u r e of t h i s w o r k i s tha t it shows qui te 

convinc ing ly that the d e f o r m a t i o n of t h e e x c i t e d - s t a t e r o t a t i o n a l b a n d s i s 

v i r t u a l l y i d e n t i c a l to tha t of the g r o u n d - s t a t e band . T h i s i s e x p e c t e d for 
180 

nuc l e i l ike Hf that exhibi t a h igh ly s t ab le d e f o r m a t i o n for the m e m b e r 

of i t s g r o u n d - s t a t e band but th i s fact i s often qu i te diff icult to d e m o n s t r a t e 

in v e r y c o m p l e x l eve l s c h e m e s of nuc le i in th i s m a s s r e g i o n . 

D. L . B u s h n e l l , D. J . B u s s , and R o b e r t K, S m i t h e r , P h y s , R e v . 
C 10, 2483 ( D e c e m b e r 1974). 



F i g . 4 3 . L e v e l s c h e m e of ^ ̂  ° Hf b a s e d on (n, y) e x p e r i m e n t s . The d a r k o r shaded width of a t r a n s i t i o n 
r e f l e c t s i t s g a m m a - r a y i n t e n s i t y . The open or unshaded width r e f l e c t s i t s c o n v e r s i o n - e l e c t r o n i n t e n s i t y . 
The wid th shown for the p r i m a r y g a m m a t r a n s i t i o n s r e f l e c t s the r e l a t i v e g a m m a - r a y i n t e n s i t y o b s e r v e d 
in the a v e r a g e - r e s o n a n c e n e u t r o n - c a p t u r e s p e c t r u m . 

NO 
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184 
k. N u c l e a r S t r u c t u r e of W 

R. K. S m i t h e r , D. L . B u s h n e l l , J , H a w k i n s , and R. G o e b b e r t 

, 183 , . , , ,184 , , , 
The y - r a y s p e c t r u m f r o m the W(n, y) W r e a c t i o n w a s 

m e a s u r e d with the Ge(Li) y - r a y d e t e c t o r s y s t e m at the C P - 5 r e s e a r c h 

r e a c t o r . T h e s e r e s u l t s w e r e c o m b i n e d -with y - y c o i n c i d e n c e e x p e r i m e n t s 
184 

fol lowing the (3 d e c a y of Re done a t N o r t h e r n I l l i no i s U n i v e r s i t y to 
184 

deve lop the l eve l s c h e m e of W. 

The (n, y) and (3-decay e x p e r i m e n t s have b e e n c o m p l e t e d 

and the r e s u l t s pub l i shed in the P h y s i c a l Rev iew, The m a j o r c o n t r i b u t i o n 
184 

of t h i s w o r k to the l e v e l s c h e m e of W w a s the a s s i g n m e n t of s p i n s and 

p a r i t i e s to m o s t of the known l e v e l s be low 2 MeV and to d i s c o v e r f ive 
184 

new l e v e l s . The leve l s c h e m e of W i s shown in F i g , 4 4 , No m e a s u r e ­

m e n t s on the (n, y) s p e c t r u m w e r e m a d e be low 600 keV so the d e t a i l e d 

s t r u c t u r e of the exc i t ed s t a t e s and t h e i r p o s s i b l e a s s i g n m e n t a s r o t a t i o n a l 

bands i s not we l l deve loped . Also nn iss ing i s the i n f o r m a t i o n on the low-

e n e r g y y - r a y b r a n c h i n g r a t i o s for y r a y s connec t ing t h e s e exc i t ed s t a t e s . 

D. L . B u s h n e l l , J . H a w k i n s , R. G o e b b e r t , and R. K. S m i t h e r , 
P h y s . Rev . C U_, 1401 (1975), 

H. Statef i t : A C o m p u t e r P r o g r a m to F a c i l i t a t e the I n t e r p r e t a t i o n of 

S p e c t r o s c o p i c Data 

S, B, B u r s o n , G, T, Wood ,* and C, H, B a t s o n 

Statefi t i s a p r o g r a m w r i t t e n in F o r t r a n IV to f ac i l i t a t e the 

i n t e r p r e t a t i o n of s p e c t r o s c o p i c da ta , A l i s t con ta in ing a l l the e x p e r i ­

m e n t a l l y d e t e r m i n e d y - r a y e n e r g i e s , t h e i r r e l a t i v e i n t e n s i t i e s , and the 

u n c e r t a i n t i e s in each is supp l i ed a s input , A p r e l i m i n a r y p a r t i a l d e c a y 

s c h e m e i s a s s u m e d to a l r e a d y e x i s t , and a s econd l i s t spec i fy ing the 

Y r a y s that r e p r e s e n t t r a n s i t i o n s b e t w e e n m e m b e r s of th i s g roup of e n e r g y 

l eve l s is a l so p r o v i d e d as input . The b e s t e n e r g y v a l u e s of the s t a t e s 

C leve land Sta te U n i v e r s i t y , C l e v e l a n d , Ohio , 
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a r e de te rmined by making a l e a s t - s q u a r e s fit of the level energies to the 

network of assigned gamma rays . A table of all possible t rans i t ions 

betw^een the calculated states is computed; the complete l is t of expe r i ­

mentally observed gamma rays is then sea rched for additional acceptable 

ass ignments . The acceptance c r i t e r ion is external ly adjustable. 

During its development, the p r o g r a m has been used 

nsively in 
160. 

159 extensively in the analysis of data obtained on the react ion Tb(n, y) 

Tb. The code has been thoroughly debugged and documented, will be 

repor ted in Nuclear Ins t ruments and Methods, and published as a 

Physics Division Informal Report . 
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F A S T - N E U T R O N R E S E A R C H 

The p r o g r a m of n e u t r o n - p h y s i c s e x p e r i m e n t s f o r m a l l y 
c a r r i e d out a t the 4 -MV D y n a m i t r o n h a s been i n a c t i v e r e c e n t l y b e c a u s e 
the m a n p o w e r n o r m a l l y involved in t h i s ac t i v i t y has b e e n d i v e r t e d to the 
m e a s u r e n a e n t of l o w - e n e r g y c h a r g e d - p a r t i c l e c r o s s s e c t i o n s of i n t e r e s t 
for CTR a p p l i c a t i o n s . The one i n v e s t i g a t i o n d e s c r i b e d be low was c a r r i e d 
out at the t a n d e m D y n a m i t r o n o p e r a t e d by the Appl ied P h y s i c s Div i s ion , 

E x p e r i m e n t a l and T h e o r e t i c a l S tud ies of N e u t r o n E l a s t i c S c a t t e r i n g 

f rom 12c Below 5 MeV 

R, J . Hol t , A, B , S m i t h , * and J, F , Whalen* 

This w o r k i s the r e s u l t of a c o l l a b o r a t i o n be tween the 
12 12 

P h y s i c s and Appl ied P h y s i c s D i v i s i o n s . S tudies of the C(n ,n ) C 

r e a c t i o n in the MeV r e g i o n a r e i m p o r t a n t for r e a c t o r a p p l i c a t i o n s , n e u t r o n 

flux c a l i b r a t i o n s t a n d a r d s and fundamen ta l n u c l e a r s t r u c t u r e i n f o r m a t i o n . 
12 

Angu la r d i s t r i b u t i o n s of n e u t r o n s e l a s t i c a l l y s c a t t e r e d f rom C w e r e 
m e a s u r e d in the e n e r g y r a n g e 1, 8 to 4, 0 MeV and at 20 to 90 r e a c t i o n 

ang les bet-ween 20 and 160 , In add i t i on , t o t a l n e u t r o n c r o s s s e c t i o n s 
12 12 

for the C(n ,n ) C r e a c t i o n w e r e m e a s u r e d in the e n e r g y r a n g e 0, 1 to 

5 .0 MeV wi th high r e s o l u t i o n (~2 keV) , T h e s e e x p e r i m e n t a l r e s u l t s w e r e 

i n t e r p r e t e d in t e r m s of the R - m a t r i x t h e o r y of Wigner and E i s e n b u d , 

A s e l f - c o n s i s t e n t se t of R - m a t r i x p a r a m e t e r s w a s found which d e s c r i b e s 
12 

a l l o b s e r v a t i o n s of the C-l-n s y s t e m be low 5 MeV. 

Appl ied P h y s i c s D iv i s i on , ANL. 
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VI I . THEORETICAL PHYSICS 

HEAVY-ION REACTION THEORY 

The g e n e r a l l y a c c e p t e d v iew of h e a v y - i o n r e a c t i o n t h e o r i e s 
in the p a s t d i s t i n g u i s h e d two m a i n s o r t s of h e a v y - i o n - r e a c t i o n p r o c e s s e s — 
p e r i p h e r a l and h e a d - o n . P e r i p h e r a l c o l l i s i o n s involve m u t u a l p e n e t r a t i o n 
only a t t he ou t e r f r i nges of the nuc l e i i nvo lved and l ead to " q u a s i - e l a s t i c " 
p r o c e s s e s v^herein the a m o u n t s of m a t t e r , e n e r g y , and a n g u l a r m o m e n t u m 
exchanged a r e s m a l l . H e a d - o n c o l l i s i o n s l ead to t r a n s f e r of m a t t e r and 
ene rgy on a l a r g e s c a l e and the m o s t d i s t i n c t i v e known c o n s e q u e n c e of 
such c o l l i s i o n s is c o m p l e t e fusion; the d e c a y of the r e s u l t i n g compound 
s y s t e m i s e x p e c t e d to y ie ld p r o d u c t s r e t a i n i n g l i t t l e m e m o r y of the 
o r ig ina l m o d e of f o r m a t i o n . 

In the p a s t tw^elve m o n t h s th i s -vie-w of h e a v y - i o n p r o c e s s e s 
has been s ign i f i can t ly modi f i ed by new e x p e r i m e n t a l d i s c o v e r i e s . In the 
f i r s t p l a c e , w o r k a t O r s a y , Dubna , and by an A r g o n n e - R o c h e s t e r 
c o l l a b o r a t i o n a t B e r k e l e y h a s r e v e a l e d a t h i r d c l a s s of h e a v y - i o n r e a c t i o n -
i n t e r m e d i a t e be tween q u a s i - e l a s t i c and fusion r e a c t i o n s . T h e s e " d e e p 
i n e l a s t i c " r e a c t i o n s y ie ld p r o d u c t s c l o s e in m a s s to the inc iden t i o n s , 
but a r e v e r y far f r o m q u a s i - e l a s t i c in that huge a m o u n t s of k ine t i c e n e r g y 
a r e d i s s i p a t e d and the e m e r g i n g ions a r e highly exc i t ed . In the second 
p l a c e , e x p e r i m e n t a l w o r k a t Argonne h a s d e m o n s t r a t e d conc lu s ive ly tha t 
in q u a s i - e l a s t i c h e a v y - i o n r e a c t i o n s no s ing le channe l d o m i n a t e s . Th i s i s 
in c o n t r a s t to l i g h t - i o n - i n d u c e d d i r e c t r e a c t i o n s , w h e r e i n the e l a s t i c 
channe l i s o v e r w h e l m i n g l y p r e d o m i n a n t . 

T h e s e new e x p e r i m e n t a l f indings have s e r i o u s i m p l i c a t i o n s 
for h e a v y - i o n r e a c t i o n t h e o r y . 

(1) The d e e p - i n e l a s t i c r e a c t i o n s a r e d i r e c t m a n i f e s t a t i o n s 
of d i s s i p a t i v e o r v i s c o u s effects in h e a v y - i o n c o l l i s i o n s ; the s tudy of 
v i s c o s i t y thus a c q u i r e s g r e a t e r i m m e d i a c y . 

(2) The e x p e r i m e n t a l r e s u l t s which p l a c e m a n y q u a s i - e l a s t i c 
channe l s on the s a m e footing i m p e l us t o w a r d s a m a n y - c h a n n e l r e a c t i o n 
t h e o r y w h e r e i n a f i r s t - o r d e r t r e a t m e n t of the i n t e r a c t i o n inducing t r a n s i ­
t ions i s at t h e v e r y l e a s t q u e s t i o n a b l e . 
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1, P E R I P H E R A L OR QUASI-ELASTIC COLLISIONS 

a, C a l c u l a t i o n a l T e c h n i q u e s and M e t h o d s 

D, H, G l o e c k n e r , M, H, M a c f a r l a n e , and S. C, P i e p e r 

F o r p e r i p h e r a l h e a v y - i o n c o l l i s i o n s , it i s no-w c l e a r tha t 

DWBA is adequa t e only unde r s p e c i a l c i r c u m s t a n c e s . H o w e v e r , the 

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

ca l cu l a t i on a l r e a d y a p p e a r in DWBA, T h u s a f i r s t s t ep t o w a r d s a w o r k a b l e 

m a n y - c h a n n e l a p p r o a c h i s a h igh ly -e f f i c i en t DWBA. The c o m p u t e r 

p r o g r a m s for th is work have been m a d e m u c h m o r e eff ic ient both in t e r m s 

of f a s t e r execu t ion and s m a l l e r c o r e - s t o r a g e r e q u i r e n n e n t s . Th i s h a s 

been done by explo i t ing the p h y s i c a l c h a r a c t e r i s t i c s of h e a v y - i o n c o l l i s i o n s . 

(1) The s e m i c l a s s i c a l o rb i t s u b s t r u c t u r e of h e a v y - i o n 

p r o c e s s e s y i e lds i n f o r m a t i o n about the r e g i o n s of con f igu ra t i on s p a c e 

that con t r i bu t e m o s t s igni f icant ly to q u a s i - e l a s t i c p r o c e s s e s . We u s e th i s 

i n fo rma t ion to compu te q u a d r a t u r e f o r m u l a e tha t a r e spec i f i c to e a c h 

r e a c t i o n ( r a t h e r than us ing g e n e r a l f o r m u l a e -with s t e p - s i z e s tha t a r e 

e x t e r n a l l y - s u p p l i e d p a r a m e t e r s ) , 

(2) The s imp le a n g u l a r - m o m e n t u m p r o p e r t i e s of p e r i p h e r a l 

h e a v y - i o n r e a c t i o n s a r e u s e d to r e d u c e n u m e r i c a l l a b o r by about a n o r d e r 

of m a g n i t u d e ( s ee Sec . b , be low) , DWBA p r o g r a m s i n c o r p o r a t i n g t h e s e 

f e a t u r e s a r e now c o m p l e t e and in u s e . We v iew t h e s e p r o g r a m s now as 

way s t a t i ons on the road to m u l t i c h a n n e l c a l c u l a t i o n s ; it i s c l e a r tha t the 

m e t h o d s u s e d to a c c e l e r a t e DWBA apply d i r e c t l y in the m a n y - c h a n n e l 

s i tua t ion . 

b . P a r t i a l - W a v e S t r u c t u r e of H e a v y - I o n - T r a n s f e r A m p l i t u d e s 

M. H. M a c f a r l a n e and S. C. P i e p e r 

It has been e s t a b l i s h e d tha t q u a s i - e l a s t i c h e a v y - i o n 

r e a c t i o n s o c c u r p r e d o m i n a n t l y in a few p a r t i a l w a v e s c l o s e to t h e g r a z i n g 

a n g u l a r m o m e n t u m . In th i s " L window" the r e a c t i o n a m p l i t u d e s p e a k 
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s t r o n g l y in m a g n i t u d e and v a r y s m o o t h l y in p h a s e . Th i s L - s p a c e behav io r 

can be p a r a m e t e r i z e d by s i m p l e a n a l y t i c funct ions of L and the r e s u l t i n g 

p a r a m e t e r i z a t i o n u s e d (1) to i n t e r p o l a t e in L in DWBA (and m a n y - c h a n n e l ) 

c a l c u l a t i o n s , t h e r e b y r e d u c i n g c o m p u t a t i o n a l l abor by an o r d e r of m a g n i t u d e 

and (2) to s tudy L - s p a c e s i n g u l a r i t i e s (Regge po les ) of h e a v y - i o n t r a n s f e r 

a m p l i t u d e s . The r e s u l t s of such s t u d i e s a r e now being w r i t t e n up for 

pub l i ca t ion , 

c. S t r u c t u r e A m p l i t u d e s for T h r e e - N u c l e o n T r a n s f e r wi th I p - S h e l l T a r g e t s 

D. K u r a t h and D. J . M i l l e n e r * 

S p e c t r o s c o p i c a m p l i t u d e s have been c a l c u l a t e d for t r a n s f e r 

of t h r e e n u c l e o n s -whose s p a t i a l wave funct ion i s s y m m e t r i c unde r p a r t i c l e 

exchange . T h e s e a m p l i t u d e s a r e needed to c a l c u l a t e m a g n i t u d e s of c r o s s 

s e c t i o n s for c l u s t e r t r a n s f e r . The s e l e c t i v i t y and d i s t r i b u t i o n in e n e r g y of 

such t r a n s f e r was i n v e s t i g a t e d for t a r g e t s in the n u c l e a r Ip s h e l l . Some 
3 2 

e x a m p l e s of i n t e r f e r e n c e bet-ween (Ip) and (p l ) (2sd) t r a n s f e r -were 

t r e a t e d , and found to be nnore i m p o r t a n t in s t r i p p i n g than in p ickup r e a c t i o n s . 

The r e s u l t s a r e p r e s e n t e d in Nuc l , P h y s , A238 , 269 (1975), 
N u c l e a r P h y s i c s L a b o r a t o r y , Oxford , Eng land . 

2. H E A D - O N COLLISIONS, FUSION, AND VISCOSITY 

a. M i c r o s c o p i c C a l c u l a t i o n s of V i s c o s i t y in H e a v y - I o n Co l l i s ions 

D, G l a s * and U, M o s e l 

D y n a m i c a l c a l c u l a t i o n s have been c a r r i e d out for the 
16 16 

h e a v y - i o n s y s t e m O + O showing tha t in a c l o s e co l l i s i on a g r e a t dea l 

of k ine t i c e n e r g y i s c o n v e r t e d into i n t e r n a l exc i t a t i on e n e r g y . The t w o -

c e n t e r she l l m o d e l i s u sed to d e s c r i b e the m a n n e r in which the ind iv idua l 

she l l s p e c t r a of the s e p a r a t e d ions m e r g e s into the s i n g l e - p a r t i c l e 

U n i v e r s i t y of G i e s s e n , G i e s s e n , G e r m a n y , 
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s p e c t r u m of the compound n u c l e u s a s t h e d i s t a n c e b e t w e e n the c e n t e r s of 

m a s s d e c r e a s e s . The p r o c e s s of e n e r g y c o n v e r s i o n i s c a l c u l a t e d u s i n g 

the L a n d a u - Z e n e r a p p r o x i m a t i o n f a m i l i a r in m o l e c u l a r p h y s i c s ; th i s 

a p p r o x i m a t i o n a s s u m e s tha t e x c i t a t i o n s o c c u r only when two s i n g l e - p a r t i c l e 

l e v e l s in the v ic in i ty of the c o m b i n e d F e r m i s u r f a c e a p p r o a c h e a c h o t h e r . 

T h e s e c a l c u l a t i o n s r e v e a l the i m p o r t a n c e of a c r i t i c a l d i s t a n c e o r "po in t 

of no r e t u r n " at wh ich the two she l l s t r u c t u r e s f i r s t s i gn i f i c an t l y p e r t u r b 

each o t h e r . When the ions a p p r o a c h each o the r to t h i s po in t of no r e t u r n , 

they s t i c k t o g e t h e r due to l o s s of k ine t i c e n e r g y long enough to f o r m the 

compound s y s t e m that l e a d s to fus ion. Th i s c a l c u l a t i o n (the f i r s t m i c r o ­

scop ic d e s c r i p t i o n of -viscosity in h e a v y - i o n c o l l i s i o n s ) i s d e s c r i b e d in 

P h y s . Le t t . 4 9 B , 301 (1974). 

b . C r i t i c a l D i s t a n c e s in F u s i o n R e a c t i o n s 

D, G l a s * and U, M o s e l 

The s y s t e m a t i c s of h e a v y - i o n - f u s i o n c r o s s s e c t i o n s have 

been i n t e r p r e t e d in t e r m s of a c r i t i c a l d i s t a n c e ; if ions r e a c h t h i s 

s e p a r a t i o n , they a r e a s s u m e d to fuse -with n e a r c e r t a i n t y , Ho-wever, da ta 

on fusion c r o s s s ec t i ons n e a r the Cou lomb b a r r i e r s e e m to y ie ld a c r i t i c a l 

r a d i u s R s ign i f i can t ly l a r g e r t han tha t found a t h i g h e r e n e r g i e s . Th i s 

t w o - r a d i u s d i s c r e p a n c y has been r e m o v e d by the new da ta a l l uded to above 

on deep i n e l a s t i c p r o c e s s e s and by the concep t of point of no r e t u r n 

d e s c r i b e d in Sec. a. The new da ta show t h a t , w h e r e a s n e a r t h e Cou lomb 

b a r r i e r t he t o t a l - r e a c t i o n and t o t a l - fu s ion c r o s s s e c t i o n s a r e a l m o s t 

i d e n t i c a l , fa r above the b a r r i e r the fusion c r o s s s e c t i o n i s m u c h l e s s than 

the r e a c t i o n c r o s s s ec t ion . Thus n e a r the Cou lomb b a r r i e r only the 

b a r r i e r r a d i u s R m a t t e r s ; a t h i g h e r e n e r g i e s the co l l id ing ions m u s t 

a p p r o a c h to the "point of no r e t u r n " ( l e s s than R ) . In N u c l . P h y s . A237 
B • 7 • > 

429 (1975) a s i m p l e m o d e l i s p r e s e n t e d which shows how the a p p a r e n t " t w o -

r a d i u s " d i s c r e p a n c y can be u n d e r s t o o d as a change of r e l a t i v e i m p o r t a n c e of 

i n t e r a c t i o n b a r r i e r and point of no r e t u r n a s the e n e r g y i n c r e a s e s . 

U n i v e r s i t y of G i e s s e n , G i e s s e n , G e r m a n y . 
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E L E C T R O M A G N E T I C E F F E C T S IN HEAVY-ION REACTIONS 

V a c u u m P o l a r i z a t i o n - and M o l e c u l a r - P o t e n t i a l Effects in H e a v y - I o n 
S c a t t e r i n g 

Johann Rafe l sk i 

L a r g e ang le (0 > 10 ) h e a v y - i o n s c a t t e r i n g i s m a i n l y 
c m . 

d e t e r m i n e d by C o u l o m b , and above the Cou lomb b a r r i e r by n u c l e a r 

f o r c e s . H o w e v e r , wi th i n c r e a s i n g p r e c i s i o n of the e x p e r i m e n t s it migh t 

be p o s s i b l e to m e a s u r e the dev ia t ion f rom p u r e Cou lomb s c a t t e r i n g due 
1,2 3 

to vacuum p o l a r i z a t i o n and m o l e c u l a r effects at s u b - C o u l o m b -

b a r r i e r e n e r g i e s . The effect due to the m o l e c u l a r po ten t i a l i s m o s t 

i m p o r t a n t for co l l i s i ons v/ith Z = Z . ., -1- Z ^ 130. I t s 
p r o j e c t i l e t a r g e t 

o r ig in i s f r om the e l e c t r o n s tha t a r e bound to the combined s y s t e m of 

p r o j e c t i l e and t a r g e t n u c l e u s . F o r c o l l i s i o n s with (Z + Z ) ~ 184, 

the m o l e c u l a r po t en t i a l at R = 15 fm r e a c h e s - 6 . 2 M e V , which i s about 

0. 8% of the Cou lomb b a r r i e r . 
4 

We u s e the c l a s s i c a l a p p r o x i m a t i o n in our c a l c u l a t i o n s . 
The heavy ions a r e a s s u m e d to m o v e on c l a s s i c a l t r a j e c t o r i e s in a given 

1A 70ft 
p o t e n t i a l . In O -• P b at 69. 1 MeV (lab) the vacuum p o l a r i z a t i o n 
effect i s dominan t . H o w e v e r , in the i n t e r v a l 60 — 160 we have a r i s e 
in the c r o s s s e c t i o n of only 0. 1% which i s e a s i l y c o m p a t i b l e -with the 

5 
r e s u l t s of B a r n e t t et̂  a l . This i s not the i d e a l r eg ion to m e a s u r e the 

v a c u u m p o l a r i z a t i o n e f fec t s . Us ing l o w e r e n e r g y p r o j e c t i l e s (30 MeV 

^J. Ra fe l sk i and A. Kle in , P h y s . Rev . Z% 1756 (1974). 

^R. Z . R o s k i e s , P h y s . Rev . C J_0, 1565 (1974). 
3 

J . R a f e l s k i , B . M u l l e r , and W. G r e i n e r , Nuovo C imen to Le t t . £ , 
469 (1972). 

J . R a f e l s k i , " V a c u u m P o l a r i z a t i o n - and M o l e c u l a r - P o t e n t i a l Ef fec ts 
in Heavy - Ion S c a t t e r i n g , " Argonne p r e p r i n t , 1975, to be p u b l i s h e d . 

^A. R. B a r n e t t , W, R. P h i l l i p s , P . J . A. B u t t l e , and L . J . B . 
G o l d f a r b , NucL P h y s . A176 , 321 (1971). 
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O) -will he lp if we m e a s u r e be tween 20 and 80 , w h e r e the r e l a t i v e 

effect r i s e s by 0. 3%. 

The a c t u a l m e a s u r e m e n t of v a c u u m p o l a r i z a t i o n m i g h t be 

m o r e f e a s i b l e if one could de-vise an e x p e r i m e n t to m e a s u r e the d i f f e rence 

of the c o n t r i b u t i o n s at l a r g e and s m a l l a n g l e s s i m u l t a n e o u s l y . Such a n 

e x p e r i m e n t i s p o s s i b l e u s ing a d e t e c t o r which would de t ec t both t a r g e t 

and p r o j e c t i l e i o n s . Such a d e t e c t o r would m e a s u r e the s c a t t e r i n g c r o s s 

s e c t i o n at two di f ferent a n g l e s s i m u l t a n e o u s l y . F o r e x a m p l e , p l a c i n g it 

a t 20 (lab) it -will m e a s u r e the s c a t t e r i n g a t 2 1 . 5 ( c m . ) (de tec t ion of 

O) and at 140 ( c m . ) for d e t e c t i o n of r e c o i l P b . The r a t i o of P b 

to O even t s should differ by 0 .4% f r o m the e x p e c t e d one [ fo r 60 — 70 
, 16 208 

MeV (lab) O on P b ] . In the m o s t e x t r e m e c a s e c h o o s i n g a d e t e c t o r 

at 10 (lab s y s t e m ) thus m e a s u r i n g a t 10.7 ( c m . ) and 160 ( c m . ) , 

we can expec t 0. 13% and 0, 66% changes which would r e s u l t in a 0, 53% 

o b s e r v a b l e d i f f e rence . 

As a c h a r a c t e r i s t i c e x a m p l e w h e r e m o l e c u l a r p o t e n t i a l 
232 238 

b e c o m e s d o m i n a n t , we have chosen the s c a t t e r i n g of Th on U at 

1600 MeV ( lab) . Since the m o l e c u l a r po t en t i a l i s nega t ive and h a s a 

m a g n i t u d e l a r g e r than the pos i t i ve v a c u u m - p o l a r i z a t i o n p o t e n t i a l , we wil l 

find a ne t d e c r e a s e of the c r o s s s ec t i on . F u r t h e r m o r e , s i n c e the 

m o l e c u l a r po ten t i a l g rows m o r e s lowly than the n u c l e a r C o u l o m b r e p u l ­

s ion as a function of R , the c o r r e c t i o n to R u t h e r f o r d s c a t t e r i n g wi l l 

b e c o m e s m a l l e r -with i n c r e a s i n g s c a t t e r i n g a n g l e . 

We find a change of 2. 6% in the c r o s s s e c t i o n a s -we go 

f r o m 10 to 110 in s c a t t e r i n g a n g l e . Th i s g r e a t e r change c o m e s 

b e c a u s e the addi t ion of vacuum p o l a r i z a t i o n and m o l e c u l a r effects 

e n h a n c e s the r e l a t i v e effect a t chosen s c a t t e r i n g a n g l e s — a v e r y d e s i r a b l e 

effect . 

In v iew of the above c a l c u l a t i o n s we feel tha t both effects 

can be wel l e s t a b l i s h e d by m e a s u r i n g h e a v y - i o n d i f f e r en t i a l s c a t t e r i n g 6 
J, Schi f fer , p r i v a t e c o m m u n i c a t i o n . 
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c ross sections at fixed project i le energ ies . The measurement of the 

molecular potential might also yield some knowledge of the binding of 

electrons in very strong external fields. 
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B, N U C L E A R M A T T E R AND NUCLEAR F O R C E S 

N u c l e a r f o r c e s a r e v e r y p o o r l y d e t e r m i n e d f r o m f i r s t 
p r i n c i p l e s . The only u n a m b i g u o u s t h e o r e t i c a l r e s u l t i s tha t the o n e - p i o n -
exchange p o t e n t i a l should d o m i n a t e at l a r g e d i s t a n c e s . The f i r s t s t ep in a 
p h e n o m e n o l o g i c a l p r o g r a m to l e a r n m o r e about the n u c l e o n - n u c l e o n f o r c e 
i s to r e q u i r e tha t i t r e p r o d u c e the e m p i r i c a l s c a t t e r i n g p h a s e s h i f t s . But 
th i s does not by any m e a n s d e t e r m i n e the po t en t i a l un ique ly . It i s t h e r e f o r e 
d e s i r a b l e to f u r t h e r t e s t p o t e n t i a l s tha t fit the s c a t t e r i n g by r e q u i r i n g them 
to accoun t fo r the b inding e n e r g i e s and d e n s i t y d i s t r i b u t i o n s of n u c l e i . 
Ano the r a s p e c t of th i s p r o g r a m i s t h e p o s s i b i l i t y of unifying n u c l e a r 
s t r u c t u r e c a l c u l a t i o n s and n u c l e o n - n u c l e o n s c a t t e r i n g by sho-wing tha t both 
can be u n d e r s t o o d in t e r m s of the s a m e b a s i c n u c l e o n - n u c l e o n p o t e n t i a l . 

The t e s t i n g g round for th i s p r o g r a m is inf in i te n u c l e a r 
m a t t e r . Condi t ions in n u c l e a r m a t t e r a r e expec t ed to a p p r o x i m a t e t h o s e 
in the i n t e r i o r of a n u c l e u s . Thus a two-body p o t e n t i a l tha t can a c c o u n t for 
the e q u i l i b r i u m e n e r g y and dens i t y of n u c l e a r m a t t e r i s e x p e c t e d to a l s o 
p r e d i c t a c c u r a t e binding e n e r g i e s and r a d i i fo r n u c l e i . The goa l s of the 
w o r k on n u c l e a r m a t t e r and n u c l e a r f o r c e s a r e : (1) To i m p r o v e the p r e s e n t 
m e t h o d of so lv ing the m a n y - b o d y p r o b l e m so tha t a c c u r a t e and r e l i a b l e 
t e s t s of p o t e n t i a l s can be m a d e . (2) To e x p l o r e effects not i n c l u d e d in the 
u s u a l m o d e l of point nuc l eons i n t e r a c t i n g t h r o u g h a two-body p o t e n t i a l . 
T h e s e inc lude effects due to r e l a t i v i t y and to expl ic i t m e s o n d e g r e e s of 
f r e e d o m in the n u c l e u s . (3) To u s e the p r i n c i p l e s of L o r e n t z i n v a r i a n c e 
and quantum field t h e o r y to put add i t i ona l t h e o r e t i c a l r e s t r i c t i o n s on the 
n u c l e o n - n u c l e o n p o t e n t i a l . 

R e a c t i o n - m a t r i x c a l c u l a t i o n s of the e q u i l i b r i u m b ind ing 
e n e r g y and dens i t y of n u c l e a r nnat ter a r e at p r e s e n t in d i s a g r e e m e n t -with 
the e m p i r i c a l v a l u e s . Many d i f fe ren t two-body p o t e n t i a l s , a l l of which 
r e p r o d u c e the n u c l e o n - n u c l e o n s c a t t e r i n g d a t a , have b e e n u s e d , but 
wi thout s u c c e s s . P o t e n t i a l s that give enough binding give too h igh a 
d e n s i t y , and po t en t i a l s that give the r igh t d e n s i t y give too l i t t l e b ind ing . 
The Reid p o t e n t i a l , fo r e x a m p l e , u n d e r b i n d s by about 2 M e V and p r e d i c t s 
a dens i t y 20% too l a r g e . A p o s s i b l e r e a s o n for the d i s c r e p a n c y i s t ha t 
ex i s t ing ca l cu l a t i ons of t h r e e - b o d y c o r r e l a t i o n s a r e i n a c c u r a t e . The 
effort to deve lop an a c c u r a t e t h r e e - b o d y c a l c u l a t i o n h a s been con t inued , 
and g r e a t l y i m p r o v e d c a l c u l a t i o n s a r e now f e a s i b l e . C a l c u l a t i o n s of 
r e l a t i v i s t i c c o r r e c t i o n s and of i s o b a r d e g r e e s of f r e e d o m w e r e c o m p l e t e d 
and w e r e sho-wn not to r e s o l v e the p r e s e n t d i s c r e p a n c y . D e t a i l s on th i s 
and o ther -work a r e given below. 
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1. RELATIVISTIC E F F E C T S IN P H E N O M E N O L O G I C A L 
N U C L E O N - N U C L E O N P O T E N T I A L S AND NUCLEAR M A T T E R 

F . C o e s t e r , S teven C. P i e p e r , and F . J . D. Se rduke 

F o r any p h e n o m e n o l o g i c a l n u c l e o n - n u c l e o n po t en t i a l the 

B r u e c k n e r t h e o r y p r e d i c t s t h e e n e r g y p e r nuc leon and the dens i ty of 

h o m o g e n e o u s n u c l e a r m a t t e r . The p r e d i c t e d v a l u e s v a r y wide ly for 

d i f ferent p o t e n t i a l s that fit t he s a m e s c a t t e r i n g da t a . H o w e v e r , the 

p r e d i c t e d b inding e n e r g y and d e n s i t y a r e a lways c o r r e l a t e d in such a 

m a n n e r tha t no p o t e n t i a l fits the e x p e r i m e n t a l v a l u e s . It is t h e r e f o r e 

n e c e s s a r y to e x a m i n e n e g l e c t e d effects tha t migh t r e m o v e the d i s c r e p a n c y . 

T h e r e a r e n e c e s s a r i l y r e l a t i v i s t i c effects due to the c e n t e r - o f - m a s s 

m o t i o n of c o r r e l a t e d nuc l eon p a i r s and due to the r e l a t i v i s t i c m o m e n t u m 

dependence of the k ine t i c e n e r g y . We have ident i f ied and i s o l a t e d t h e s e 

effects in such a m a n n e r t ha t t hey can be c a l c u l a t e d a s unambiguous 

c o r r e c t i o n t e r m s to the p r e d i c t i o n s for any convent iona l p h e n o m e n o l o g i c a l 

n u c l e o n - n u c l e o n p o t e n t i a l . C r u d e e s t i m a t e s i n d i c a t e tha t the m a g n i t u d e 

of t h e s e c o r r e c t i o n s m a y be s ign i f i can t . De ta i l ed n u m e r i c a l r e s u l t s have 

been ob ta ined for the Re id s o f t - c o r e p o t e n t i a l , the U e d a - G r e e n po t en t i a l 

and s e v e r a l s e p a r a b l e p o t e n t i a l s . Due to e x t e n s i v e c a n c e l l a t i o n s of the 

ind iv idua l t e r m s the t o t a l c o r r e c t i o n i s c o n s i d e r a b l y s m a l l e r t han the 

c rude e s t i m a t e s . F o r the Re id po t en t i a l the to t a l c o r r e c t i o n to the e n e r g y 

p e r n u c l e o n i s only +0. 22 MeV and the change in dens i t y i s n e g l i g i b l e . 

The e n e r g y c o r r e c t i o n is a l s o p o s i t i v e for a l l o t h e r p o t e n t i a l s c o n s i d e r e d . 

Our c a l c u l a t i o n s ( F i g . 45) a r e suf f ic ient ly r e p r e s e n t a t i v e to conc lude in 

g e n e r a l tha t t he r e l a t i v i s t i c effects c o n s i d e r e d in th i s w o r k a r e neg l ig ib l e 

for m o s t p u r p o s e s . A p a p e r on th i s w o r k h a s been pub l i shed in the 

P h y s i c a l R e v i e w . 

F , C o e s t e r , S teven C. P i e p e r , and F . J . D. S e r d u k e , P h y s . R e v . 
C 1 1 , 1 (1975). 
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2. T H R E E - B O D Y CORRELATIONS IN NUCLEAR M A T T E R 

B. Day and F . C o e s t e r 

The s i z e of the p r e s e n t d i s c r e p a n c y be tween t h e o r y and 

e x p e r i m e n t in n u c l e a r m a t t e r i s c o m p a r a b l e to the p r e s e n t c a l c u l a t i o n a l 

u n c e r t a i n t y in the t h r e e - b o d y c o r r e l a t i o n e n e r g y . To p in down the 

d i s c r e p a n c y , m o r e a c c u r a t e t h r e e - b o d y ca l cu l a t i ons a r e needed . Such 

ca l cu l a t i ons have p r e v i o u s l y been done in m o m e n t u m s p a c e for an S - s t a t e 

f o r c e . Connputer p r o g r a m s have now been w r i t t e n to apply th i s m e thod 

to the full n u c l e o n - n u c l e o n p o t e n t i a l , inc lud ing t e n s o r and s p i n - o r b i t 

f o r c e s . 

T e s t s a r e be ing c a r r i e d out u s ing the Reid p o t e n t i a l . The 

m a i n p r o b l e m in the c a l c u l a t i o n , a s in a l l t h r e e - b o d y c a l c u l a t i o n s , is to 

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

This p r o b l e m h a s been s u c c e s s f u l l y o v e r c o m e -with the aid of an efficient 

n u m e r i c a l m e t h o d for r e p r e s e n t i n g an a r b i t r a r y t-wo-body r e a c t i o n m a t r i x 

as a s u m of s e p a r a b l e t e r m s . The r e m a i n i n g p r o b l e m i s to e s t i m a t e the 

e r r o r s due to u s e of an a n g l e - a v e r a g e P a u l i o p e r a t o r . If t h i s p r o b l e m can 

be r e s o l v e d , a c c u r a t e c a l c u l a t i o n s of the binding e n e r g y and dens i t y of 

n u c l e a r m a t t e r with two-body p o t e n t i a l s wi l l b e c o m e f e a s i b l e . Th i s wi l l 

p e r m i t u s e i t h e r to r e s o l v e the a p p a r e n t d i s c r e p a n c y o r to show con-vin-

cingly tha t it r e a l l y e x i s t s . 

If the d i s c r e p a n c y does p e r s i s t , a p o s s i b l e r e m e d y i s the 

i n c l u s i o n of t h r e e - b o d y f o r c e s , in add i t ion to t h r e e - b o d y c o r r e l a t i o n s 

p r o d u c e d by t w o - b o d y f o r c e s . Tak ing t h r e e - b o d y f o r c e s into accoun t 

r e q u i r e s an a c c u r a t e t h r e e - b o d y wave funct ion , and the p r e s e n t m e t h o d , 

if s u c c e s s f u l , wi l l p r o d u c e th i s wave funct ion. 
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3 . ISOBAR CONFIGURATIONS IN NUCLEAR M A T T E R 

B. Day and F , C o e s t e r 

Conven t iona l n u c l e a r - m a t t e r c a l c u l a t i o n s a s s u m e that the 

two-body p o t e n t i a l s can s a t i s f a c t o r i l y r e p r o d u c e a l l i m p o r t a n t effects 

of the s u p p r e s s e d m e s o n d e g r e e s of f r e e d o m . Exp l i c i t i nc lu s ion of s o m e 

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

function p r o v i d e s a p a r t i a l check of the va l id i ty of t h i s a s s u m p t i o n . We 

have t r e a t e d the A(1236) p i o n - n u c l e o n r e s o n a n c e a s a n exc i t ed s t a t e of 

the nuc leon in o r d e r to s ee w h e t h e r the s a t u r a t i o n p r o p e r t i e s of n u c l e a r 

m a t t e r a r e changed s ign i f i can t ly . In th i s m o d e l the S t w o - b o d y 

po t en t i a l h a s componen t s tha t change a n u c l e o n - n u c l e o n (NN) p a i r in to a 

n u c l e o n - A (NA) p a i r . We obta ined an exce l l en t fit to the S s c a t t e r i n g 

p h a s e shif ts by r e a d j u s t i n g t h e p a r a m e t e r s of the H a a p a k o s k i p o t e n t i a l . 

In a l l o the r p a r t i a l waves we a s s u m e d t h e Re id o r U e d a - G r e e n p o t e n t i a l s 

with no coupl ing to the A s t a t e . 

The effective S„ i n t e r a c t i o n in n u c l e a r m a t t e r in th i s 

m o d e l is w e a k e r than the effect ive i n t e r a c t i o n for two f r e e nuc l eons for 

two r e a s o n s : (1) in n u c l e a r m a t t e r the e n e r g y d e n o m i n a t o r s a r e l a r g e r 

than in s c a t t e r i n g , and (2) the exc lus ion p r i n c i p l e fo rb ids NA s t a t e s in 

-which the nuc l eon m o m e n t u m i s below the F e r m i l eve l . 

The NA coupling in the S s t a t e w a s found to shift the 

s a t u r a t i o n po in t s subs t an t i a l l y . But the s a m e c o r r e l a t i o n p e r s i s t e d 

be tween e q u i l i b r i u m binding e n e r g y and dens i t y a s in the conven t iona l 

c a l c u l a t i o n . Hence i nc lu s ion of the i s o b a r d e g r e e of f r e e d o m did not 

i m p r o v e the s a t u r a t i o n p r o p e r t i e s . 
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4 . A P P R O X I M A T E L Y RELATIVISTIC P A R T I C L E INTERACTIONS 

F , C o e s t e r and P , H a v a s * 

Equa t i ons of m o t i o n for t h e w o r l d l i ne s of c l a s s i c a l 

p a r t i c l e s wi th d i r e c t i n t e r a c t i o n s can be d e r i v e d f rom F o k k e r a c t i on 

p r i n c i p l e s . A c a n o n i c a l f o r m for such equa t ions of m o t i o n e x i s t s only 

2 

a p p r o x i m a t e l y to o r d e r 1/c . Such ac t i on p r i n c i p l e s have been i n v e s t i ­

ga ted e x t e n s i v e l y by Havas and c o l l a b o r a t o r s . Fu l l y r e l a t i v i s t i c , 

c anon i ca l d i r e c t - i n t e r a c t i o n t h e o r i e s a r e p o s s i b l e if the r e q u i r e m e n t 

of o b s e r v a b l e i n v a r i a n t w o r l d l ines i s abandoned for the i n t e r a c t i n g 

p a r t i c l e s . That i s r e a s o n a b l e for the quan tum m e c h a n i c a l d e s c r i p t i o n 

of s t r o n g l y i n t e r a c t i n g p a r t i c l e s , for which only s c a t t e r i n g a m p l i t u d e s 

a r e a c t u a l l y o b s e r v a b l e . It i s then suff ic ient to r e q u i r e the e x i s t e n c e 

of an S m a t r i x and the dynamic and k i n e m a t i c i ndependence of s e p a r a t e d 

c l u s t e r s . Such t h e o r i e s have been u sed by C o e s t e r et a l . to i n v e s t i g a t e 

r e l a t i v i s t i c effects in n u c l e a r s t r u c t u r e . In the c l a s s i c a l l i m i t , and an 
, 2 

expans ion to o r d e r 1/c , the H a m i l t o n i a n can be c o m p a r e d with t h o s e 

d e r i v e d f rom F o k k e r ac t ion p r i n c i p l e s in the s a m e a p p r o x i m a t i o n . We 

a r e i n v e s t i g a t i n g wha t , if any , r e s t r i c t i o n the c l a s s i c a l w o r l d - l i n e 

condi t ion i m p o s e s on 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 . 

T e m p l e U n i v e r s i t y , P h i l a d e l p h i a , P e n n s y l v a n i a . 

5. ELASTIC E L E C T R O N - D E U T E R O N SCATTERING AS A P R O B E 
OF THE DEUTERON WAVE FUNCTION 

F . C o e s t e r and A. O s t e b e e 

N u c l e o n - n u c l e o n s c a t t e r i n g da ta do not d e t e r m i n e the 

p o t e n t i a l . Since di f ferent p h a s e - s h i f t - e q u i v a l e n t p o t e n t i a l s m a y l e a d to 

d i f fe ren t d e u t e r o n wave func t i ons , an e x p e r i m e n t a l p r o b e of the s h o r t -

r a n g e p a r t of the d e u t e r o n wave function m a y p r o v i d e add i t iona l 

c o n s t r a i n t s on a c c e p t a b l e p o t e n t i a l s . H i g h - e n e r g y e l e c t r o n - d e u t e r o n 
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s c a t t e r i n g a p p e a r s to p r o v i d e a su i t ab l e p r o b e . The d i f f e r en t i a l c r o s s 

s e c t i o n d e p e n d s on the d e u t e r o n wave function t h r o u g h the e l e c t r o ­

m a g n e t i c f o r m f a c t o r s of the d e u t e r o n . E v e n at m o d e r a t e v a l u e s of the 

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

i s i n a d e q u a t e . Since the 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 o d i f i e s t h e 

r e p r e s e n t a t i o n of the L o r e n t z t r a n s f o r m a t i o n s , c o v a r i a n c e of the c h a r g e -

c u r r e n t d e n s i t y r e q u i r e s i n t e r a c t i o n t e r m s in the c h a r g e d e n s i t y as wel l a s 

the c u r r e n t d e n s i t y . T h e s e d y n a m i c effects a r e s u b s t a n t i a l l y l a r g e r t h a n 

the k i n e m a t i c r e l a t i v i s t i c e f fec t s . F o r l o c a l p o t e n t i a l s only , the 

re la t i -v is t ic c o r r e c t i o n s a r e the s a m e as t hose p r e v i o u s l y d e r i v e d f r o m 

field t h e o r y . We have a n a l y z e d the r e l a t i o n b e t w e e n the p h e n o m e n o l o g i c a l 

t h e o r y and the f ield t h e o r e t i c a l d e r i v a t i o n of t h e s e e f fec t s . De t a i l ed 

ca l cu l a t i ons for a n u m b e r of r e p r e s e n t a t i v e d e u t e r o n wave funct ions 

i l l u s t r a t e the quan t i t a t ive f e a t u r e s . 



VII. C I 169 

C O L L A P S E D NUCLEI AND DENSE NUCLEAR M A T T E R 

We have p r e v i o u s l y d i s c u s s e d , for the f i r s t t i m e , the 
p h e n o m e n o l o g y of " c o l l a p s e d n u c l e i . " T h e s e w e r e c o n s i d e r e d to be 
s u p e r s t a b l e ob j ec t s of m u c h s m a l l e r s i z e and (poss ib ly much) g r e a t e r 
binding e n e r g y than o r d i n a r y n u c l e i . In p a r t i c u l a r we d i s c u s s e d the 
s t ab i l i t y of o r d i n a r y nuc le i with r e s p e c t to c o l l a p s e , the p o s s i b l e p r o p e r ­
t i e s and p r o d u c t i o n of c o l l a p s e d n u c l e i , and a l s o s o m e a s t r o p h y s l c a l 
i m p l i c a t i o n s , in p a r t i c u l a r the s t ab i l i t y of d e n s e n u c l e a r m a t t e r in n e u t r o n 
s t a r s . 

R e c e n t l y , t h e r e h a s been m u c h i n t e r e s t in c o l l a p s e d n u c l e a r 
s t a t e s as a r e s u l t of a p r o p o s a l by T . D. L e e and G. C. Wick of a d y n a m i c a l 
m o d e l involving n o n l i n e a r m e s o n i n t e r a c t i o n s . Th i s i m p l i e s s o - c a l l e d 
" a b n o r m a l " n u c l e a r m a t t e r which m a y a l s o be m o r e s t r o n g l y bound and of 
h ighe r d e n s i t y than o r d i n a r y n u c l e a r nna t t e r . Al though the hypo the t i ca l 
a b n o r m a l m a t t e r is not expec ted to be a s dense as the ( total ly) c o l l a p s e d 
nucle i we c o n s i d e r e d , the p h e n o m e n o l o g y of both types of c o l l a p s e d 
objec ts h a s m a n y c o m m o n f e a t u r e s . An i m p o r t a n t ques t ion for the 
phenomeno logy of p o s s i b l e L e e - W i c k c o l l a p s e d nucle i is the ques t ion of 
t h e i r s t a b i l i t y , in p a r t i c u l a r the r eg ion of m a s s n u m b e r s for which they 
m a y be expec t ed to be s t a b l e . Th i s i s of i m p o r t a n c e for the p o s s i b l e 
p roduc t ion and de t ec t i on of t h e s e o b j e c t s . 

C o n s i d e r a t i o n of c o l l a p s e d nuc le i l e ads n a t u r a l l y to 
ques t ions of the p r o p e r t i e s and m e a n s of p r o d u c i n g dense s t a t e s of n u c l e a r 
m a t t e r in g e n e r a l . The only c o n c e i v a b l e nneans of p r o d u c t i o n s e e m s to be 
in the h i g h - e n e r g y co l l i s ion of heavy n u c l e i . Thus if the r e l a t i v e 
v e l o c i t i e s of the n u c l e i a r e g r e a t e r than the s p e e d of sound in n u c l e a r 
m a t t e r , t hen t h e r e i s the p o s s i b i l i t y of s h o c k - w a v e p h e n o m e n a with 
a s s o c i a t e d v e r y high d e n s i t i e s and t e m p e r a t u r e s . Whe the r such condi t ions 
can a l s o l ead to the p r o d u c t i o n of c o l l a p s e d n u c l e a r s t a t e s — e v e n if t h e s e 
should e x i s t — i s qui te p r o b l e m a t i c a l s ince c o l l a p s e d s t a t e s c o r r e s p o n d 
to effect ively z e r o - t e m p e r a t u r e c o n d i t i o n s . 

1. PHENOMENOLOGY OF C O L L A P S E D NUCLEI 

A. R. B o d m e r 

We a r e cont inu ing our c o n s i d e r a t i o n s of the p h e n o m e n o l o g y 
of c o l l a p s e d n u c l e i , in p a r t i c u l a r as c o n c e r n s the s t ab i l i t y and l i f e t ime of 
o r d i n a r y m a t t e r a g a i n s t c o l l a p s e and the p o s s i b l e p r o d u c t i o n of such 
o b j e c t s . 
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2. SURFACE PROPERTIES OF ABNORMAL NUCLEAR MATTER 

A. R. Bodmer and J. Boguta* 

The surface p roper t i e s of abnormal nuclear ma t t e r a r e of 

cr i t ica l importance for the understanding of finite nuclei made of Lee-Wick 

nuclear mat te r and in par t icu la r for their binding energy and therefore 

stability. We a re studying the problem of the surface energy of abnormal 

nuclear mat te r for the somewhat idealized semi-infini te ca se , i. e. , of a 

slab of nuclear mat te r with a free surface. We have formulated this 

problem and have made some p rog re s s in its solution. 

* 
University of Illinois at Chicago C i rc l e , Chicago, Il l inois. 
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D. NUCLEAR S T R U C T U R E THEORY 

1. N O N - N O R M A L PARITY STATES IN LIGHT NUCLEI 

D. K u r a t h and D. J . M i l l e n e r * 

In the l o w - e x c i t a t i o n e n e r g y s p e c t r u m of n u c l e a r l e v e l s , 

t h e r e a r e often s t a t e s with p a r i t y o p p o s i t e to that of the g r o u n d - s t a t e 

con f igu ra t i on . The s p e c t r a of such n o n - n o r m a l p a r i t y s t a t e s depend on 

the n a t u r e of the p a r t i c l e - h o l e i n t e r a c t i o n , and for m a s s n i imber A < 20 

th i s is the (Ip) (2sd) i n t e r a c t i o n . 

A p a r t i c l e - h o l e i n t e r a c t i o n h a s been d e r i v e d which g ives 

a good accoun t of the n o n - n o r m a l p a r i t y s t a t e s of a n u m b e r of nuc le i 
1 1 1 A 

b e t w e e n Be and O. The i m p o r t a n t f e a t u r e s of th i s i n t e r a c t i o n a r e 

that i t r e m a i n s c l o s e in c h a r a c t e r to a r e a l i s t i c G - m a t r i x i n t e r a c t i o n 

and tha t i t r e p r o d u c e s two p r o m i n e n t c h a r a c t e r i s t i c s of the n u c l e a r - l e v e l 

s p e c t r a : (1) the r e l a t i v e s e p a r a t i o n of the 2s , and Id . s i n g l e - p a r t i c l e 
1/2 5 /2 

c e n t r o i d s a s a funct ion of m a s s n u m b e r and (2) the s e p a r a t i o n of m u l t i p l e t s 

of d i f fer ing i s o s p i n . 
The r e s u l t i n g wave funct ions give a good d e s c r i p t i o n of the 

14 
r e c e n t l y m e a s u r e d be t a d e c a y of B , a s shown in T a b l e VI . An i m p o r t a n t 

f e a t u r e of t h e s e c a l c u l a t i o n s is t ha t t he s p u r i o u s effects of c e n t e r - o f - m a s s 

exc i t a t i on have been e l i m i n a t e d c o m p l e t e l y . T h e s e r e s u l t s a r e be ing 

p r e p a r e d for p u b l i c a t i o n . 

G a m m a d e c a y s in the A=13 nuc le i p r o v i d e a n o t h e r t e s t for 

the wave func t ions . As s e e n in Tab le VII, the E l ca l cu l a t i ons a r e m u c h 
-A c l o s e r to e x p e r i m e n t for d e c a y s invol-ving the f s t a t e than for d e c a y s 

involv ing ^ . T h e r e a r e a l s o l a r g e d i f f e r e n c e s o b s e r v e d for s o m e m i r r o r 
13 

t r a n s i t i o n s in N , and t h e s e canno t be a c c o u n t e d for by t h e C o u l o m b 

i n t e r a c t i o n . It a p p e a r s tha t the \ s t a t e m u s t be t r e a t e d m o r e c a r e f u l l y , 
13 

t ak ing a c c o u n t of i t s l o w e r b inding e n e r g y in 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 , Oxfo rd , Eng land . 
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14 
TABLE VI, Beta decay of B 

(I = 2") to s tates of 1^*0. Log ft values 
a r e given for var ious final s ta tes ( I J . 

I 
f 

l " 

2 " 

3 " 

0"̂  

Log ft (Exp) 

4 .22 ± 0.05 

> 4 . 9 

5. 10 ± 0.30 

— 

Log ft (Calc. ) 

4. 13 

4 .83 

5.33 

10.21 

D. E. Alburger and D. R. Goosman, 
Phys . Rev. C 10, 912 (1974). 

TABLE VIE. Reduced t rans i t ion 
2 2 

probabil i t ies (units of e fm for E l , M2; 
e fm for E2) for gamma decays in l^C. 

Transi t ion Exp Calc 

B ( E l ) ( | " ^ - i " ) 

B ( E l ) ( | " - i " ^ ) 

B(El)(f^-- |") 

B ( M 2 ) ( | + - - | " ) 

B(E2)( | '^-1"^) 

14 XIO"^ 

13 X 10"^ 

2. 8 X lo"^ 

6 . 1 

2 .4 

5.9 X lo"^ 

2.5 X 10"^ 

2 .3 X lo"^ 

5 . 7 

0 . 6 

2. DIRECT RADIATIVE CAPTURE 

J. E. Monahan, A. J. Elwyn, and F . J, D. Serduke 

The c ross section for the direct radiat ive capture of alpha 

par t ic les contains ra ther unambiguous information about the alpha-

par t ic le s t ruc ture of the final s ta te . This resu l t s from the fact that 
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the c a p t u r e i s f rom an i n i t i a l s t a t e tha t does no t involve any n u c l e a r 

i n t e r a c t i o n to a bound final s t a t e . T h u s , if the (a,Y) c r o s s s e c t i o n i s 
2 2 2 

w r i t t e n as cr = | M | 9 , w h e r e 9 i s t he a l p h a - p a r t i c l e r e d u c e d width of 

t h e f inal s t a t e , the eva lua t ion of t h e m a t r i x M i s e s s e n t i a l l y m o d e l 

i n d e p e n d e n t . 

M e a s u r e m e n t s of the d i r e c t (a , y) r e a c t i o n a t the ANL 

D y n a m i t r o n a c c e l e r a t o r a r e being c o n s i d e r e d . The in i t i a l r e a c t i o n of 

i n t e r e s t is 0 ( a , y) Ne to the 1. 6 3 - M e V s t a t e in Ne . F o r an inc iden t 

e n e r g y E = 2. 5 MeV, the c r o s s s ec t i on of t h i s r e a c t i o n i s c a l c u l a t e d to 

be 3 . 3 02 ^ b . 

3 . H A R T R E E - F O C K CALCULATIONS FOR LIGHT NUCLEI 
USING THE SKYRME INTERACTION 

B. D. C h a n g , M. H, M a c f a r l a n e , U, M o s e l , and K, -H, P a s s l e r 

The S k y r m e i n t e r a c t i o n , with a v e l o c i t y - d e p e n d e n t t-wo-body 

and a con tac t t h r e e - b o d y t e r m , has been widely u s e d a s a " sof t " i n t e r ­

ac t ion su i t ab l e for H a r t r e e - F o c k s tud i e s of finite n u c l e i . It con t a in s s ix 

p a r a m e t e r s which can be ad jus ted to p r o v i d e r e a s o n a b l y a c c u r a t e 

d e s c r i p t i o n s of n u c l e a r binding e n e r g i e s , r a d i i , and f i s s ion b a r r i e r s . 

Convent iona l ( i . e . , o n e - c e n t e r ) HF s t u d i e s of odd-A and odd-odd l ight 

nuc le i h a v e shown tha t t hose v a r i a n t s of the S k y r m e i n t e r a c t i o n which 

bes t d e s c r i b e the g r o u n d - s t a t e p r o p e r t i e s of s p h e r i c a l nuc le i a r e u n s t a b l e 

a g a i n s t sp in r e a l i g n m e n t u n l e s s t i m e - r e v e r s a l i n v a r i a n c e i s i m p o s e d a s an 

exp l ic i t c o n s t r a i n t on the HF g r o u n d - s t a t e wave funct ion. Th i s sp in 

i n s t a b i l i t y o c c u r s in n u c l e a r m a t t e r , for which expl ic i t condi t ions (in 

t e r m s of t h e p a r a m e t e r s of the S k y r m e i n t e r a c t i o n ) have been d e r i v e d 

for sp in s t a b i l i t y . 

S i m i l a r r e s u l t s a r e found in t w o - c e n t e r HF s t u d i e s of 

d e f o r m e d , e v e n - e v e n l ight n u c l e i . Me thods a r e d i s c u s s e d w h e r e b y the 

S k y r m e i n t e r a c t i o n can be modi f ied to p r e v e n t the sp in i n s t a b i l i t y 



174 VII. D 3 - 5 

m e n t i o n e d above and to p r o v i d e at the s a m e t i m e a r e a s o n a b l y a c c u r a t e 

d e s c r i p t i o n of the g r o u n d - s t a t e r o t a t i o n a l bands of Ne and M g . 

4 . SPURIOUS C E N T E R - O F - M A S S MOTION 

D. H. G l o e c k n e r and R. D. L a w s o n 

A m e t h o d for r e m o v i n g s p u r i o u s c e n t e r - o f - m a s s m o t i o n 

f r o m s h e l l - m o d e l c a l c u l a t i o n s h a s been deve loped and i m p l e m e n t e d in the 

Argonne s h e l l - m o d e l c o d e s . The m e t h o d i s to add to the u s u a l s h e l l -

m o d e l H a m i l t o n i a n a t e r m c o r r e s p o n d i n g to the exc i t a t i on e n e r g y of the 

c e n t e r of m a s s and to m u l t i p l y th i s added t e r m by a l a r g e f a c t o r 
5 7 

(~10 —10 ). Thus any s t a t e -with s p u r i o u s m o t i o n i s f o r c e d to l i e at 

high exc i t a t ion e n e r g y and c o n s e q u e n t l y cannot m i x into the l o w - l y i n g 

s t a t e s . The m e t h o d h a s been app l ied to s tudy nuc le i n e a r A = 16, and it 

h a s been shown tha t when the s p u r i o u s c e n t e r - o f - m a s s m o t i o n i s r e m o v e d , 

the e n e r g i e s of c e r t a i n s t a t e s a r e d r a s t i c a l l y changed . Th is w o r k h a s 

been pub l i shed in P h y s . Le t t . 5 3 B , 3 1 3 ( 1 9 7 4 ) . 

5. ISOSPIN-FORBIDDEN E l TRANSITIONS 

D. H. G loeckne r and R. D. Lawson 

T = 0-*T = 0 E l t r a n s i t i o n s a r e fo rb idden if i s o s p i n i s a good 
40 

quan tum n u m b e r . In Ca the 1 T=0 s t a t e at 6 . 95 MeV h a s a l i f e t i m e 
-15 

for decay to the T = 0 g round s t a t e of 1. 2 X 1 0 s e c . We h a v e u s e d the 

s h e l l - m o d e l p r o g r a m s (modif ied to r e m o v e s p u r i o u s c e n t e r - o f - m a s s 

m o t i o n — s e e p r e c e d i n g r e p o r t ) to c a l c u l a t e th i s t r a n s i t i o n r a t e . Both 

the Cou lomb i n t e r a c t i o n and the fac t t ha t the n e u t r o n s i n g l e - p a r t i c l e 
39 41 

l e v e l s in Ca and Ca have s l igh t ly d i f fe ren t exc i t a t i on e n e r g i e s t h a n 
those of the ana logous p r o t o n s t a t e s in K and Sc have been i n c l u d e d 
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in the calculation. When these effects a r e included, the predic ted 
-15 

lifetime for the 1 state is 1 . 8 X 1 0 sec . This calculated value is 

ex t remely sensi t ive to small changes in the s ingle-par t ic le energ ies . 

For example, a change of only 100 keV in the energy of the P_/^ and 

p . proton s ing le -par t ic le energies changes the predicted lifetime by 

about 30%. Since these energies a r e uncer ta in to at least this amount, 

it is c lear that no information on a possible isospin violating par t of the 

res idual nucleon-nucleon interact ion can be obtained from this type of data. 

6. THE E6 GAMMA TRANSITION IN ^ Fe 

D. H. Gloeckner and R. D. Lawson 

A recent measu remen t of the t ransi t ion between the 
— CO 

3. 0406-MeV ^ state and the \ ground state in Fe has shown that 

this t ransi t ion is inhibited by a factor of four relat ive to the value deduced 
13 

by use of the (f_/-,) wave functions. The effect of fj./-, mixing on this 
t ransi t ion has been calculated on the assumption that only t e r m s l inear 

in the f . component should be kept. Several interact ions have been 
5/2 

considered. When the fc/o"f-,/o s ingle-par t ic le energy splitting is 
5/2 7/2 

chosen to agree -with exper iment , the ma t r ix element governing the 

t ransi t ion is decreased by about 30% independently of the interact ion used. 

To explain experiment -with an i sosca la r effective charge (e =1-1-6, 
e = 6), one must choose 6 ^ - 0 . 4 . This is the only known E6 t ransi t ion 
n 

and consequently provides the f irs t information on what the magnitude 

of core polarizat ion effects a re on this mult ipolari ty t ransi t ion. 
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7 . B E T A DECAY OF ^ T l 

R. D. L a w s o n 

209 + 

Tl , which has a |- ground s t a t e , beta decays to the j 
209 

2. 13-MeV level in Pb but is not observed to decay to the 2. 01-MeV 

i s ta te . The Gamow-Tel ler be ta-decay operator cannot change the 

radia l wave function of the decaying state and consequently one would 

expect the inat r ix element governing the la t ter t rans i t ion (in which a 

4s , neutron becomes a 3s , proton) to vanish provided neutrons and 

protons move in the same s ingle-par t ic le w^ell. However, it i s known 

that collective effects strongly modify beta-decay ma t r i x elements and 

consequently this An-forbidden t ransi t ion would be expected to occur due 

to these effects. A lower limit on the log ft for the t rans i t ion would 

therefore allow one to est imate to what degree the collective effect is 

cancelled by the fact that neutrons and protons move in different s ingle-

par t ic le wel ls . Thus from a study of this decay one can l ea rn about the 

s ize difference of the neutron and proton s ingle-par t ic le -wells. This work 

was discussed in an invited paper at the International Conference on 

Nuclear Structure and Spectroscopy, Ams te rdam, September 1974, 

published by Scholar 's P r e s s , Ams te rdam, 1974, p . 464. 

8. SHELL-MODEL STUDY OF NUCLEI WITH Z < 38 AND N < 50 

D. H. Gloeckner and F . J. D. Serduke 

The N=50, 49, and 48 isotones of Rb, Kr , and Br have 

received considerable experimental study in the past few y e a r s . As yet, 

there have been no significant shel l -model in terpreta t ions of the data 

that have emerged. Most of the low-1-ying states of these nuclei can 

reasonably be descr ibed by a model space with 2p , and If proton 
88 ^ ' 2 

holes and IgQ,^ and 2p , neutron holes in the nucleus Sr . We 
VI ^ i-1 ^ 3 8 5 0 

a r e current ly determining a shel l -model effective in teract ion that should 

serve to cor re la te this body of available experimental data. 
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9 . S H E L L - M O D E L S T U D Y O F N = 4 8 N U C L E I 

D . H . G l o e c k n e r a n d F . J . D . S e r d u k e 

N u c l e a r p r o p e r t i e s of t h e N = 4 8 i s o t o n e s w i t h Z > 38 h a v e 

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

f r o m t h e N = 4 9 a n d N = 5 0 i s o t o n e s t u d i e s d e s c r i b e d e a r l i e r . T h e r e i s 

e x c e l l e n t a g r e e m e n t w i t h t h e e x p e r i m e n t a l s p e c t r a f o r t h e k n o w n l o w -
87 88 8Q QO 

l y i n g s t a t e s of Y , Z r , N b , a n d M o . Of p a r t i c u l a r i n t e r e s t a r e 
88 

s t a t e s i n Z r t h a t v n l l s o o n b e i n v e s t i g a t e d a t t h e A N L F N t a n d e m -with 

t h e S r ( O , C) Z r r e a c t i o n . O u r m o d e l p r e d i c t s u n a m b i g u o u s l y 

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

s t a t e of a g i v e n s p i n i n t h i s n u c l e u s . T h i s i s i n c o n t r a s t t o t w o - n e u t r o n 
90 

p i c k u p on Z r w h i c h s h o u l d p r e f e r e n t i a l l y e x c i t e t h e f i r s t s t a t e of a g i v e n 

s p i n . O u r s h e l l m o d e l of t h e n e u t r o n - d e f i c i e n t n u c l e i i n t h e m a s s - 9 0 

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

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

10 , S H E L L - M O D E L S T U D Y O F N=49 N U C L E I 

D . H . G l o e c k n e r , R . D . L a w s o n , a n d F . J . D . S e r d u k e 

T h e N = 4 9 i s o t o n e s w i t h Z > 38 a r e d e s c r i b e d b y a s h e l l 

m o d e l t h a t a l l o w s Z - 3 8 p r o t o n s i n t h e 2p , - I g , s i n g l e - p a r t i c l e l e v e l s 

a n d a s i n g l e n e u t r o n h o l e i n t h e s a m e l e v e l s . T h e 20 m a t r i x e l e m e n t s of 

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

l e a s t - s q u a r e s m i n i m i z a t i o n p r o c e d u r e . T h e r e a r e o v e r 60 k n o w n e n e r g y 
8 8 89 90 91 92 93 

l e v e l s i n t h e n u c l i d e s Y , Z r , N b , M o , T c , a n d R u t h a t c a n 

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

r e p r o d u c e d t o an r m s d e v i a t i o n of ~ 6 5 k e V . O u r m o d e l w a v e f u n c t i o n s 

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

t r a n s f e r r e a c t i o n s l e a d i n g t o s t a t e s i n t h e s e N = 4 9 i s o t o n e s . A n t i a n a l o g 
90 9 2 

s t a t e s i n N b a n d T c a r e p r e d i c t e d . S e n i o r i t y c o n s e r v a t i o n i n t h e 
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T = l effective in teract ion among Igg/-, nucleons is independently sub­

stant iated in this study. 

11. AN EXTENDED SHELL-MODEL DESCRIPTION OF Y 
39 49 

D. H. Gloeckner and F . J. D. Serduke 

88 
The nucleus Y can be reached experimental ly by nearly 

a dozen different react ions invol-ving "light" p a r t i c l e s . As a consequence, 

there is a wealth of experimental data on i ts s t r uc tu r e . Most of these 

data have emerged within the last t-wo or th ree y e a r s . The 2p i-y'^SaZ-y 

proton neutron-hole model space used in our previous studies does a 

respectable job in describing many of the excitations of this nuc leus , 

but there is sti l l a la rge number of s ta tes not descr ibable -within that 

model space. The abundance of high-quality exper imental data and the 

tractabil i ty of an extended shel l -model calculation that includes 2p . 

and Iff./^ active nucleons has st imulated our efforts in this di rect ion. 
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E. OTHER T H E O R E T I C A L PHYSICS 

1. THE P I O N - N U C L E U S INTERACTION 

J , E, M o n a h a n , L, M e y e r - S c h u t z m e i s t e r , and F . J . D. Serdtoke 

M e a s u r e m e n t s of p r o m p t g a m m a r a y s r e s u l t i n g f r o m the 

b o m b a r d m e n t of v a r i o u s t a r g e t s wi th h i g h - e n e r g y p ions y ie ld i n f o r m a t i o n 

about the a b u n d a n c e s of the final p r o d u c t n u c l e i . A p l a u s i b l e i n t e r p r e t a t i o n 

of t h e s e m e a s u r e m e n t s i s the fol lowing. The p r i m a r y i n t e r a c t i o n s of the 

i ncoming pion wi th the t a r g e t r e s u l t in the e m i s s i o n of, at m o s t , a few 

p r o m p t n u c l e o n s . The pion m a y be a b s o r b e d or it m a y be r e - e m i t t e d in 

any of i t s c h a r g e s t a t e s . The ennitted p a r t i c l e s c a r r y away v a r y i n g a m o u n t s 

of k ine t i c e n e r g y and thus l e a v e r e s i d u a l nuc le i with wide r a n g e s of e x c i t a ­

t i o n s . T h e s e n u c l e i , in t u r n , m a y e v a p o r a t e add i t iona l n u c l e o n s . The 

o b s e r v e d g a m m a r a y s a r e t hose a s s o c i a t e d with t r a n s i t i o n s in the final 

nuc l i de s with an e x c i t a t i o n e n e r g y be low t h r e s h o l d for f u r t h e r nuc l eon 

e v a p o r a t i o n . 

E v a p o r a t i o n i s e s s e n t i a l l y a s t a t i s t i c a l p r o c e s s a n d , for the 

study of TT-nucleus r e a c t i o n s , i s of l e s s i n t e r e s t than the p r i m a r y or p r e -

e q u i l i b r i u m i n t e r a c t i o n s . Given a m o d e l for the ca l cu l a t i on of e v a p o r a t i o n 

s p e c t r a , i t m a y be p o s s i b l e to a b s t r a c t f r om the m e a s u r e m e n t s i n f o r m a t i o n 

about the p r e - e q u i l i b r i u m i n t e r a c t i o n s . P r e l i m i n a r y ca l cu l a t i ons have 
± 60 51 

been m a d e for 200 -MeV IT inc iden t on Ni and V b a s e d on the a s s u m p ­

t ion tha t the p r i m a r y i r -nuc leus i n t e r a c t i o n i s s i m p l y i n e l a s t i c (TTfTr*) 

s c a t t e r i n g -with no c h a r g e exchange o r d i r e c t nuc l eon knockout . The r e s i i l t s 

of t h e s e c a l c u l a t i o n s a r e in qua l i t a t i ve a g r e e m e n t -with the c o r r e s p o n d i n g 

g a m m a - r a y m e a s u r e m e n t s . M o r e e x t e n s i v e c a l c u l a t i o n s a r e n e c e s s a r y 

to d e t e r m i n e w h e t h e r th i s a p p r o a c h g ives r e s u l t s -which a r e suff ic ient ly 

unique to a l low an i n v e s t i g a t i o n of the p r i m a r y p i o n - n u c l e u s i n t e r a c t i o n s 

f rom the e x p e r i m e n t a l g a m m a - r a y d a t a . 
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2, BOUNDARY P E R T U R B A T I O N S 

J . E . Monahan and N o r b e r t R o s e n z w e i g 

The p h y s i c a l p r o p e r t i e s of an a s s e m b l y of s m a l l m e t a l l i c 

p a r t i c l e s depend on t h e ( d i s c r e t e ) s p e c t r a of e l e c t r o n i c e n e r g y l e v e l s which 

a r e d e t e r m i n e d by the s i z e and s h a p e of each of the p a r t i c l e s . Current 

t h e o r y c o n s i d e r s the a s s e m b l y to be a r a n d o m c o l l e c t i o n of p a r t i c l e s and 

a s s u m e s tha t t he a s s o c i a t e d e n e r g y s p e c t r a a r e a l s o d i s t r i b u t e d r a n d o m l y , 

Ho-wever, r e c e n t m e a s u r e m e n t s of the s t a t i c m a g n e t i c p r o p e r t i e s of 

s y s t e m s of s m a l l m e t a l p a r t i c l e s have led to the s u g g e s t i o n tha t th i s 

a s s u m p t i o n be r e - e x a m i n e d . To do t h i s , i t i s f i r s t n e c e s s a r y to deve lop 

an expans ion for the change in the ( d e g e n e r a t e ) e l e c t r o n i c e i g e n v a l u e s 

c a u s e d by an a r b i t r a r y p e r t u r b a t i o n of the s h a p e of a p a r t i c l e . Such an 

expans ion h a s been ob ta ined in a f o r m which s e e m s s u i t a b l e to the fu r the r 

i n v e s t i g a t i o n of th is p r o b l e m . 

3 , G R O U P E D - S A M P L E MODIFICATIONS OF THE CRAMER-SMIRNOV 
TEST FOR GOODNESS OF F I T 

J , E . Monahan and N o r b e r t R o s e n z w e i g 

The u t i l i ty of a t e s t s t a t i s t i c that would c o m p l e m e n t 
2 

P e a r s o n ' s x in t e s t s of goodness of fit is g e n e r a l l y r e c o g n i z e d . The 

s t a t i s t i c m o s t often s u g g e s t e d for t h i s r o l e i s the C r a m e r - S m i r n o v 
. . 2 2 

s t a t i s t i c u , Since u i s defined only for ind iv idua l o b s e r v a t i o n s ( i . e . , 

for a nong rouped s a m p l e ) , w h e r e a s x i s defined only for a g r o u p e d 
2 

s a m p l e , the mod i f i ca t ions of to n e c e s s a r y for i t s a p p l i c a t i o n to g rouped 

s a m p l e s i s of i n t e r e s t . F o r a s a m p l e of n e v e n t s g r o u p e d in to k d is jo in t 
2 T 7 

c l a s s e s , a s t a t i s t i c lO , which has the p r o p e r t y tha t '"'"̂  u) a p p r o a c h e s 
l im 2 , . "" ^""°^ ^ 
^_^^ CJ a s k i n c r e a s e s , can be def ined. In addi t ion to i t s r o l e a s an 

^ 2 

a l t e r n a t i v e to x , p r e l i m i n a r y r e s u l t s i n d i c a t e tha t the s a m p l i n g d i s t r i b u ­

t ion of u^^ m a y p r o v i d e c r i t e r i a for the d e s i g n of s a m p l i n g p r o c e d u r e s . 
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4 . A STATISTICAL ANALYSIS OF COUNTING DATA 

J . E . Monahan 

The a n a l y s i s of e x p e r i m e n t a l da ta to t e s t a g iven t h e o r y o r 

to e v a l u a t e the f r ee p a r a m e t e r s of a p a r t i c u l a r t h e o r e t i c a l m o d e l i s 

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

p r o b l e m in t e r m s of a c h i - s q u a r e d s t a t i s t i c . H o w e v e r , in any p a r t i c u l a r 

a p p l i c a t i o n , it i s often difficult to jus t i fy the i m p l i c i t a s s u m p t i o n tha t the 

s t a t i s t i c a c t u a l l y u s e d i s d i s t r i b u t e d a c c o r d i n g to the c h i - s q u a r e d l aw. 

In the s p e c i a l c a s e of count ing d a t a , it i s p o s s i b l e to f o r m u l a t e an a n a l y s i s 

b a s e d on the exact s a m p l i n g d i s t r i b u t i o n of t h e e x p e r i m e n t a l r e s u l t s . 

Given th i s s a m p l i n g d i s t r i b u t i o n , it i s p o s s i b l e to define exp l i c i t ly the 

e x p e r i m e n t a l cond i t ions that m u s t be s a t i s f i e d in o r d e r to jus t i fy the a n a l y ­

s i s . A connpa r i son of the p r o p o s e d m e t h o d and the conven t iona l c h i -

s q u a r e d p r o c e d u r e sho-ws t h a t , u n d e r c e r t a i n spec i f ied c o n d i t i o n s , t he 

a p p l i c a t i o n to a n a l y s i s of count ing da ta of a mod i f i ed v e r s i o n of the l a t t e r 

can be r i g o r o u s l y j u s t i f i ed . 

5. T H E H A R T R E E - F O C K APPROXIMATION AND QUANTUM 
ELECTRODYNAMICS 

J. Rafe l sk i and B e r n d t M u l l e r * 

We d e r i v e a se t of s e l f - c o n s i s t e n t a m p l i t u d e equa t ions f r o m 

the o p e r a t o r equa t ions of mo t ion for coupled e l e c t r o n and photon f i e l d s . 

Th i s se t i s a g e n e r a l i z a t i o n of the known H a r t r e e - F o c k e q u a t i o n s . We 

c o n f i r m the p r e v i o u s w o r k of R e i n h a r d et a l . 

In the H a r t r e e - F o c k a p p r o x i m a t i o n we p r o v i d e a self-

c o n s i s t e n t s c h e m e to d e t e r m i n e b o u n d - s t a t e so lu t ions of the H a m i l t o n i a n 

U n i v e r s i t y of W a s h i n g t o n , S e a t t l e , Wash ing ton . 

P . A, R e i n h a r d , Nuovo C i m e n t o Le t t , 3^ 313 (1970); P . B. R e i n h a r d , 
W, G r e i n e r , and M, A r e n h o v e l , Nuc l . P h y s . A 1 6 6 , 173 (1971). 
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t r e a t i n g the r e a l and v i r t u a l e f fec ts (e . g, , v a c u u m p o l a r i z a t i o n ) on t h e 

s a m e b a s i s . As t h e m o s t p r a c t i c a l t h i n g , we w o r k in the f r a m e of quan tum 

e l e c t r o d y n a m i c s but the m e t h o d i s a p p l i c a b l e to a l l i n t e r a c t i n g f ie ld 

t h e o r i e s . E s p e c i a l l y , it m a y be u s e d to jus t i fy the p r o c e d u r e of so lv ing 

c l a s s i c a l n o n l i n e a r f ie ld equa t ions to ob ta in s o m e i n s i g h t s on q u a r k 

c o n f i n e m e n t . 

6. SPURIOUS CONTACT DIVERGENCES IN T H E S-MATRIX 
F O R M U L A T I O N OF F I E L D THEORY 

J o h a n n Rafe l sk i and M i c h a e l D a n o s * 

The m o s t -widely u s e d way to ob ta in a p p r o x i m a t e so lu t ions 

in the f ield t h e o r y i s the p e r t u r b a t i v e eva lua t ion of S - m a t r i x e l e m e n t s 

( F e y n m a n d i a g r a m s ) . Th i s p r o c e d u r e u n v e i l s s e v e r e d i v e r g e n c e s , which 

u s u a l l y a r e e l i m i n a t e d in the s o - c a l l e d r e n o r m a l i z a t i o n p r o c e d u r e . 

S e v e r a l such d i v e r g e n c e s , ho-wever, give r i s e to i n c o n s i s t e n c i e s and t h e r e 

w a s no cogent -way to e l i m i n a t e t h e m . As an e x a m p l e , c o n s i d e r t h e 

q u a d r a t i c d i v e r g e n c e of v a c u u m p o l a r i z a t i o n , which b r e a k s the gauge 

i n v a r i a n c e of quan tum e l e c t r o d y n a m i c s . 

It i s shown tha t m o s t such d i v e r g e n c e s a r e s p u r i o u s and 

p e r t a i n to poo r m a t h e m a t i c a l f o r m u l a t i o n and eva lua t i on of the S - m a t r i x 

e l e m e n t s in p e r t u r b a t i o n t h e o r y , A F e y n m a n g r a p h h a s to be a n a l y z e d 

in conf igura t ion s p a c e (and not in m o m e n t u m s p a c e ) for s h o r t d i s t a n c e 
4 4 2 

b e h a v i o r . It i s shown tha t a l l con tac t (6 (x)) d i v e r g e n c e s ( i . e. , 6 (x)6(x )) 

which i s the " q u a d r a t i c " d i v e r g e n c e of v a c u u m p o l a r i z a t i o n ) a r e not p r e s e n t 

in p h y s i c a l m a t r i x e l e m e n t s . 
New m a t h e m a t i c a l m e t h o d s to r e c o g n i z e " m e t a " d i s t r i b u t i o n s 
4 2 2 3 

5 (x)6(x ) , l / ( x - i e ) , et 

r e c o g n i z e s p u r i o u s con tac t d i v e r g e n c e s . 

4 2 2 3 
(p roduc t s l ike 5 (x)6(x ) , l / ( x - i e ) , e t c . ) a r e f o r m u l a t e d and u s e d to 

Na t iona l B u r e a u of S t a n d a r d s , W a s h i n g t o n , D . C , 
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It i s found tha t a l l well-kno-wn i n c o n s i s t e n c i e s of d i v e r g e n t 

and f ini te c o n t r i b u t i o n s in field t h e o r y ( q u a d r a t i c a l l y d i v e r g e n t v a c u u m 

p o l a r i z a t i o n , A d l e r a n o m a l y , m > m. , e t c . ) d i s a p p e a r . F u r t h e r m o r e , 
r e n o m o ' ' f r } 

the a b s e n c e of w o r s e d i v e r g e n c e s s u g g e s t s tha t s o m e t h e o r i e s , c o n s i d e r e d 

n o n r e n o r m a l i z a b l e so f a r , m igh t be we l l b e h a v e d . 

7. STABILIZATION OF THE CHARGED VACUUM C R E A T E D BY 
VERY STRONG E L E C T R I C A L F I E L D S IN NUCLEAR M A T T E R 

Johann Ra fe l sk i 

The b e h a v i o r of e l e c t r o n s in s t r o n g e l e c t r o m a g n e t i c f ie lds 

g ives r i s e to p h e n o m e n a ou t s ide the r a n g e of the u s u a l p e r t u r b a t i o n t h e o r y 

t r e a t m e n t of quan tum e l e c t r o d y n a m i c s (QED). One i s fo r ced to give up 

the u s u a l concep t of a n e u t r a l g round s t a t e (the vacuum) of QED, as the 

s t r e n g t h of the p o t e n t i a l p a s s e s t h r o u g h the c r i t i c a l poin t (Z =: 172 

for o r d i n a r y n u c l e i ) . It w a s sho-wn tha t the s u p e r c r i t i c a l vacuum i s 
1 2 

c h a r g e d . In th i s w o r k we e x p l o r e d the c o n s e q u e n c e s of the idea of 

a c h a r g e d v a c u u m when app l ied to the d e s c r i p t i o n of ex tended bulk 

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

n u c l e a r s t a t e s . 

The expec t a t i on v a l u e of e l e c t r i c a l c h a r g e in c h a r g e d 

v a c u u m i s c a l c u l a t e d u t i l i z i ng r e l a t i v i s t i c T h o m a s - F e r m i a p p r o x i m a t i o n . 

We find a l m o s t c o m p l e t e s c r e e n i n g of the n u c l e a r c h a r g e . F o r any given 

n u c l e a r d e n s i t y t h e r e i s an u p p e r bound for the e l e c t r i c a l po t en t i a l . 

F o r n o r m a l n u c l e a r d e n s i t i e s th i s va lue i s -250 MeV. This s u g g e s t s 

that the v a c u u m i s s t ab l e a g a i n s t s p o n t a n e o u s f o r m a t i o n of h e a v y . 

J. R a f e l s k i , B. M u l l e r , and W. G r e i n e r , N u c l . P h y s . B68 , 585 (1974); 
B. M u l l e r , H. P e i t z , J . R a f e l s k i , and W. G r e i n e r , P h y s . Rev . Le t t . 28_, 
1235 (1972); L , F u l c h e r and A. K le in , P h y s . Rev . D 8., 2455 (1973); 
L. F u l c h e r and A. K le in , Ann. P h y s . ( N . Y . ) 8 £ , 3 3 5 ( 1 9 7 4 ) . 

B . M u l l e r and J. R a f e l s k i , P h y s . Rev . Le t t . 3£, 349 (1975), 
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c h a r g e d p a r t i c l e s . Our c a l c u l a t i o n s invo lve i n t e g r a t i o n of the C o u l o m b 

equa t ion 

AV(7) = ep^(7) - epjY(7)), (1) 

w h e r e p i s t he e x t e r n a l " n u c l e a r " c h a r g e d e n s i t y ( hence fo r th c o n s i d e r e d 

to be po for r < R and 0 fo r r > R, R = 1. 2 A , A = 2 Z , Z = Jp d x) ; 
1/3 . ^ ^ ^ r ,3 

and the e l e c t r o n ' s c h a r g e d e n s i t y i s ob ta ined f r o m t h e r e l a t i v i s t i c 

T h o m a s - F e r m i a p p r o a c h 

e 3 
ep^ = —^ Pf (2) 

3lT 

Pf = ( ( E ^ - V)^ - M ^ ) ^ ^ ^ ^ (3) 

w h e r e p and E a r e F e r m i m o m e n t u m and e n e r g y of the e l e c t r o n g a s . 

We se t E = - m , which r e s t r i c t s the e l e c t r o n dens i t y to the bound s t a t e s 
f e 

that d ived into the n e g a t i v e e n e r g y con t inuum s t a t e s of the D i r a c equat ion . 

In F i g . 46 we show so lu t ions of the re la t i -v is t ic s t a t i s t i c a l p o t e n t i a l 

[ Eq. (1)] for s e l e c t e d v a l u e s of the n u c l e a r c h a r g e a s a funct ion of r . 

The s e l f - c o n s i s t e n t po ten t i a l V i s shown in F i g . 4 6 a , whi le the c o r r e s ­

ponding c h a r g e d i s t r i b u t i o n of t h e e l e c t r o n s below E = - m i s sho-wn 
Y e 

in F i g . 46b . 

The effect ive c h a r g e of the s u p e r c r i t i c a l s y s t e m i s shown 

in F i g . 4 7 , c u r v e denoted y, whi le the n u m b e r of e l e c t r o n s be low t h e 
F e r m i s u r f a c e E . = -m i s deno ted by Z - y. E a c h c u r v e i s shown a s a 

f e 

function of the " n u c l e a r " c h a r g e Z . 

The r e s u l t with the m o s t i m p o r t a n t c o n s e q u e n c e s is tha t 

t h e r e is a l im i t to the e l e c t r o s t a t i c p o t e n t i a l . Depending on the d e n s i t y 

of the e x t e r n a l c h a r g e d i s t r i b u t i o n — w h i c h i s for our p u r p o s e s i ndependen t 

of e l e c t r o m a g n e t i c i n t e r a c t i o n s — o n l y a f ini te n u m b e r of s p e c i e s of 

c h a r g e d e l e m e n t a r y p a r t i c l e s can c r e a t e a c h a r g e d v a c u u m o r f o r m a 
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F i g . 46 . The so lu t ions of the 
r e l a t i v i s t i c s t a t i s t i c a l p o t e n t i a l 
equa t ion (1) for s e l e c t e d v a l u e s 
of the n u c l e a r c h a r g e a s a func­
t ion of r . C u r v e 1, Z = 600; 
c u r v e 2 , 1000; c u r v e 3 , 2000; 
c u r v e 4 , 5000; c u r v e 5 , 10 000; 
c u r v e 6, 1 0 ' ; c u r v e 7 , 10^. 
(a) The s e l f - c o n s i s t e n t p o t e n t i a l ; 
(b) the c o r r e s p o n d i n g c h a r g e 
d i s t r i b u t i o n of the v a c u u m . 

F i g . 47 . The u n s c r e e n e d c h a r g e y 
and the to t a l c h a r g e of the 
v a c u u m (Z - y) as a funct ion of 
Z . The c r o s s e s denote po in t s 
f r om H a r t r e e - F o c k c a l c u l a t i o n s . 
The d a s h e d l ine deno te s the 
n u c l e a r c h a r g e Z . 

Bose c o n d e n s a t e . Whe the r the f o r m a t i o n of a p ion c o n d e n s a t e for 

Z ^ 2000 , a s d i s c u s s e d in Ref. 3 , i s p o s s i b l e , depends on the d e t a i l s 

of the p i o n - n u c l e u s i n t e r a c t i o n . 
4 

In the L e e and Wick t h e o r y of a b n o r m a l n u c l e a r s t a t e s , 

t h e r e i s a s ign i f ican t gain in the e n e r g y (ca . 150 — 3000 MeV) of the 

v a c u u m exc i t a t i on w h e n e v e r a b a r y o n is a b s o r b e d . Due to the c o m p e n s a ­

t ion of the r e p u l s i v e e l e c t r i c f o r c e s i n s i d e the n u c l e u s by the p o l a r i z a t i o n 

of the v a c u u m and the e x i s t e n c e of the l im i t i ng p o t e n t i a l , the Cou lomb 

A. Kle in and J. R a f e l s k i , " B o s e C o n d e n s a t i o n in S u p e r c r i t i c a l 
E x t e r n a l F i e l d s , " P h y s . Rev . D, in p r i n t . 

4 
T . D. L e e and G. C. Wick , P h y s . Rev . D 9^ 2291 (1974); A. B o d m e r 

h a s a l s o c o n s i d e r e d c o n d e n s e d s t a t e s of n u c l e a r m a t t e r [ P h y s . R e v . D 4 , 
1601 ( 1 9 7 1 ) ] . 
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i n t e r a c t i o n wi l l no t , m o s t l i ke ly , s top the g rowth of the a b n o r m a l n u c l e a r 

s t a t e . If such s t a t e s could be c r e a t e d , they would con t inue to g r o w 

by a b s o r p t i o n of n o r m a l n u c l e a r m a t t e r . We find tha t a s t a b l e a b n o r m a l 

s t a t e can be c r e a t e d only if the b inding e n e r g y p e r b a r y o n d o e s not e x c e e d 
1/3 

90 MeV • (prj /po) (pR ^s the d e n s i t y of the a b n o r m a l s t a t e ; p^ i s the 

n o r m a l n u c l e a r d e n s i t y ) . 

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

t ions in m a c r o s c o p i c d i s t a n c e s (r > > fi/mc). It would be w r o n g to 

conc lude that the l imi t ing po t en t i a l d e s c r i b e d a b o v e is an u p p e r bound for 

m a c r o s c o p i c d e v i c e s . This i s u n d e r s t o o d for p o t e n t i a l b a r r i e r s ^ 2m 

(1 MeV); a l though the channe l for s pon t aneous p a i r p r o d u c t i o n i s 

a l r e a d y open , the tunne l ing fac tor exp ( - J V d r ) i s too s m a l l by h u n d r e d s 

of o r d e r s of m a g n i t u d e . T h e r e f o r e a m a c r o s c o p i c e x p e r i m e n t to 

d e t e r m i n e the va lue of the l i m i t i n g po t en t i a l i s not f e a s i b l e . 

F i n a l l y , let us say a g a i n , tha t our Eq. (1) i s m o s t su i tab le 

to ca l cu l a t e the effects of r e a l v a c u u m p o l a r i z a t i o n in v e r y s t r o n g 

e x t e r n a l f i e l d s . S i m i l a r c a l c u l a t i o n s p e r f o r m e d p r e v i o u s l y in t h e vic ini ty 
5 

of the c r i t i c a l p o t e n t i a l , a l r e a d y r e q u i r e d a p r o h i b i t i v e n u m e r i c a l effort . 

5 
B. M u l l e r , J. R a f e l s k i , and W, G r e i n e r , Nuovo C i m e n t o A j_8^, 551 

(1973); M. G y u l a s s y , P h y s . Rev . L e t t . 3 3 , 921 (1974). 

8, G E N E R A L FORMULATION OF PIONIC DECAYS IN THE 
QUARK M O D E L 

H a r r y J . L ipk in 

P r e d i c t i o n s for p ion ic d e c a y s of r e s o n a n c e s to s t a t e s in 

the low- ly ing b a r y o n - 5 6 o r meson-36^ s u p e r m u l t i p l e t s a r e shown to 

follow f rom g e n e r a l m o d e l - i n d e p e n d e n t a l g e b r a i c p r o p e r t i e s . A l l 

m o d e l s in which t r a n s i t i o n o p e r a t o r s change t h e s t a t e of only a s i ng l e 

q u a r k a l low only two p a r t i a l w a v e s for t h e decay p ion and give SU(6) 
W 

r e l a t i o n s be tween d e c a y s in each p a r t i a l w a v e , whi le not n e c e s s a r i l y 
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r e l a t i n g d i f fe ren t p a r t i a l w a v e s . A p a p e r on th i s topic h a s been 

p u b l i s h e d in P h y s . Rev . D £ , 1579 (1974). 

9. E INSTEIN 'S EQUIVALENCE P R I N C I P L E . AN E X P L I C I T 
S T A T E M E N T AND ITS DERIVATION FROM 
S P E C I A L RELATIVISTIC P R E S Y M M E T R Y 

Y. A-vishai and H. E k s t e i n 

A s t a t e m e n t of t h e o b s e r v a b l e i m p l i c a t i o n s of the 

e q u i v a l e n c e p r i n c i p l e tha t is p r e c i s e and g e n e r a l r a t h e r t han a l l u s i v e 

and i l l u s t r a t i v e is g iven . Th i s s t a t e m e n t i s d e r i v e d f r o m p r e v i o u s l y 

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

s u b s t a n t i a l iden t i ty of our r e s u l t wi th E i n s t e i n ' s c u r v e d - s p a c e f o r m u l a t i o n 

is exh ib i t ed . Th i s w o r k h a s been pub l i shed in Comm\in . Ma th . P h y s . 

37^, 193 (1974). 
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F . SPEAKEASY D E V E L O P M E N T 

1, THE K A P P A R E L E A S E OF SPEAKEASY 

S. Cohen , S teven C. P i e p e r , and M. J . Stob 

S p e a k e a s y i s a u s e r - o r i e n t e d c o m p u t e r s y s t e m tha t h a s 

ga ined w i d e s p r e a d a c c e p t a n c e th roughou t the w o r l d . O r i g i n a l l y 

d e s i g n e d to p r o v i d e effect ive a c c e s s to a c o m p u t e r for a r e s e a r c h s c i e n t i s t , 

i t h a s p r o v e n to be of u s e to a m u c h -wider c o m m u n i t y . One of i t s m a j o r 

d e s i g n spec i f i c a t i ons p r o v i d e s for e v o l u t i o n a r y e n h a n c e m e n t s to i t s 

c a p a b i l i t i e s . 

The n e w e s t r e l e a s e of the p r o c e s s o r , c a l l e d K a p p a , 

r e p r e s e n t s a s ign i f ican t i n c r e a s e in the d e v e l o p m e n t . The wide c o m m u n i t y 

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

S p e a k e a s y . Inc luded in Kappa a r e m a n y s t a t i s t i c a l o p e r a t i o n s , new 

g r a p h i c s c a p a b i l i t i e s , and a g e n e r a l i n c r e a s e in the func t iona l c a p a b i l i t i e s 

of the p r o c e s s o r fo r i n t e r a c t i n g with nov ice c o m p u t e r u s e r s . 

S p e a k e a s y i s now in a c t i v e u s e in s o m e 50 s i t e s . T h e s e 

inc lude u n i v e r s i t i e s , g o v e r n m e n t l a b o r a t o r i e s , and c o m m e r c i a l c o r p o r a ­

t i o n s . It is now c l e a r tha t S p e a k e a s y i s b e c o m i n g a r e c o g n i z e d c o m p u t e r 

s y s t e m . S p e a k e a s y i s a p r o j e c t in the SHARE IBM u s e r g r o u p , and 

s e s s i o n s dea l ing -with S p e a k e a s y o c c u r in a l l of i t s m a j o r m e e t i n g s . 

S p e a k e a s y h a s found a h o m e in s e v e r a l m a j o r u n i v e r s i t i e s . It i s now 

being u s e d in c l a s s e s as a d i r e c t t e ach ing a id . 

2. THE SPEAKEASY C E N T E R 

S. Cohen 

In o r d e r to p r o v i d e c o h e r e n c e in the d i s t r i b u t i o n of i n f o r m a ­

t ion a m o n g the l a r g e n u m b e r of S p e a k e a s y s i t e s and to i n s u r e con t inued 



VII. F2 189 

maintenance and development of the p r o c e s s o r , a Center has been 

establ ished at Argonne. This Center is funded p r imar i ly by the outside 

u se r community by a year ly membersh ip fee in the Speakeasy u se r s group. 



190 



VIII 191 

Vl l l . ATOMIC AND MOLECULAR PHYSICS 

INTRODUCTION 

R e s e a r c h in to the p r o p e r t i e s of m a t t e r on the a t o m i c -
m o l e c u l a r s c a l e i s c a r r i e d out in m a n y d iv i s i ons a t A r g o n n e . The P h y s i c s 
D i v i s i o n ' s c o n t r i b u t i o n c o n s i s t s of t h e fol lowing s ix a c t i v i t i e s : 

A. P h o t o i o n i z a t i o n and p h o t o e l e c t r o n p h y s i c s and c h e m i s t r y , p r i m a r i l y a t 
ul t ra-violet e n e r g i e s . 

B. S u r f a c e - s c i e n c e s t u d i e s , p r i m a r i l y the i n t e r a c t i o n s of e n e r g e t i c 
p a r t i c l e s and r a d i a t i o n s wi th m a t e r i a l s u r f a c e s . 

C. S p e c t r o s c o p y of f r ee a t o m s and m o l e c u l e s , p r i m a r i l y by a t o m i c - b e a m 
and l a s e r a b s o r p t i o n t e c h n i q u e s . 

D. M o s s b a u e r - e f f e c t r e s e a r c h , app l i ed to d i v e r s e sc ien t i f i c p r o b l e m s . 

E . Deve lopmen t of a s c a n n i n g s e c o n d a r y - i o n m i c r o p r o b e for b io log ica l 
and o t h e r a p p l i c a t i o n . 

F . B e a m - f o i l s p e c t r o s c o p y , inc lud ing s t u d i e s of the d y n a m i c s involved 
in the p a s s a g e of MeV a t o m s th rough m a t t e r . 

M o s t of t h i s work i s m o t i v a t e d by b a s i c r e s e a r c h g o a l s , but 
t h e r e a r e s e v e r a l app l i ed a s p e c t s . In p a r t i c u l a r , the m a j o r p a r t of the 
s u r f a c e - s c i e n c e s t u d i e s is d i r e c t e d m a i n l y t o w a r d obta in ing i n f o r m a t i o n 
n e e d e d for d e s i g n of the f i r s t wa l l in a t h e r m o n u c l e a r r e a c t o r , and the 
i o n - m i c r o p r o b e w^ork is a f e a s ib i l i t y s tudy m o t i v a t e d by app l i ed a p p l i c a ­
t i o n s . The M o s s b a u e r - e f f e c t r e s e a r c h h a s a m i n o r componen t m o t i v a t e d 
by e c o l o g i c a l p r o b l e m s . 

De t a i l s of t h e ind iv idua l a c t i v i t i e s a r e given be low. 
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PHOTOIONIZATION AND P H O T O E L E C T R O N PHYSICS 

AND CHEMISTRY 

1. PHOTOIONIZATION MASS S P E C T R O M E T R I C STUDY OF 
S E V E R A L M O L E C U L E S IN THE E X T R E M E U L T R A V I O L E T 

P a u l a L . K r o n e b u s c h and J. Berko-witz 

The v a s t m a j o r i t y of p h o t o i o n i z a t i o n m a s s s p e c t r o m e t r i c 
i n v e s t i g a t i o n s to da te c o v e r t h e wave leng th r a n g e f rom ion i za t i on 
t h r e s h o l d to ~ 6 0 0 A (20 eV). The p r e s e n t w o r k i s a i m e d at ex tending 
our knowledge of f r a g m e n t a t i o n p r o c e s s e s d e e p e r in to the v a c u u m 
u l t r a v i o l e t to 304 A (40 .8 eV) for two m a j o r r e a s o n s : 
(1) To p r o v i d e m o r e c o m p l e t e t e s t s for v a r i o u s t h e o r i e s of u n i m o l e c u l a r 

decay and 
(2) To m a p out in m o r e c o m p l e t e de t a i l the i n t e r a c t i o n of r a d i a t i o n 

with g a s e o u s m a t t e r . The s u c c e s s i v e l y h i g h e r d e g r e e s of s o p h i s t i ­
ca t ion can be out l ined as 

(a) M e a s u r e m e n t of t o t a l a b s o r p t i o n c r o s s s e c t i o n a s a 
function of inc iden t -photon e n e r g y , 

(b) D e t e r m i n a t i o n of t h e f r a c t i o n of that a b s o r p t i o n -which 
l e a d s to i on i za t i on , 

(c) The p a r t i t i o n of i on i za t ion a m o n g the v a r i o u s a l lowed 
ionic s t a t e s , u s ing p h o t o e l e c t r o n s p e c t r o s c o p y , and 

(d) The f r a g m e n t a t i o n b e h a v i o r of each m o l e c u l a r - i o n s t a t e 
f o r m e d . 

We a d d r e s s o u r a t t en t ion h e r e to poin t (2d) . I d e a l l y , to 
a t t a c k th i s p r o b l e m we would l ike to have a s o u r c e of c o n t i n u u m r a d i a ­
t ion which i s m o n o c h r o m a t i z e d , and p e r f o r m a p h o t o i o n - p h o t o e l e c t r o n 
co inc idence e x p e r i m e n t . F o r the p r e s e n t , we have found a n i n t e r i m 
so lu t ion—a hol low ca thode l a m p tha t g e n e r a t e s a n u m b e r of l i n e s 
be tween 16,7 and 4 0 , 8 eV is our l ight s o u r c e , and o r d i n a r y m a s s -
s p e c t r o m e t r i c a n a l y s i s p r o v i d e s s o m e of the i n f o r m a t i o n tha t would 
be f o r t h c o m i n g f rom c o i n c i d e n c e e x p e r i m e n t s . 

The e n e r g i e s of the l i ne s u s e d in th i s r e s e a r c h , and 
t h e i r o r i g i n s , a r e g iven in T a b l e VIII. 

The a p p a r a t u s , in add i t ion to the ho l low-ca thode l a m p , 
c o n s i s t s of a n o r m a l - i n c i d e n c e v a c u u m - u l t r a v i o l e t m o n o c h r o m a t o r and a 
m a g n e t i c m a s s s p e c t r o m e t e r . K i n e t i c - e n e r g y d i s c r i m i n a t i o n e x i s t s , 
e s p e c i a l l y for ions with k ine t i c e n e r g y > 1 eV. H e n c e , the r e s u l t s p r e s e n ­
ted below m u s t be i n t e r p r e t e d a s l o w e r l i m i t s for f r a g m e n t i n t e n s i t y with 
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suprathermal kinetic energy. However, the examples we have chosen 
(H2O and COT) can be shown to produce fragments with very little excess 
kinetic energy, and the results are felt to be significant and useful. 

TABLE VIIL Energies of lines available, and their origins. 

X, A E, eV Origin 

Ne 

He 

He 

Ne , several lines 

Ne"̂  

Ne , several lines 

30,6 Ne"*" 

3 2 , 7 1 Ne"*"^ 

4 0 . 8 1 He"*" 

a. Photodissociative Ionization of CO, 
2 

In Fig. 48 is shown the photoelectron spectrum of CO 
o 

produced with 584 A incident radiation. This figure indicates the states 

of the molecular ion (CO2 ) formed by 21. 2-eV photons and their 

approximate relative abundance. We know from thermochemical 

considerations that the X, A, and B states cannot dissociate, and hence 

-will be observed in mass-spectronnetric studies as CO , However, the 

C state and all energetically higher states can dissociate, and our goal 

is to find the preferred channels and their relative abundance. Eland 

J. H. D. Eland, Int. J. Mass Spectry, Ion Phys, 9̂ , 397 (1972), 
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O 
X 

o 

14 17 18 

IONIZATION POTENTIAL (ev) 

19 20 

F i g . 4 8 . The 2 1 . 2 - e V p h o t o e l e c t r o n s p e c t r u m of CO^ . [ F r o m 
J . A. R. S a m s o n , J . L . G a r d n e r , and J . E . M e n t a l l , 
J . Geophys . R e s , 77_, 5560 (1972) , c o p y r i g h t e d by A m e r i c a n 
Geophys ica l Union. ] 

h a s d e t e r m i n e d the b r a n c h i n g r a t i o of the C s t a t e in to O -I- CO and 

CO + O, us ing p h o t o i o n - p h o t o e l e c t r o n c o i n c i d e n c e m e a s u r e m e n t s . 

Some of the r e l e v a n t h i g h e r s t a t e s can be s e e n in the 

1253. 6-eV x - r a y p h o t o e l e c t r o n s p e c t r u m of CO ( F i g . 4 9 ) . In p a r t i c u l a r , 

t h e r e is a r a t h e r b r o a d band be tween 30—40 eV wh ich h a s been ident i f ied 

with 2 and S s t a t e s f o r m e d by the e l e c t i o n of e l e c t r o n s f r o m 2 s - l i k e g u y J 

m o l e c u l a r o r b i t a l s on C and O, r e s p e c t i v e l y . In T a b l e I X , we l i s t our 

o b s e r v e d r e l a t i v e ion i n t e n s i t i e s in t h e CO^ m a s s s p e c t r u m a s t h e inc iden t 

photon ene rgy i s i n c r e a s e d be tween 16 ,7 and 4 0 , 8 eV, In a g r e e m e n t with 
1 2 3 

E land , F r y a r and Bro-wning, and o t h e r s , we note t h a t f r a g m e n t a t i o n 

does not o c c u r at 16 .76 eV, but at 2 1 . 2 eV the O"*" -I- CO and CO"^ + O 

channe l s a r e both open and c o m p e t i t i v e . The C -1- 0_ c h a n n e l b e c o m e s 
2 

J , F r y a r and R. B r o w n i n g , P l a n e t . Space Sc i . 2J_, 709 (1972) . 
3 

K. E . McCul loh , J . C h e m . P h y s . 59_, 4250 (1973). 
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10000 
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40 30 20 ID 

BINDING ENERGY (eV) 

F i g . 4 9 . C o m p o s i t e of the 1253 . 6-eV p h o t o e l e c t r o n s p e c ­
t r u m of COj , [ F r o m C. J . A l l an , U. G e l i u s , D. A. 
A l l i s o n , G. J o h a n s s o n , H. S iegbahn , and K. S iegbahn , 
J . E l e c t r o n S p e c t r o s c . J_̂  131 (1972) and K. Siegbahn et̂  a l . , 
"ESCA Appl ied to F r e e M o l e c u l e s " ( N o r t h - H o l l a n d , 
A m s t e r d a m , 1969) , p . 1 3 . ] 

a c c e s s i b l e at 22. 685 eV, but C does not s t a r t to b e c o m e s igni f icant unt i l 

2 5 , 3 eV or h i g h e r . At 27 ,8 eV the C -I-20 channel o p e n s , and a 

s ignif icant i n c r e a s e in the C i n t e n s i t y o c c u r s at 30, 6 eV, It wi l l be 

r e c a l l e d tha t F i g , 49 i n d i c a t e s the onse t of the b r o a d band at ~ 3 0 eV, 

The C s igna l con t inues to g r o w , r e l a t i v e to t h e o t h e r i on i za t ion 

m o d e s , be tween 30. 6—40, 8 eV, and a t 40 . 8 eV i t i s a l m o s t a s i n t e n s e 

a s O and CO , The d e c o m p o s i t i o n of t h e s e h i g h e r m o l e c u l a r - i o n s t a t e s 

into C -t- 2 0 could give r i s e to s ign i f ican t e x c e s s k ine t i c e n e r g y (which 

is not t r u e of the C s t a t e ) and h e n c e t h e m e a s u r e d C i n t e n s i t y m u s t be 

r e g a r d e d a s a l o w e r l i m i t . It s e e m s c l e a r f r o m Tab le IX and F i g , 49 
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T A B L E IX. F r a g m e n t a t i o n r a t i o s and e n e r g e t i c s for CO, 
2 

X, A h v , e V CO^ CO'^ O C"*" R e m a r k s 

740 16 ,76 1 , . . L P . = 1 3 . 7 8 8 eV 

CO"^ -I- O ( 1 9 . 4 6 6 eV) 

O"̂  -t- CO (19 .067 eV) 

584 

537 

490 

460 

446 

405 

379 

304 

21.2 

23. 1 

25.3 

26.95 

27,80 

30.6 

32.7 

40,8 

1 

1 

1 

1 

1 

1 

1 

1 

0.025 

(0.018)^ 

0.039 

0, 075 

0. 105 

0. 117 

0. 123 

0. 09 

0. 08 

(0.14)^ 

0.045 

(0.039)^ 

0.055 

0. 088 

0. 104 

0. 112 

0. 146 

0. 13 

0, 14 

(0,22)^ 

. . . 

0.001 

0.001 

0.001^ 
5 

0.009 

0,027 

0.056 

C"*" -1- O (22.685) 

C"*" -^20 (27.80 eV) 

R e f e r e n c e 2. 

that the CO ions f o r m e d in the b r o a d - b a n d e d r e g i o n be tween 30—40 eV 

a r e d e c o m p o s i n g p r e d o m i n a n t l y in to C + 2 0 . 

Since we know s o m e t h i n g about the d e c o m p o s i t i o n ensuing 

when the v e r y deep (K shel l ) e l e c t r o n s of CO a r e e j e c t e d , f r o m e a r l i e r 
4 

x - r a y m a s s s p e c t r o m e t r i c s t u d i e s , CO is p e r h a p s the f i r s t t r i a t o m i c 

m o l e c u l e for which a l l of the r e l e v a n t d e c o m p o s i t i o n m o d e s p r o d u c e d by 

photo ion iza t ion can be t r a c e d . 

4 
T, A. C a r l s o n and M. O. K r a u s e , J . C h e m , P h y s , 5 ^ 3206 (1972). 
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b , P h o t o d i s s o c i a t i v e Ion iza t ion of H O 

In F i g . 5 0 , the 584 A p h o t o e l e c t r o n s p e c t r u m of H O 
-1- ^ 

i s d i s p l a y e d . The f i r s t two s t a t e s of H O a r e i n c a p a b l e of f r a g m e n t i n g , 

on t h e r m o c h e m i c a l g r o u n d s . The f i r s t f r a g m e n t a t i o n a p p e a r s in the 

m i d d l e of t h e t h i r d s t a t e . In p r i n c i p l e , one can o b s e r v e OH + H 

( t h r e s h o l d = 18. 11 eV) , H + OH ( t h r e s h o l d = 18 .72 eV) , and O"*" -t- H 

( t h r e s h o l d = 1 8 . 6 5 eV). In Tab le X, the r e s u l t s of two o the r g r o u p s 

of -worke r s , and the p r e s e n t d a t a , a l l ob ta ined at 2 1 . 2 eV, a r e c o m p a r e d . 

It s e e m s f a i r l y c l e a r tha t OH + H and H -I- OH a r e the m a j o r c o m p e t i t i v e 

d e c o m p o s i t i o n c h a n n e l s , a l though D i b e l e r et̂  a l . do not r e p o r t any H . 

300 

o o 

F i g . 5 0 . The 2 1 . 2 - e V p h o t o e l e c t r o n s p e c t r i i m of H^ O. 
[ F r o m D. W, T u r n e r , C. B a k e r , A. D. B a k e r , and 
C. R. B r u n d l e , " M o l e c u l a r P h o t o e l e c t r o n S p e c t r o s c o p y ' 
( W i l e y - I n t e r s c i e n c e , London , 1970), p . 1 1 3 . ] 

V. H. D i b e l e r , J . A. W a l k e r , and H. M. R o s e n s t o c k , J . R e s . N a t l . 
B u r . S tand . 70A, 459 (1966) . 
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T A B L E X. R e l a t i v e i n t e n s i t i e s of m a s s p e a k s 
in pho to ion iza t ion of H2O at 2 1 . 2 eV. 

H . O ^ 

OH+ 

H^ 

o-̂  

^Re ;fe 

D i b e l e r et a l . 

1 

0 . 4 

Not r e p o r t e d 

0 ,05 

r e n c e 1. 

C a i r n s et 

1 

~ 0 , 5 

~ 0 , 045 

< 0 , 001 

a l . b P r e s e n t 

1 

0 . 4 

0. 07 

0, 001 

R e f e r e n c e 2, 

+ 
The O channe l i s w e a k , but we o b s e r v e a m e a s u r a b l e i n t e n s i t y , w h e r e a s 

2 + 1 
C a i r n s et a l . w e r e unab le to d e t e c t O . D i b e l e r et a l . have a 

s p u r i o u s l y high O i n t e n s i t y , v e r y l ike ly due to O i m p u r i t y in t h e i r 

a p p a r a t u s . 

A t h e o r y h a s r e c e n t l y been put f o r w a r d by L o r q u e t and 

Lo rque t for the d e c o m p o s i t i o n of t h i s t h i r d s t a t e of H O , which is based 

on a p r e d i s s o c i a t i o n m o d e l . Th i s t h e o r y p r e d i c t s a s t r o n g i s o t o p e effect 
+ + 

in the f o r m a t i o n of H f rom H O vs D f rom D O , f avo r ing t h e l i g h t e r 

i s o t o p e . We see no such effect , both H and D be ing a r o u n d 5% of to ta l 

ion iza t ion . The L o r q u e t s ' m o d e l p r e d i c t s a l o w e r y ie ld t han o b s e r v e d 

even for the l i gh t e r i so tope (H ). Th i s p r e d i c t i o n d i s a g r e e s wi th r e c e n t 
4 

da ta of E land as we l l a s the p r e s e n t d a t a . 

In F i g , 5 1 , the 1253. 6 -eV x - r a y p h o t o e l e c t r o n s p e c t r u m 

of ^2*^ ^^ d i s p l a y e d . Again (as -with CO ) w e note a l a r g e p e a k , d e s i g ­

na ted l a ^ , in the 3 0 — 4 0 - e V r e g i o n . In T a b l e XI we l i s t ou r r e l a t i v e 

R. B , C a i r n s , H, H a r r i s o n , and R. I . S c h o e n , J . C h e m . P h y s . 5 5 , 
4886 (1971). — 

3^ 
A, J, L o r q u e t and J , C, L o r q u e t , C h e m , P h y s , 4 , 353 (1974) . 

4 ~ 
J . H. D. E l a n d , Adv, in M a s s S p e c t r y , £ , 917 (1974); J , H, D, 

E land , " T h e P r e d i s s o c i a t i o n s of W a t e r I o n s , " Submi t t ed to C h e m , P h y s . 
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Fig. 51 . The 1253. 6-eV photoelectron spectrum of H2O. [ F r o m 
K. Siegbahn et_ al . , "ESCA Applied to F r e e Molecules" (North-
Holland, Ams te rdam, 1969), p . 83 . ] 
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T A B L E XI. F r a g m e n t a t i o n r a t i o s and e n e r g e t i c s for H O . 

X,A h v , e V H O"̂  OH"*" H O R e m a r k s 

740 16 .76 

584 

537 

490 

460 

446 

405 

377 

304 

21. 2 

23. 1 

25. 3 

26. 95 

27. 80 

30. 6 

32.7 

40. 8 

1 0.4 

1 0. 35 

1 0. 36 

1 0.37 

1 0. 35 

1 0. 3 

1 0. 3 

I 0. 3 

0. 07 

0. 06 

0.05^ 

0.05.̂  

0. 05 

0. 05 

0. 04 

0. 07 

0.001 

0. 001 

0. 003 

0. 003 

0. 003 

0. 005 

0. 01 

0. 02 

I . P . = 12. 616 eV 

OH^ + H (18. 11 eV) 

OH -H H"^ ( 1 8 . 7 2 eV) 

H^ + O"̂  ( 1 8 . 6 5 eV) 

2 H + O (23 . 126 eV) 

ion i n t e n s i t i e s a s a funct ion of pho ton e n e r g y . In add i t ion to the 

p r o c e s s e s d e s c r i b e d e a r l i e r , the O -I- 2H channe l opens a t 23 . 126 eV, 

T h e r e i s a s l ight i n c r e a s e in the O i n t e n s i t y be tween 23 . 1 and 27 . 8 eV, 

and a m o r e r ap id r i s e be tween 27. 8 and 40 . 8 eV. The OH and H 

channe l s d i sp lay no d r a m a t i c change in r e l a t i v e i n t e n s i t y t h r o u g h o u t 

the e n e r g y i n t e r v a l spanned . At 4 0 . 8 eV, the O beg ins to r i v a l the H 

in r e l a t i v e i n t ens i t y . F r o m F i g . 5 1 , one m i g h t expec t the l a p e a k to 

con t r ibu te a l a r g e r f r a c t i o n to the t o t a l ion i n t e n s i t y . H o w e v e r , t h i s 

is m i s l e a d i n g b e c a u s e the 1253. 6-eV p h o t o e l e c t r o n s p e c t r u m s t r o n g l y 

f avor s the I s - l i k e and 2 s - l i k e o r b i t a l s , the l a t t e r being la , A 40. 8-eV 

pho toe l ec t ron s p e c t r u m would be the a p p r o p r i a t e one for c o m p a r i s o n 

but has h e r e t o f o r e not been r e p o r t e d in s a t i s f a c t o r y f o r m . In s u m m a r y , 

it s e e m s c l e a r f r om the da ta of Tab le XI that the l a , s t a t e of H o"^ 

d e c o m p o s e s p r i m a r i l y into O + 2H. 
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2. P H O T O E L E C T R O N S P E C T R O S C O P Y OF 
H I G H - T E M P E R A T U R E VAPORS 

D. G. S t r e e t s and J . Be rkowi t z 

P h o t o e l e c t r o n s p e c t r o s c o p y i s an e x t r e m e l y usefu l tool 
for i n v e s t i g a t i n g binding e n e r g i e s of e l e c t r o n s in m o l e c u l e s . High-
t e m p e r a t u r e t e c h n i q u e s have enab led s t u d i e s of the vapor f r o m 
r e l a t i v e l y invo la t i l e i n o r g a n i c m a t e r i a l s to be m a d e . H e a v y - m e t a l 
compounds can t h e r e f o r e be ion ized in the v a p o r p h a s e by u l t r a v i o l e t 
m o n o c h r o m a t i c s o u r c e s . This p r o v i d e s m u c h i n f o r m a t i o n on the 
i n t e r p l a y be tween ion ic and cova len t bonding and a l s o on t h e m a g n i t u d e s 
of l igand- f i e ld and s p i n - o r b i t sp l i t t i ng p h e n o m e n a . We a r e s tudying 
m o l e c u l e s in the t e m p e r a t u r e r a n g e T < 1000 C u s i n g r e s i s t i v e l y 
h e a t e d P t and Mo ovens and a r e c u r r e n t l y a t t e m p t i n g to r a i s e th i s l i m i t 
s ign i f i can t ly by the u s e of l a s e r - h e a t i n g m e t h o d s . The p h o t o e l e c t r o n 
s p e c t r o m e t e r u s e d for th is w o r k e s s e n t i a l l y c o n s i s t s of a c y l i n d r i c a l 
m i r r o r e l e c t r o n a n a l y z e r wi th a h e l i u m r e s o n a n c e l a m p and c h a n n e l t r o n 
e l e c t r o n m u l t i p l i e r . Signif icant r e s u l t s have been ob ta ined be low 1000 C 
for a -wide v a r i e t y of m o l e c u l e s , and r e c e n t r e s u l t s ob ta ined at 
T ~ 1500 C a r e e n c o u r a g i n g . 

J . B e r k o w i t z , " H i g h - T e m p e r a t u r e UPS Studies and Other V a r i a t i o n s , " 
c h a p t e r in " E l e c t r o n S p e c t r o s c o p y : T h e o r y , T e c h n i q u e s , and A p p l i c a ­
t i o n s , " ed i ted by C, R, B r u n d l e and A, D, B a k e r (Academic P r e s s , 
London) , to be p u b l i s h e d . 

J . B e r k o w i t z , J , C h e m . P h y s . 56 , 2766 (1972), 

a. T h a l l i u m F l u o r i d e D i m e r 

1 2 

P r e v i o u s w o r k ' on e luc ida t ing the s t r u c t u r e of T l - ,^^ 

f rom i t s p h o t o e l e c t r o n s p e c t r a conc luded tha t a l i n e a r d i m e r was 

f avo red . A r e c e n t gas c h r o m a t o g r a p h of the s a m p l e u s e d , h o w e v e r , 

showed a h igh i m p u r i t y c o n c e n t r a t i o n of Tl CO which was r e s p o n s i b l e 

for s p u r i o u s p e a k s in the s p e c t r u m and led to an e r r o n e o u s a n a l y s i s . 

The e x p e r i m e n t h a s been r e p e a t e d u n d e r h i g h e r r e s o l u t i o n and , by 

J. B e r k o w i t z , J . L . D e h m e r , and L. C. C u s a c h s , A r g o n n e Na t iona l 
L a b o r a t o r y P h y s i c s Div is ion Annual Rev iew ANL -8035 (1972-73) , p- 158. 

2 
J . L . D e h m e r , J . B e r k o w i t z , and L. C. C u s a c h s , J . C h e m . P h y s . 

5 8 , 5681 (1973). 
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F i g . 5 2 . The 584 A p h o t o e l e c t r o n 
s p e c t r a of T I F and Tl j F2 . 
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F i g . 5 3 . E x p e r i m e n t a l and calcu­
l a t ed e n e r g y l e v e l s of T I F and 

TI2 Fz 

us ing di f ferent oven t e c h n i q u e s , s p e c t r a c o m p r i s i n g d i f fe ren t 

m o n o m e r / d i m e r r a t i o s w e r e ob ta ined . S e p a r a t e d s p e c t r a f r o m 

m o n o m e r and d i m e r (F ig , 52) w e r e t hen ob ta inab le by c o m p u t e r 

s u b t r a c t i o n of the da t a . C o m p a r i s o n of t h e s e e x p e r i m e n t a l e n e r g y l eve l s 
2 

with the extended Huckel m o l e c u l a r - o r b i t a l c a l c u l a t i o n s of C u s a c h s 
showed that the r h o m b i c d i m e r s t r u c t u r e w a s p r e f e r r e d ( F i g . 53) . 

Group VI H o m o n u c l e a r D ia tomic M o l e c u l e s 

The m o l e c u l e s O , S , Se , and Te p o s s e s s v e r y 

i n t e r e s t i n g e l e c t r o n i c s t r u c t u r e s in t e r m s of m u l t i p l e t and s p i n - o r b i t 

p h e n o m e n a , and t h e i r p h o t o e l e c t r o n s p e c t r a have been s t u d i e d . The O 
2 

s p e c t r u m is wel l known and the S s p e c t r u m i s e a sy to ob t a in , f r o m 

HgS, and to i n t e r p r e t . The Te s p e c t r u m has been ob ta ined by 
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Fig . 54. The 584 A photoelectron spect ra of O^ , S^ , and Tcj 
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v a p o r i z i n g e l e m e n t a l t e l l u r i u m in a P t oven . The i n t e r p r e t a t i o n of t h e 

s p e c t r a f rom t h e s e t h r e e compounds ( F i g . 54) shows c h a r a c t e r i s t i c 

s i m i l a r i t i e s wi th p r e d i c t a b l e t r e n d s dependen t upon the a t o m i c weigh t 

of the cha l cogen . V e r y i n t e r e s t i n g s p l i t t i n g w a s o b s e r v e d for the 
2 2 2 

n , ,., and n ^ ,^ b a n d s , in which the i n t e n s i t y of the 11 , ,_ band 
g , l / 2 g , 3 / 2 2 . ^'^'^ 

b e c o m e s m u c h s t r o n g e r , r e l a t i v e to FI , , in Te , t han would be 

expec ted f rom s t a t i s t i c a l w e i g h t s . It i s conc luded t h a t , in Te , the 

s p i n - o r b i t coupl ing c o r r e s p o n d s to Hund ' s c a s e - c and tha t f o r m a t i o n 

of the ionic g round s t a t e p r o c e e d s p r i m a r i l y by way of a An=0 t r a n s i t i o n 

in which the con t inuum c o r r e s p o n d i n g to the ion s t a t e h a s a s t r o n g 

p r e f e r e n c e for tpcr, r a t h e r than tpn. 

Recen t ly t h e s p e c t r u m of Se h a s a l s o been o b t a i n e d , 

both f r o m CdSe ( see Sec . c) and f r o m Bi Se h e a t e d in a m o l y b d e n u m 
Cd J 

T A B L E XII. Sp in -o rb i t p a r a m e t e r s and s p l i t t i n g s 
for the c h a l c o g e n s . 

O., S^ Se^ Te 
2 2 2 2_ 

Ca lcu l a t ed C^ 1 8 . 3 4 5 . 1 205 419 
b 

Lande i n t e r v a l 18 .72 4 7 . 3 6 2 0 9 . 5 389 

% devia t ion 2 . 2 4 . 8 2 . 1 7 . 7 

M o l e c u l a r spi r 
sp l i t t ing of 2 n 
M o l e c u l a r s p i n - o r b i t 23 — 24. Z^ 40 260 470 

a 
C. F r o e s e - F i s h e r , A tomic Data and N u c l e a r Data T a b l e s 

J_2, 89 (1973). 
b 

C. E . M o o r e , " A t o m i c E n e r g y L e v e l s , " NSRDS-NBS 3 5 , 
R e p r i n t of Nat iona l B u r . Std. ( U . S . ) C i r c . 467 (1971). 

c o 
O. E d q v i s t , E . L i n d h o l m , L. E . Se l in , and L. A s b r i n k , 

P h y s i c a S c r i p t a 1, 25 (1970). 

J . B e r k o w i t z , J . C h e m . P h y s , 62 , 4074 (1975). 
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2 
oven. The f i r s t i o n i z a t i o n po t en t i a l for Se ob ta ined f r o m t h e s e e x p e r i ­

m e n t s , 8, 88 eV (±0, 01) i s in exce l l en t a g r e e m e n t -with the va lue 
3 

ob ta ined by pho to ion i za t i on . The e x p e r i m e n t wi th Bi Se a l s o p r o d u c e d 

q u a n t i t i e s of Se , enab l ing i t s i o n i z a t i o n p o t e n t i a l to be d e t e r m i n e d 
5 

(8 ,04 ± 0 , 0 1 eV), The s p i n - o r b i t coup l ing p a r a m e t e r fo r 0 _ , S , Se , 
Ld Ct Cd 

and Te a r e c o m p a r e d with Land^ i n t e r v a l s and c a l c u l a t e d £, va lues 
Cd 

in Table XII, 

2 
D. G. S t r e e t s and J . B e r k o w i t z , to be p u b l i s h e d . 

3 
J . B e r k o w i t z and W. A. Chupka , J . C h e m . P h y s . 50 , 4245 (1969). 

c. L a s e r V a p o r i z a t i o n 

P r e l i m i n a r y e x p e r i m e n t s have been u n d e r t a k e n to s tudy 

the f eas ib i l i t y of us ing l a s e r - i n d u c e d hea t ing m e t h o d s for p r o d u c i n g t h e 

vapo r of v e r y invo la t i l e m a t e r i a l s . A 50 wat t CO l a s e r b e a m i s 

focused d i r e c t l y on the s a m p l e con ta ined in a b o r o n n i t r i d e s a m p l e 

h o l d e r (F ig . 55) . T e m p e r a t u r e s up to 2000 C have been m e a s u r e d for 

some compounds but the s u c c e s s of th i s t echn ique i s dependent upon the 

a b s o r p t i v i t y of t h e s a m p l e at 10. 6 |j,. This i s low in g e n e r a l for m e t a l s 

and s o m e s a l t s and difficulty is e n c o u n t e r e d in obtaining good s p e c t r a . 

One f avo rab l e c a s e is that of CdSe (mp > 1350 C). Th i s h a s a high 

a b s o r p t i v i t y and i ts vapor was r e a d i l y ob ta ined . The r e s u l t i n g 

s p e c t r u m of Cd and Se i s shown in F i g . 56 and i s t he h ighes t t e n n p e r a -

t u r e p h o t o e l e c t r o n s p e c t r u m yet ob ta ined . The Se s p e c t r u m is i den t i ca l 

with tha t ob ta ined f rom Bi Se , a l though at lower r e s o l u t i o n o-wing to 
Ca d 

condensa t ion p r o b l e m s . E x p e r i m e n t s with o the r s u b s t a n c e s such a s 

Bi , UO , and M g F have p r o d u c e d m e l t i n g or v a p o r i z a t i o n but no 

s p e c t r a have been ob ta ined f r o m t h e m to d a t e . V a r i o u s t e c h n i c a l 

i m p r o v e n n e n t s , inc lud ing b e t t e r focus ing , Q swi t ch ing , and s a m p l e 

m i x i n g , a r e u n d e r v/ay to i m p r o v e th i s p r o m i s i n g new t e c h n i q u e . 
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F i g . 56 . The 584 A p h o t o e l e c t r o n 
s p e c t r u n a of CdSe . 

3 . HIGH-RESOLUTION PHOTOIONIZATION STUDIES 

a. H i g h - R e s o l u t i o n Study of P h o t o i o n i z a t i o n in H-,, HD, and D 

W. A. Chupka , P . M. D e h m e r , and W. T. J i v e r y 

Re l a t i ve a b s o r p t i o n and p h o t o i o n i z a t i o n eff ic iency c u r v e s 
o 

w e r e m e a s u r e d for o r d i n a r y H and D , p a r a - H , and HD at 78 K f r o m 
o 

the ion iza t ion t h r e s h o l d to a p p r o x i m a t e l y 700 A, wi th a wave leng th 
o 

r e s o l u t i o n of 0. 017 A (FWHM). The a p p a r a t u s u s e d c o n s i s t s of a 

3 - m e t e r n e a r - n o r m a l i n c i d e n c e v a c u u m m o n o c h r o m a t o r wi th a quadrupo le 

m a s s f i l t e r for m a s s a n a l y s i s of p h o t o i o n s . D i f fe ren t i a l p u m p i n g of 

the v a r i a b l e t e m p e r a t u r e pho to ion iza t ion c h a m b e r p e r m i t s o p e r a t i o n 

with s a m p l e gas p r e s s u r e s up to the o n s e t of v i s c o u s flow out of the 

c h a m b e r . Des ign i m p r o v e m e n t s in t h e gas d i s c h a r g e l a m p and the l amp 

power supply r e s u l t e d in an i n t ens i t y i n c r e a s e (at c o m p a r a b l e r e so lu t ion ) 

of about two o r d e r s of m a g n i t u d e ove r tha t of e a r l i e r w o r k . 

The a b s o r p t i o n s p e c t r u m of p a r a - H _ at 78 K f rom t h e 

v=0 ioniza t ion t h r e s h o l d to the v=3 c o n v e r g e n c e l imi t of H w a s ex t ens ive ly 
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a n a l y z e d by H e r z b e r g and Jungen . The p r e s e n t da ta s u p p l e m e n t 

t h e i r p h o t o g r a p h i c da ta by p r o v i d i n g a c c u r a t e r e l a t i v e i n t e n s i t i e s and 

p e a k s h a p e s in i on i za t i on and in a b s o r p t i o n . T h r e e s h o r t s e c t i o n s of 

the r e l a t i v e pho to ion i za t i on eff ic iency c u r v e for p a r a - H in the r e g i o n s 
Cd 

of the v = l , v=2, and v = 3 t h r e s h o l d s a r e sho-wn in F i g . 57. The s p e c t r a 

in t h e s e r e g i o n s c o n s i s t p r e d o m i n a n t l y of s t r o n g l y au to ion i zed R y d b e r g 

s e r i e s c o n v e r g i n g to the N=0 and N = 2 s t a t e s of the H ion , with the 

m e m b e r s of the l a t t e r s e r i e s a p p e a r i n g a s "w^indow r e s o n a n c e s " in 

the N=0 con t inuum. The a s s i g n m e n t s sho-wn a r e t h o s e of H e r z b e r g and 

Jungen . 

A l a r g e n u m b e r of p e a k s of the e n t i r e s p e c t r u m have 

wid ths g r e a t e r t han the r e s o l u t i o n wid th , and thus a c c u r a t e au to ion i za t i on 

l i f e t imes can be d e t e r m i n e d . The widths a s we l l a s the a b s o l u t e 

va lue and s ign of the F a n o q p a r a m e t e r of t h o s e l i ne s which a r e r e l i a b l y 

ident i f ied a r e d e t e r m i n e d by the r e l a t i v e tr and rr c h a r a c t e r of the m u t u a l l y 

p e r t u r b e d s t a t e s , a s i s i m p l i e d by the a n a l y s i s of H e r z b e r g and Jungen . 

The s e l ec t i on r u l e (Av = -1) for v i b r a t i o n a l au to ion iza t ion i s s e e n to p lay 

a s t r o n g r o l e in d e t e r m i n i n g au to ion iza t ion l i f e t i m e s . The a p p a r e n t 

excep t ions to th i s s e l e c t i o n ru l e a r e exempl i f i ed by the 7p'n v = 2 p e a k 
o 

at 790. 1 5 A, In th i s c a s e the a n o m a l o u s l y l a r g e width of the p e a k i s 

a r e s u l t of the s t r o n g i n t e r a c t i o n ( c h a r a c t e r i z e d by Av = 1) -with the 

d e n s e mani fo ld of m e m b e r s of a R y d b e r g s e r i e s which can au to ion ize 

a c c o r d i n g to the Av=-1 s e l e c t i o n r u l e . T h u s , s u c h c a s e s migh t be 

d e s c r i b e d a s " a c c i d e n t a l p r e i o n i z a t i o n " by ana logy wi th the p h e n o m e n o n 

of a c c i d e n t a l p r e d i s s o c i a t i o n . 

G, H e r z b e r g and Ch, J u n g e n , J , Mol . S p e c t r o s c , 4 1 , 425 (1972), 
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Fig. 57. Relative photoionization efficiency curves for para-H^ (78 K) in 
the region of the v= l , v=2, and v=3 convergence l imits of H^. 
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b . H i g h - R e s o l u t i o n P h o t o i o n i z a t i o n Study of I o n - P a i r F o r m a t i o n in 

S2'~ii£u^iiiP2 
W. A. Chupka , P . M, D e h m e r , and W, T, J i v e r y 

The new pho to ion i za t i on m a s s s p e c t r o m e t e r which i s 

s ign i f ican t ly s u p e r i o r to p r e v i o u s i n s t r u m e n t s in both wave leng th r e s o l u ­

t ion and ion i n t e n s i t y h a s been u s e d in the s tudy of p h o t o n - i n d u c e d 

i o n - p a i r f o r m a t i o n a t 78 K in p a r a - H , o r d i n a r y H and D (the 
Ct Cd Cd 

o r t h o - p a r a e q u i l i b r i u m m i x t u r e s ) , and HD in the wave leng th reg ion 

f rom 718 A to 700 A at a wave leng th r e s o l u t i o n (FWHM) of 0. 035 A 

for p a r a - H , 0. 07 A for o r d i n a r y H and D , and 0. 15 A for HD. 
Ca Cd Cd 

The pho to ion iza t ion eff ic iency c u r v e s for the p a r e n t ion H and the 

f r a g m e n t H ion f r o m p a r a - H a r e shown in F i g . 58 . The top two 
o 

c u r v e s w^ere t a k e n a t a wave leng th r e s o l u t i o n of 0. 07 A and the bot tom 
o 

c u r v e w a s t a k e n at a r e s o l u t i o n of 0. 035 A. The t h r e s h o l d r e g i o n 

t a k e n at the h i g h e r r e s o l u t i o n is shown in F i g . 59 . 

The t h r e s h o l d for f o r m a t i o n of ion p a i r s f r om p a r a - H 

o c c u r s a t 715 . 753 ± 0. 008 A (17. 3223 ± 0. 0002 eV) and th i s v a l u e , 

t o g e t h e r -with the a c c u r a t e l y kno-wn v a l u e s of the d i s s o c i a t i o n e n e r g y of 

H and the i on i za t i on p o t e n t i a l of a t o m i c h y d r o g e n , y i e lds a va lue of the 

e l e c t r o n affinity of the h y d r o g e n a t o m of 0. 7 54 ± 0. 001 eV in e x c e l l e n t 

a g r e e m e n t -with the t h e o r e t i c a l va lue of 0 .75421 eV c a l c u l a t e d by 

P e k e r i s . (The o b s e r v e d t h r e s h o l d s for i o n - p a i r f o r m a t i o n in D 

and HD a r e a l s o in exce l l en t a g r e e m e n t wi th t h e c a l c u l a t e d p o s i t i o n s . ) 
o 

F o r p a r a - H the r e g i o n wi th in 0. 5 A of the t h r e s h o l d (F ig . 59) h a s a 

cont inuunn- l ike a p p e a r a n c e and con ta ins -window r e s o n a n c e s which a r e 

i n t e r p r e t e d a s p r e d i s s o c i a t i n g m e m b e r s of a R y d b e r g s e r i e s c o n v e r g i n g 

to H (v = 9, N = 2). The continuunn r e s u l t s f r om c l o s e l y s p a c e d 

p r e d i s s o c i a t i n g R y d b e r g s t a t e s c o n v e r g i n g to H (v = 9 , N = 0) which 

w e r e not r e s o l v e d in the p r e s e n t e x p e r i m e n t . A n u m b e r of o t h e r t e n t a t i v e 

R y d b e r g s t a t e a s s i g n m e n t s w e r e m a d e for p a r a - H b a s e d on the r e s u l t s of 

C. L . P e k e r i s , P h y s . Rev . 126, 1470 (1962). 
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-^^J^pW-^S-!*^*!^ 
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Fig. 58 . Photoionization efficiency curves for H2 "*" and H* from para-H^ 
taken at 78°K and a wavelength resolut ion of 0.07 A (top two curves) 
and 0. 035 A (bottom curve) . 
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F i g . 59 . T h r e s h o l d r e g i o n of the pho to ion iza t ion eff ic iency c u r v e 
for H f rom p a r a - H ^ t aken a t 78 K and at a wave leng th r e s o l u ­
t ion of 0. 035 A, The a b s o l u t e count ing r a t e on the f i r s t s m a l l 
p e a k (at 7 1 5 . 7 3 A) w a s a p p r o x i m a t e l y 3 .5 c o u n t s / s e c 

an a n a l y s i s u s i n g m u l t i c h a n n e l quan tum defec t t h e o r y . Some of t h e s e 

a s s i g n m e n t s a r e shown in F ig . 5 8 . The p r o m i n e n t p e a k s in the P I E 

c u r v e a r e g e n e r a l l y low n (n ^ 6 —12) R y d b e r g m e m b e r s of s e r i e s 

conve rg ing to high v i b r a t i o n a l s t a t e s of H (v = 10—16) . No R y d b e r g 

s t a t e i den t i f i ca t i ons w e r e a t t e m p t e d for the o ther s y s t e m s due to the 

g r e a t l y i n c r e a s e d c o m p l e x i t y of t h e i r s p e c t r a . F o r HD which can 

d i s s o c i a t e to e i t he r H + D or H + D the wave leng th dependence of 

the H / D r a t i o a p p e a r s to d e c r e a s e wi th d e c r e a s i n g wave leng th ; 

h o w e v e r , th i s is at l e a s t in p a r t due to d i s c r i m i n a t i o n by the de t ec t i on 

s y s t e m a g a i n s t t he m o r e e n e r g e t i c H i o n s . Some c o n c l u s i o n s r e g a r d i n g 

the m e c h a n i s m for p r e d i s s o c i a t i o n in H a r e d e d u c e d , p a r t i c u l a r l y 

the i m p o r t a n c e of the 4f a S s t a t e . 
u 

(a) U. F a n o , P h y s . Rev . 124, 1866 (1961); (b) U. F a n o , P h y s . Rev . A 
2̂ , 353 (1970); (c) K. T. Lu and U. F a n o , P h y s , Rev , A 2 . 81 (1970), 
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c H i g h - R e s o l u t i o n Study of P h o t o i o n i z a t i o n and P h o t o e m i s s i o n f r o m 

Metas ta jy^^^Aut^i^^ 

P , M, D e h m e r , W, A, C h u p k a , and W, T, J i v e r y 

A r e c e n t s tudy of the p h o t o i o n i z a t i o n of a t o m i c oxygen 
2 0 

in the e n e r g y r eg ion f rom the OI t h r e s h o l d to the Oil P c o n v e r g e n c e 
. . . 1 

l imi t (~920 — 650 A) r e v e a l e d a wea l t h of au to ion i za t i on s t r u c t u r e . 
3 0 

Of p a r t i c u l a r i n t e r e s t w e r e the P d i s c r e t e s t a t e s wh ich w e r e e n e r ­
ge t i ca l ly be tween the Oil g round and f i r s t exc i t ed s t a t e s (910. 44 and 

3 0 
7 3 1 . 8 2 A, r e s p e c t i v e l y ) . Since no P con t inuum e x i s t s in t h i s e n e r g y 

r e g i o n , t h e s e s t a t e s a r e fo rb idden to au to ion ize in a R u s s e l l - S a u n d e r s 
2 

coupl ing s c h e m e , yet a l l w e r e o b s e r v e d to a u t o i o n i z e wi th c o n s i d e r a b l e 

i n t ens i t y . In the b r e a k d o w n of LS coup l ing , t h e s e s t a t e s m a y au to ion i ze 

via i n t e r a c t i o n s wi th cont inua of d i f fe ren t L a n d / o r S; h o w e v e r , th i s 

p r o c e s s i s expec ted to be s l o w e r than R u s s e l l - S a u n d e r s a l lowed a u t o ­

ion iza t ion . 

It w a s found tha t au to ion i za t i on i n t e n s i t i e s f r o m c e r t a i n 
3 0 

exc i ted P s t a t e s a r e n o n s t a t i s t i c a l , i . e . , the o b s e r v e d i n t e n s i t i e s 

for componen t s of the m u l t i p l e t s do not c o r r e s p o n d to t h e t h e o r e t i c a l 

a b s o r p t i o n i n t e n s i t i e s p r e d i c t e d by a R u s s e l l - S a u n d e r s coupl ing s c h e m e . 

The au to ion iza t ion l i f e t imes of t h e s e s t a t e s a r e c o m p a r a b l e to t h e i r 

e m i s s i o n l i f e t i m e s , and it w a s b e l i e v e d tha t c o m p e t i t i o n by pho ton 

e m i s s i o n was r e s p o n s i b l e for the n o n s t a t i s t i c a l au to ion i za t i on i n t e n s i t i e s . 

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

th i s h-ypothesis. It w a s found tha t when the au to ion i za t i on and e m i s s i o n 

l i f e t imes a r e c o m p a r a b l e , both decay channe l s show n o n s t a t i s t i c a l 

b e h a v i o r , and that the b r a n c h i n g r a t i o s v a r y s u b s t a n t i a l l y for the 

different to ta l angu la r m o m e n t u m c o m p o n e n t s of the decay ing s t a t e . 

T h e s e r e s u l t s w e r e t e n t a t i v e l y i n t e r p r e t e d in t e r m s of p r e f e r e n t i a l 
2 

au to ioniza t ion of c e r t a i n to t a l a n g u l a r m o m e n t u m l e v e l s . 

P . M. D e h m e r , W. A. Chupka , and J . B e r k o w i t z , J , C h e m . P h y s . 
59 , 5777 (1973). 

2 
P . M. D e h m e r and W. A. Chupka , J . C h e m . P h y s . 62_, 584 (1975). 
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In o r d e r to quantify t h e s e r e s u l t s , t h e pho to ion i za t i on 

c r o s s s e c t i o n s w e r e r e m e a s u r e d for t h e s e m e t a s t a b l e au to ion iz ing 

t r a n s i t i o n s us ing the new 3 - m e t e r pho to ion i za t i on a p p a r a t u s . Us ing 
o 

w a v e l e n g t h r e s o l u t i o n s of up to 0. 035 A (FWHM), we w e r e a b l e to 

r e s o l v e a l l of the c o m p o n e n t s of the au to ion iz ing m u l t i p l e t s . L i f e t i m e s 
3 0 

for t h o s e t r a n s i t i o n s for wh ich au to ion i za t i on i s a l lowed (i . e. , S 

or D t e r m s , but not P t e r m s ) a r e of the o r d e r of 10 s ec and 

l i f e t ime b r o a d e n i n g w a s o b s e r v e d for t h e s e t r a n s i t i o n s ( taken at a 

r e s o l u t i o n of 0 .035 A). 

+ 4 
d. P h o t o i o n i z a t i o n Study of the R e a c t i o n of O (a 11 ) wi th 0_ 

P . M, D e h m e r , W, A, Chupka , and W, T, J i v e r y 

-t- + 

The r e a c t i o n of O -f O to f o r m O + O i s an e x a m p l e of 

an i o n - m o l e c u l e r e a c t i o n which is e n d o t h e r m i c for the g round s t a t e of 

the ion , but e x o t h e r m i c for c e r t a i n exc i t ed e l e c t r o n i c s t a t e s . The 

p r e s e n t h i g h - r e s o l u t i o n pho to ion iza t ion s tudy of the p r o d u c t i o n of O 
+ 4 

f rom the r e a c t i o n of 0_ (a 11 ) with 0_ d e t e r m i n e d tha t the r e a c t i o n 
2 u 2 

p r o c e e d s p r i m a r i l y t h r o u g h the v' = 5 to 10 v i b r a t i o n a l l eve l s of the 
-I- 4 

O (a n ) s t a t e . The r e l a t i v e pho to ion iza t ion eff iciency c u r v e for t h e 
2 u 

f o r m a t i o n of O i s shown in F i g . 60. The da ta w e r e t aken at a wave leng th 
° o 

r e s o l u t i o n (FWHM) of 0. 14 A and a t e m p e r a t u r e of 78 K. The m a i n 
au to ion iza t ion s t r u c t u r e c o r r e s p o n d s to R y d b e r g s e r i e s in O2 c o n v e r g i n g 

g 
to the g round and f i r s t few exc i t ed v i b r a t i o n a l l e v e l s of the h'^H s t a t e 

of O This s t r u c t u r e , which i s a l s o p r o m i n e n t in the pho to ion iza t ion 
'^ 1 

s p e c t r u m of O , i s l a b e l e d a c c o r d i n g to the iden t i f i ca t ions of Yoshino 
2 -I-

and T a n a k a . The c a l c u l a t e d t h e r n n o d y n a m i c t h r e s h o l d for O p r o d u c t i o n 
o 

c o r r e s p o n d s to a wave leng th of 7 4 7 , 2 ± 1,4 A, which n e a r l y c o i n c i d e s 
+ 4 ° 

-with the O (a n , v ' = 4) c o n v e r g e n c e l imi t at 7 4 7 . 2 5 A. A v e r y s m a l l 
a m o u n t of r e a c t i o n i s o b s e r v e d at th i s v i b r a t i o n a l c o n v e r g e n c e l i m i t ; 

P , M, D e h m e r and W. A, Chupka , J , C h e m . P h y s . 62_, 4525 (1975). 

K. Yosh ino and Y, T a n a k a , J , C h e m , P h y s . 4 8 , 4859 (1968), 
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16.6 16.8 17.0 17.2 
PHOTON ENERGY (eV) 

Fig. 61 . Relative c ros s sections for O3 production as a function of the 
O^ (a*n ) -vibrational level at a the rmal t ransla t ional energy c o r r e s ­
ponding to 78°K. 
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however, this is due at least in pa r t to the t he rma l rotat ional and 

t ranslat ional energy of the reac tan t s . 

The relat ive react ion c ros s section for O formation in ­

c reases rapidly from v' = 4 to v' = 9 where it is a maximum (Fig. 61). For 
+ 4 

v' = 1 0 , the lowest vibrational level for which the react ion 0_(a 11 ) 
' 2 u 

+ O ~* O •(- O -t- O is exothermic , the react ion c ros s section for observable 
+ O is approximately 10 percent smal ler than the c ro s s section for v' = 9, 

and for v' 5̂  11 the c ross section is re la t ively smal l . A study of the 

c ros s section as a function of t rans la t ional energy showed that in ternal 

vibrational energy is significantly m o r e effective than t rans la t ional 

energy for product formation for total collision energies of up to 

~1 eV above threshold. A plausible surface c ross ing mechan ism for the 

reaction has been proposed. 

We are presently doing a s imi la r analysis of ion-

molecule reactions in the O -N sys tem. 
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B. INTERACTIONS OF ENERGETIC PARTICLES AND 
'^ p ? i a r o N s " w r i T r s u R T ^ X c ^ 

1. BLISTERING OF SURFACES OF SOLIDS BY 
CHARGED-PARTICLE IRRADIATION 

a. Effect of I r r a d i a t i o n T e m p e r a t u r e on E r o s i o n by B l i s t e r i n g 

M, K a m i n s k y and S, K, Das 

The effect of t a r g e t t e m p e r a t u r e on b l i s t e r f o r m a t i o n and 

the e r o s i o n r a t e s a s s o c i a t e d with h e l i u m b l i s t e r i n g has been i n v e s t i g a t e d 

for v a n a d i u m and 304 s t a i n l e s s s t e e l . The i r r a d i a t i o n t e m p e r a t u r e was 

v a r i e d f r o m r o o m t e m p e r a t u r e to 900 C for vanad ium t a r g e t s and was 

-varied f rom r o o m t e m p e r a t u r e to 550 C for s t a i n l e s s s t e e l t a r g e t s . 

The v a n a d i u m and s t a i n l e s s s t e e l t a r g e t s w e r e b o m b a r d e d with h e l i u m 

ions of 0, 5 -MeV and of 0. 1 - and 0. 5 - M e V , r e s p e c t i v e l y . The to ta l 
2 2 

dose was v a r i e d f r o m 0. 1 C / c m to 1. 0 C / c m . The r e s u l t s show tha t 

the d e g r e e of b l i s t e r i n g and the e r o s i o n r a t e s a s s o c i a t e d with b l i s t e r 

r u p t u r e and exfo l ia t ion a r e s t r o n g l y t e m p e r a t u r e dependen t . F o r e x a m p l e , 

for s t a i n l e s s s t e e l s a m p l e s the m a x i m u m e r o s i o n r a t e s w e r e o b s e r v e d 

at an i r r a d i a t i o n t e m p e r a t u r e of ~ 4 5 0 C, and the e r o s i o n r a t e was 

found to be s m a l l e r at t he h i g h e r t e m p e r a t u r e of ~ 5 5 0 C. F o r v a n a d i u m 

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

t u r e s than for the s t a i n l e s s s t e e l c a s e ( s ee R e f s . 1 and 2). The r e s u l t s 

a r e shown in F i g . 62, 

The e r o s i o n r a t e s for 304 s t a i n l e s s s t e e l for 100-keV 

He ion i r r a d i a t i o n to a t o t a l d o s e of 0. 5 C / c m at 450 C i s 3 , 0 ± 0, 5 

a t o m s p e r i nc iden t h e l i u m ion , which i s ~ 3 0 0 t i m e s h i g h e r than the 

e r o s i o n r a t e due to s p u t t e r i n g u n d e r s i m i l a r c o n d i t i o n s . Such a high 

M, K a m i n s k y and S. K. D a s , N u c l e a r Techno logy 22^, 373-378 (1974). 
2 

S, K, Das and M, K a m i n s k y , J o u r n a l of N u c l e a r M a t e r i a l s ^ 3 ^ 
115-126 (1974). 
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e r o s i o n r a t e -would l ead to a n annua l t h i c k n e s s l o s s [ a s s u m i n g a h e l i u m 
13 2 

flux of 1 X 10 p r o j e c t i l e s / ( c m - s e c ) ] of about 0, 09 m m p e r y e a r . An 
4 + 

e s t i m a t e of the annua l t h i c k n e s s l o s s for 0 , 5 - M e V He ion i r r a d i a t i o n 

at 450 C for 304 s t a i n l e s s s t e e l for a h e l i u m flux of 1 X 1 0 p r o j e c -
2 

t i l e s / ( c m - s e c ) g ives a va lue of ~ 0 , 02 m m p e r y e a r . The annua l 

t h i c k n e s s l o s s for v a n a d i u m at 600 C i s ~ 0 . 005 m m for the s a m e h e l i u m 

flux. T h u s the e r o s i o n r a t e for s t a i n l e s s s t e e l a t 450 C i s a f a c t o r of 

four h i g h e r than for v a n a d i u m (at 600 C) for o t h e r w i s e i d e n t i c a l i r r a d i a t i o n 

cond i t i ons . Such e r o s i o n r a t e s m a y be enhanced by the v a p o r i z a t i o n of 

the b l i s t e r skin due to hea t ing by e n e r g e t i c photon a b s o r p t i o n (e . g. , 

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

The low -wall t e m p e r a t u r e s s u g g e s t e d r e c e n t l y for the 

ope ra t i on of a t o r o i d a l fusion r e a c t o r (e . g. , 466 C a t t he front of the 

niobium b lanke t cel l ) \vill v e r y l ike ly l ead to m o r e s e r i o u s e r o s i o n due to 

b l i s t e r i n g than a wa l l t e m p e r a t u r e of about 900 C. A p o s s i b l e so lu t ion 

for r e d u c t i o n of e r o s i o n due to h e l i u m b l i s t e r i n g i s to o p e r a t e the f i r s t 

wal l at high t e m p e r a t u r e s . T h e s e types of m e a s u r e m e n t s -will be 

extended to o the r m a t e r i a l s of CTR i n t e r e s t . The r e p o r t s on t h e s e 

s tudies have a p p e a r e d in N u c l e a r Techno logy and J o u r n a l of N u c l e a r 

M a t e r i a l s . 

b . I r r a d i a t i o n of Nb by He Ions of Different E n e r g i e s 

M. K a m i n s k y and S. K. Das 

The r a d i a t i o n b l i s t e r i n g of poly c r y s t a l l i n e - n i o b i u m s u r ­

faces at r o o m t e m p e r a t u r e has been i n v e s t i g a t e d for d i f ferent d o s e s 

of he l i um ions i m p l a n t e d a t 0. 5 MeV and for d i f fe ren t a m o u n t s of i n i t i a l 

defect s t r u c t u r e in the s a m p l e s . The c o l d - w o r k e d s a m p l e s show l a r g e 

b l i s t e r s . In s a m p l e s a n n e a l e d be fo re i r r a d i a t i o n (at a dose of 1. 0 
2 

C / c m ) , t h e b l i s t e r i n g was o b s e r v e d to be even g r e a t e r . Not only w a s 

the sk in r u p t u r e d at m a n y d i f fe ren t p l a c e s , but in one a r e a the f i r s t sk in 

had a l r e a d y p e e l e d off and the s econd sk in had s t a r t e d to r u p t u r e in 

file:///vill
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m a n y p l a c e s . T h e s e f i r s t r e s u l t s i n d i c a t e tha t the s u r f a c e e r o s i o n of 

a n n e a l e d p o l y c r y s t a l l i n e n iob ium by 0, 5 - M e V h e l i u m b l i s t e r i n g i s 

a p p r o x i m a t e l y t h r e e o r d e r s of m a g n i t u d e f a s t e r than the c o m b i n e d 

e r o s i o n by s p u t t e r i n g by 20. 0-keV d e u t e r o n s and t r i t o n s and 3 . 5 -MeV 

hel ium i o n s . 

+ + 
c. Effect of He and D Ion B e a m F l u x on B l i s t e r F o r m a t i o n in 

Niobium and Vanad ium 

S. K. Das and M. K a m i n s k y 

The effect of i nc iden t i o n - b e a m flux on t h e b l i s t e r f o r m a ­

t ion in annea l ed p o l y c r y s t a l l i n e n iob ium and v a n a d i u m h a s been i n v e s t i ­

gated for 0. 5 -MeV He and 0. 2 5 - M e V D p r o j e c t i l e s . F o r t h e He ions 

the flux was v a r i e d f rom 1 X 10 i o n s / ( c m - s e c ) to 1 X 10 i o n s / ( c m -

s e c ) , the t a r g e t s w e r e he ld a t 900 C, and the t o t a l d o s e w a s v a r i e d f rom 
, 2 -I-

0. 1 to 1. 0 C / c m . F o r the D ion i r r a d i a t i o n the f lux was v a r i e d f r o m 
14 15 2 

I X I O t o l X l O i o n s / ( c m - s e c ) , the n iob ium t a r g e t s w e r e h e l d at 
o , 2 

700 C, and the to ta l dose was 2. 0 C / c m . F o r both the h e l i u m imp lan t ed 

vanad ium and n iob ium the b l i s t e r d e n s i t y shows a s t r o n g e r flux dependence 

than does the a v e r a g e b l i s t e r d i a m e t e r . F o r d e u t e r o n - i m p l a n t e d n iobium the 
14 

b l i s t e r s i z e i n c r e a s e d as the flux w a s i n c r e a s e d f r o m 1 X 10 to 
15 2 

1 X 10 i o n s / ( c m - s e c ) . T h e s e r e s u l t s have a p p e a r e d in Ref. 1. 

R e p r e s e n t a t i v e scann ing e l e c t r o n m i c r o g r a p h s (SEMs) a r e shown in 

F i g . 63 . 
S, K. Das and M. K a m i n s k y , App l i ca t i ons of Ion B e a m s to M e t a l s 

( P r o c e e d i n g s of the I n t e r n a t i o n a l C o n f e r e n c e , A l b u q u e r q u e , New M e x i c o , 
2-4 October 1973), ed i ted by S. T. P i c r a u x , E . P . E e r N i s s e , and 
F . L. Vook ( P l e n u m , New Y o r k , 1974), pp . 5 4 3 - 5 5 5 . 
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Fig. 6 3 . SEMs of surfaces of annealed polycrystal l ine 
vanadium after i r radia t ion at 900°C with 0.5-MeV ^He"*" 
for a total dose of 0. 1 C/cm^ at fluxes of (a) 1 X 10^ ' 
i o n s / ( c m ^ - s e c ) , (b) 1 XlO^* i o n s / ( c m ^ - s e c ) , and (c) 
l X l O ' 5 i ons / ( cm2-sec ) . 
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d. T h r e s h o l d Dose for He l ium B l i s t e r A p p e a r a n c e in Nb 

S, K. Das and M. K a m i n s k y 

M e a s u r e m e n t s of t h r e s h o l d d o s e for h e l i u m - b l i s t e r 

a p p e a r a n c e h a s been s t a r t e d for Nb at r o o m t e m p e r a t u r e and at 900 C. 

T h r e s h o l d dose w a s found to be s t r o n g l y dependen t on p r o j e c t i l e e n e r g y , 

dose r a t e , t a r g e t t e m p e r a t u r e and in i t i a l defect c o n c e n t r a t i o n in the 

t a r g e t . F o r an a n n e a l e d , p o l y c r y s t a l l i n e - N b t a r g e t , i r r a d i a t e d a t r o o m 
4. 14 

t e m p e r a t u r e wi th 0. 5-MeV He ions at a dose r a t e of 1 X 1 0 

i o n s / ( c m ^ - s e c ) , b l i s t e r s w e r e d e t e c t e d with a s cann ing e l e c t r o n 

m i c r o s c o p e ( r e so lu t i on of ~ 1 0 0 A) at d o s e s be tween 0, 3 to 0. 4 C / c m , 

On the o the r hand , for c o l d - r o l l e d Nb , b l i s t e r s w e r e o b s e r v e d a t 

doses of 0. 1 C / c m u n d e r s i m i l a r i r r a d i a t i o n c o n d i t i o n s . T h e s e 

m e a s u r e m e n t s wil l be cont inued for o t h e r i r r a d i a t i o n p a r a m e t e r s . 

e . C o r r e l a t i o n Be tween B l i s t e r - S k i n T h i c k n e s s and P r o j e c t e d R a n g e s 

of He+ Ions in Nb and V 

G. F e n s k e , S, K, D a s , and M, K a m i n s k y 

The b l i s t e r - s k i n t h i c k n e s s e s have been m e a s u r e d for Nb 

and V t a r g e t s for h e l i u m - i o n e n e r g i e s of 100 k e V , 250 k e V , 500 k e V , 

1. 0 MeV, and 1. 5 MeV. T h e o r e t i c a l p r o j e c t e d r a n g e s of h e l i u m ions 

in Nb and V w e r e ca l cu l a t ed a c c o r d i n g to B r i c e and Schio t t , The m e a s ­

u r e d b l i s t e r - s k i n t h i c k n e s s va lues for d i f fe ren t p r o j e c t i l e e n e r g i e s fall 

within 20% of the c o r r e s p o n d i n g c a l c u l a t e d p r o j e c t e d r a n g e s . Th i s is the 

f i r s t s tep t o w a r d s the f o r m u l a t i o n of a s e m i e m p i r i c a l e x p r e s s i o n for the 

e r o s i o n r a t e due to h e l i u m b l i s t e r i n g . S i m i l a r m e a s u r e m e n t s for a low-Z 

m a t e r i a l (Al) and a h i g h - Z m a t e r i a l (Au) have b e e n c o m p l e t e d . A p a p e r 

on the work h a s a p p e a r e d ( see Ref. 1), and a n o t h e r p a p e r i s in p r e p a r a ­

tion. 

S. K. Das and M. K a m i n s k y , J o u r n a l of N u c l e a r M a t e r i a l s 53j 
115-126 (1974). 
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f. H e l i u m B l i s t e r i n g in Nb D a m a g e d by 14-MeV N e u t r o n I r r a d i a t i o n 

M, K a m i n s k y and S, K, Das 

C o l d - r o l l e d p o l y c r y s t a l l i n e Nb t a r g e t s w e r e i r r a d i a t e d 

at r o o m t e m p e r a t u r e wi th 14-MeV n e u t r o n s at the RTNS a t L a w r e n c e 

L i v e r m o r e L a b o r a t o r y in the s a m e i r r a d i a t i o n c h a m b e r u s e d for the 
15 

n e u t r o n s p u t t e r i n g e x p e r i m e n t s to a to t a l f luence of 4 . 6 X 10 
/ 2 n e u t r o n s / c m . T h e s e t a r g e t s w e r e s u b s e q u e n t l y i r r a d i a t e d a t r o o m 

+ / 2 

t e m p e r a t u r e wi th 0. 5-MeV He ions to a dose of 1.0 C/ cm . P r e ­

l i m i n a r y r e s u l t s show no s igni f icant d i f f e rence be tween t h e s e b l i s t e r s 

and t h o s e f o r m e d on c o l d - r o l l e d Nb t a r g e t s -without p r e - i r r a d i a t i o n -with 

14-MeV n e u t r o n s . T h e s e e x p e r i m e n t s wi l l be cont inued for d i f ferent 

t y p e s of Nb t a r g e t s and for d i f fe ren t n e u t r o n i r r a d i a t i o n cond i t i ons . 

g. Effect of I r r a d i a t i o n T e m p e r a t u r e on B l i s t e r Morpho logy in Nicke l 

M, K, S inha , S, K, D a s , and M, K a m i n s k y 

P r e v i o u s h e l i u m b l i s t e r i n g s tud i e s of bcc m e t a l s s u c h 

as Nb and V w e r e ex tended to a fee m e t a l such a s n i c k e l , which i s 

c l o s e s t to a u s t e n i t i c s t a i n l e s s s t e e l . The (110) s u r f a c e s of n i c k e l 

m o n o c r y s t a l s w e r e i r r a d i a t e d with 0. 5 -MeV He ions u n d e r i n i t i a l 

channe l ing cond i t ions for t a r g e t t e m p e r a t u r e s r ang ing f r o m r o o m 

t e m p e r a t u r e to 950 C. In c o n t r a s t wi th the r e s u l t s on Nb at 900 C 

w h e r e crowfoot shape b l i s t e r s wi th t h r ee fo ld s y m m e t r y w e r e o b s e r v e d 

on (111) s u r f a c e , the n i c k e l m o n o c r y s t a l s showed only d o m e shaped 

b l i s t e r s at 9 0 0 ° C . H o w e v e r , f ace t ing of the b l i s t e r s w a s o b s e r v e d at 

850°C , but the d e t a i l e d c r y s t a l l o g r a p h y of the b l i s t e r f a c e t s has not 

been w o r k e d out. A r e p o r t on th i s w o r k was p r e s e n t e d at the APS 

m e e t i n g in A n a h e i m , C a l i f o r n i a , J a n u a r y 29 to F e b r u a r y 1, 197 5 and 

i s be ing p r e p a r e d for pub l i c a t i on . 
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h . H e l i u m B l i s t e r i n g of Si l icon C a r b i d e 

M. K a m i n s k y and S. K. Das 

The e r o s i o n of s i l i con c a r b i d e s u r f a c e s w a s i n v e s t i g a t e d 

for i r r a d i a t i o n at r o o m t e m p e r a t u r e wi th 100-keV and 2 5 0 - k e V He 

i o n s . The s i l i con c a r b i d e u s e d for t h i s s tudy w a s a m i x t u r e of h i g h -

d e n s i t y py ro ly t i c c a r b o n and s i l i con c a r b i d e , w h i c h had been c o -

v a p o r d e p o s i t e d on a g r aph i t e s u b s t r a t e . The e r o s i o n r a t e for t h i s 

m a t e r i a l u n d e r 100-keV He -ion i r r a d i a t i o n (~0 . 2 ± 0. 1 a t o m s / i o n ) 

w a s found to be a p p r o x i m a t e l y two o r d e r s of m a g n i t u d e l a r g e r t h a n the 

c o r r e s p o n d i n g s p u t t e r i n g y ie lds for s i l i con or c a r b o n . The e r o s i o n 

r a t e for 250-keV He i r r a d i a t i o n w a s ~ 0 . 5 ± 0 . 3 a t o m s / i o n , a va lue 

which i s h i g h e r than the e r o s i o n r a t e for n iob ium (~0 , 2 ± 0. 1 a t o m s / i o n ) 

unde r s i m i l a r i r r a d i a t i o n cond i t i ons . A r e p o r t on t h e s e s t u d i e s h a s 

a p p e a r e d in p r o c e e d i n g s of t h e F i r s t Top ica l M e e t i n g on t h e Techno logy 
1 

of Cont ro l l ed F u s i o n . 

M. Kaminsky and S. K. D a s , in P r o c e e d i n g s of the F i r s t T o p i c a l 
Meet ing on the Technology of C o n t r o l l e d N u c l e a r F u s i o n , San D i e g o , 
Ca l i fo rn ia , 16-18 A p r i l 1974, ed i t ed by G. R. Hopkins (Nat iona l 
Techn ica l In fo rma t ion S e r v i c e , U. S. Dept . of C o m m e r c e , Sp r ing f i e ld , 
V a . , 1974), C O N F - 7 4 0 4 0 2 - P 2 , Vol . I I , pp . 5 0 8 - 5 1 6 . 

i . Studies of the Reduc t ion of Sur face E r o s i o n Due to H e l i u m B l i s t e r i n g 

S. K. D a s , M. K a m i n s k y , and T . R o s s i n g 

As po in ted out e a r l i e r in S e c l a , one way to r e d u c e the 

e r o s i o n r a t e due to h e l i u m b l i s t e r i n g i s to i r r a d i a t e the -wall a t h igh 

t e m p e r a t u r e s ( e . g . , > 900 C for Nb). H o w e v e r , t he m a x i m u m o p e r a t i n g 

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

another solut ion should be s e a r c h e d for by the cho ice of a s u i t a b l e 

m i c r o s t r u c t u r e for a p a r t i c u l a r wal l m a t e r i a l which wi l l r e d u c e h e l i u m 

buildup in n e a r s u r f a c e r e g i o n s . P r e l i m i n a r y r e s u l t s on s i n t e r e d 

a luminum powder c o m p a c t (SAP) a t r o o m t e m p e r a t u r e i r r a d i a t e d wi th 
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100-keV He to a d o s e of 1. 0 C / c m show an a s t o n i s h i n g l y high 

r e d u c t i o n in the e r o s i o n r a t e by about four o r d e r s of m a g n i t u d e a s 

c o m p a r e d to p u r e Al for s i m i l a r i r r a d i a t i o n c o n d i t i o n s . T h e s e 

m e a s u r e m e n t s on SAP wi l l be cont inued for d i f fe ren t i r r a d i a t i o n 

t e m p e r a t u r e s . 

14 -MeV N E U T R O N S P U T T E R I N G 

a. 14-MeV N e u t r o n S p u t t e r i n g of Nb 

M. K a m i n s k y and S. K. Das 

The p a r t i c l e r e l e a s e f rom n iob ium s u r f a c e s u n d e r 14-MeV 
15 

n e u t r o n i m p a c t to to t a l f luences r ang ing b e t w e e n 4 . 2 — 4 , 8 X 10 
/ 2 

n e u t r o n s / c m was i n v e s t i g a t e d u n d e r u l t r a h i g h v a c u u m cond i t i ons . 

Two types of d e p o s i t s -were o b s e r v e d on the c o l l e c t o r s u r f a c e s , one 

in the f o r m of l a r g e chunks ( F i g , 6 4 ) , the o t h e r in a t o m i c f o r m c o v e r i n g 

the s u r f a c e a s a f r a c t i o n a l a t o m i c l a y e r . The n u m b e r of c h u n k s , t h e i r 

s i ze and shape was found to depend v e r y s t r o n g l y on the d e g r e e of 

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

m i c r o c r a c k s ) and on t h e t e n s i l e s t r e s s e s in the n e a r s u r f a c e r e g i o n s 

(e, g, , due to c o l d - r o l l i n g ) . The chunk d e n s i t i e s w e r e 30 —1000 
2 

c h u n k s / c m for 45% c o l d - r o l l e d p o l y c r y s t a l l i n e Nb ( m i c r o f i n i s h ~ 5 jxm 
2 

a f te r 1 m i n e l e c t r o p o l i s h ) , 10 — 250 c h u n k s / c m for 45% c o l d - r o l l e d 
, 2 

poly Nb ( m i c r o f i n i s h ~ 5 ^xm a f t e r 1 s ec e t c h ) , 2 —100 c h u n k s / c m 

for a n n e a l e d Nb ( m i c r o f i n i s h ~ 2 |j,m a f t e r e l e c t r o p o l i s h i n g ) , 0—40 
2 

c h u n k s / c m for a n n e a l e d Nb ( m i c r o f i n i s h ~ 0 , 5 |a,m), but no chunks 

w e r e o b s e r v e d for m o n o c r y s t a l l i n e Nb (111) s u r f a c e . The chunk d e n s i t y 

v a l u e s quoted above i n d i c a t e the s m a l l e s t and the l a r g e s t n u m b e r of 
2 

chunks which can be found on a con t iguous s u r f a c e a r e a of 1 c m -within 
2 

the t o t a l c o l l e c t o r a r e a of ~ 4 , 4 cm . The chunk d e n s i t y v a l u e s for the 

r e p e a t r u n s fal l -within the r a n g e s l i s t e d . The r e p o r t of t h e s e s t u d i e s 
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OPTICAL MICROGRAPH 

SECONDARY ION 

(®^Nb*) MICROGRAPH 

SCANNING 

ELECTRON 

MICROGRAPHS 

Fig. 64. Niobium deposited on a silicon (111) subs t ra te when a niobium 
target at ambient tempera ture (est imated to be near room t e m p e r a ­
ture) was i r radia ted with 14-MeV neutrons to a total dose of 
4. 6 X 10*5 neut rons /cm^, (a) Optical micrograph of niobium chunks 
deposited on a S i ( l l l ) surface, (b) Secondary ion C ' N b ) micrograph 
of the same area as in (a), (c) Scanning e lect ron mic rograph (back-
scattered electron image) of the same a rea as in (a), showing the 
size and shape of the deposited chunks of Nb. (d) An enlarged view 
of some chunks shown in (c). 
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h a s a p p e a r e d in P h y s . Rev . L e t t . , P r o c e e d i n g s of Fi f th S-ymposium on 
2 3 

E n g i n e e r i n g P r o b l e m s of F u s i o n R e s e a r c h , J , Nuc l . M a t e r i a l s , and 
s o m e p a r t s wi l l a p p e a r in the p r o c e e d i n g s of the IAEA C o n f e r e n c e on 

4 
P l a s m a P h y s i c s and C o n t r o l l e d N u c l e a r F u s i o n R e s e a r c h . 

M. K a m i n s k y , J . H. P e a v e y , and S. K. D a s , P h y s . Rev . L e t t . 
32 ,̂ 599-602 (1974). 

2 
M. K a m i n s k y and S. K. D a s , in P r o c e e d i n g s of the Fi f th S-ymposium 

on E n g i n e e r i n g P r o b l e m s of F u s i o n R e s e a r c h , P r i n c e t o n U n i v e r s i t y , 
N o v e m b e r 5 - 9 , 1973 ( IEEE N u c l e a r and P l a s m a Sc ience Soc i e ty , 1974) , 
I E E E P u b . No. 7 3 C H 0 8 4 3 - 3 - N P S , p p . 3 7 - 4 0 , 

3 
M, K a m i n s k y and S, K, D a s , J o u r n a l of N u c l e a r M a t e r i a l s 5 3 , 

162-170 (1974), 
4 

M, K a m i n s k y , IAEA C o n f e r e n c e on P l a s m a P h y s i c s and C o n t r o l l e d 
N u c l e a r F u s i o n R e s e a r c h , T o k y o , J a p a n , N o v e m b e r 1 1 - 1 5 , 1974, 
A N L - P H Y / C T R / T M - 3 0 (in p r e s s ) . 

b , 14 -MeV N e u t r o n Spu t t e r i ng of Si l icon C a r b i d e 

M, K a m i n s k y and S, K, Das 

T-wo types of s i l i con c a r b i d e s a m p l e s w e r e i r r a d i a t e d 

with 14-MeV n e u t r o n s . One s a m p l e was a h i g h - d e n s i t y , h i g h - p u r i t y 

s i l i con c a r b i d e which had been vapo r depos i t ed on a g r a p h i t e s u b s t r a t e 
14 2 

and was i r r a d i a t e d to an e s t i m a t e d dose of ~ 5 , 0 X 10 n e u t r o n s / c m . 

Ano the r s a m p l e -was a hot p r e s s e d and s i n t e r e d powde r c o m p a c t of 

s i l i con c a r b i d e and -was i r r a d i a t e d to an e s t i m a t e d n e u t r o n f luence of 
14 2 

~ 6 , 0 X 10 n e u t r o n s / c m . F o r both t ypes of t a r g e t s , p l a t e - l i k e chunks 

w e r e o b s e r v e d on the c o l l e c t o r s u r f a c e and t h e i r a v e r a g e d i a m e t e r 

r anged f r o m 3 to 10 ^,m. The r e s u l t s of t h e s e s t u d i e s have a p p e a r e d 

in the P r o c e e d i n g s of the F i r s t T o p i c a l Mee t i ng on the Techno logy of 

C o n t r o l l e d N u c l e a r F u s i o n . 
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c Effect of I r r a d i a t i o n T e m p e r a t u r e on 14-MeV N e u t r o n S p u t t e r i n g of Nb 

M. K a m i n s k y and S. K, Das 

A p o l y c r y s t a l l i n e n iob ium t a r g e t w a s i r r a d i a t e d a t 700 C 
15 / 2 

to a to t a l f luence of ~ 4 . 3 X 10 n e u t r o n s / c m . P r e l i m i n a r y r e s u l t s 

show chunk d e p o s i t s of Nb on the Si (111) c o l l e c t o r s u r f a c e . In c o n t r a s t 

-with the r o o m t e m p e r a t u r e i r r a d i a t e d c o l d - r o l l e d Nb s a m p l e s , w h e r e 

some c y l i n d r i c a l type chunks -were o b s e r v e d , only q u a s i - s p h e r i c a l 

chunks w e r e d e t e c t e d for 700 C i r r a d i a t i o n . 

d. Chunk E m i s s i o n f rom V, S t a i n l e s s S t e e l , M o n o c r y s t a l l i n e Si 

M. K a m i n s k y and S. K. Das 

Chunk e m i s s i o n h a s a l s o been o b s e r v e d for 14-MeV 

neu t ron i m p a c t on m a t e r i a l s such a s c o l d - r o l l e d p o l y c r y s t a l l i n e V, 

Type 304 s t a i n l e s s s t e e l and m o n o c r y s t a l l i n e Si. F o r m o n o c r y s t a l l i n e 
2 

s i l icon the chunk dens i ty was v e r y s m a l l (~3—5 c h u n k s / c m ), De ta i l e 

evaluat ion of e r o s i o n r a t e s for vanad ium a r e u n d e r w a y . 

e. Neu t ron Spu t te r ing of Su r f aces P r e s t r e s s e d wi th H e l i u m - I o n 

Implan ta t ion 

M, Kaminsky and S, K, Das 

The s tud ies on n e u t r o n s p u t t e r i n g of s u r f a c e s , which 

have been p r e v i o u s l y p r e s t r e s s e d by h e l i u m - i o n i m p l a n t a t i o n , have 

been s t a r t e d . P r e l i m i n a r y r e s u l t s on 14-MeV n e u t r o n i r r a d i a t i o n of 

annea led Nb s u r f a c e s , imp lan t ed with h e l i u m ions of e n e r g i e s l a r g e r 

t han 0. 5 MeV, do not show any m a r k e d change of the b l i s t e r s . The 

data on lower h e l i u m - i o n e n e r g i e s a r e be ing e v a l u a t e d , 

f^^^^^^^^Deg^nden^e^^o^^Neutron on Inc iden t N e u t r o n E n e r g y 

M, Kaminsky and S, K, Das 

In o r d e r to e s t a b l i s h the t h r e s h o l d e n e r g y of n e u t r o n s 

for in i t ia t ion of chunk e m i s s i o n , e x p e r i m e n t s w e r e done at d i f f e ren t 
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n e u t r o n e n e r g i e s . The v a r i a b l e e n e r g y c y c l o t r o n at Davis w a s u s e d 

in conjunc t ion -with (d, n) r e a c t i o n on a b e r y l l i u m t a r g e t to obta in n e u t r o n s 

with d i f fe ren t e n e r g y s p e c t r a . At a m e a n n e u t r o n e n e r g y of 5 MeV 

no chunk e m i s s i o n w a s o b s e r v e d fo r Nb, The r e s u l t s on h i g h e r m e a n 

n e u t r o n e n e r g y a r e be ing a n a l y z e d . 

3. ION S P U T T E R I N G 

P , Dusza and M. K a m i n s k y 

When e n e r g e t i c p r o j e c t i l e s p e n e t r a t e in to s o l i d s wi th suf­

f ic ient e n e r g y , they can d i s p l a c e l a t t i c e p a r t i c l e s f r o m t h e i r s i t e s and 

b e c o m e i m p l a n t e d in the l a t t i c e at the end of t h e i r r a n g e . A f r a c t i o n of 

the d i s p l a c e d l a t t i c e p a r t i c l e s can e s c a p e f r o m the b o m b a r d e d s u r f a c e 

as a t o m s , m o l e c u l e s , m o l e c u l a r c l u s t e r s , and p a r t i c u l a t e m a t t e r in a 

n e u t r a l or c h a r g e d s t a t e . Th i s s p u t t e r i n g p r o c e s s c a u s e s not only the 

r e l e a s e of g a s e o u s s p e c i e s into the v a c u u m space but a l s o the e r o s i o n 

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

which c a u s e s s u r f a c e e r o s i o n and t h e r e l e a s e of g a s e s — r a d i a t i o n b l i s t e r ­

ing , a s m e n t i o n e d in S e e s , l a — i . S tudies w e r e s t a r t e d to d e t e r m i n e the 

r e l a t i v e c o n t r i b u t i o n s of s p u t t e r i n g and b l i s t e r i n g to the e r o s i o n of 

s u r f a c e s and the r e l e a s e of g a s . In a f i r s t se t of e x p e r i m e n t s the 

s u r f a c e s of V and Nb w e r e b o m b a r d e d with He ions wi th e n e r g i e s 

r a n g i n g f rom ~ 0 . 1—1. 5 MeV for a r a n g e of d o s e va lues and for 

d i f ferent t a r g e t t e m p e r a t u r e s . The o b s e r v e d to t a l s u r f a c e e r o s i o n 

r a t e s show a s t r o n g d e p e n d e n c e on the p r i m a r y p a r t i c l e e n e r g y , the 

t a r g e t t e m p e r a t u r e , the d o s e r a t e , and the t o t a l d o s e . In o r d e r to 

d e t e r m i n e the r e l a t i v e c o n t r i b u t i o n s of s p u t t e r i n g and b l i s t e r i n g to 

the to t a l e r o s i o n r a t e , add i t i ona l i n f o r m a t i o n i s r e q u i r e d . We have 

s t a r t e d m e a s u r e m e n t s of the s p u t t e r i n g y ie ld ( to ta l y i e ld , p a r t i a l y i e l d s 

for both c h a r g e d and n e u t r a l s p e c i e s ) for h e l i u m ions in the e n e r g y 

r a n g e of i n t e r e s t for V and Nb t a r g e t s . T h e r e has p r e v i o u s l y been a 
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comple t e lack of such e x p e r i m e n t a l d a t a , and t h e o r e t i c a l p r e d i c t i o n s 

for y ie ld v a l u e s differ by m o r e than 300%, With the a id of e x p e r i m e n t a l l y 

d e t e r m i n e d yie ld va lues and f rom the m e a s u r e d t o t a l e r o s i o n r a t e s 

(which i n c l u d e s a c o r r e l a t i o n be tween m e a s u r e d b l i s t e r - s k i n t h i c k n e s s 

a n d the p r o j e c t e d r a n g e s of He ions in the t a r g e t ) , t he b l i s t e r i n g 

con t r ibu t ion to the to t a l e r o s i o n r a t e can be d e t e r m i n e d . 

4, SURFACE PHENOMENA INDUCED BY P H O T O N I M P A C T 

S, B r u m b a c h , M. K a m i n s k y , and S, K, Das 

The i n t e r a c t i o n of e n e r g e t i c photons (e . g. , b r e m s s t r a h l u n g 

X r a y s , and y rays ) with such componen t s of p l a s m a d e v i c e s and fusion 

r e a c t o r s a s l i m i t e r s , l i n e r s , d i v e r t o r s , and w a l l s can c a u s e gas r e l e a s e d 

and lead to p l a s m a con tamina t ion . Such p r o c e s s e s a s p h o t o d e s o r p t i o n , 

pho todecompos i t ion (e. g, , of i n s u l a t o r s u r f a c e s ) , p h o t o c a t a l y s i s , 

pho toe l ec t ron induced d e s o r p t i o n , and s p u t t e r i n g by e n e r g e t i c y r a y s 

(>1 MeV) can con t r ibu te to the gas r e l e a s e . In a d d i t i o n , the photon 

i m p a c t can cause changes in the c h e m i c a l c o m p o s i t i o n of s u r f a c e l a y e r s , 

in the e l e c t r i c a l conduct iv i ty of i n s u l a t o r s and in the s u r f a c e m i c r o -

s t r u c t u r e . 

An a p p a r a t u s h a s been des igned and c o n s t r u c t e d for 

p r e l i m i n a r y s tud ies of pho ton- impac t p h e n o m e n a . The a p p a r a t u s c o n s i s t s 

of an u l t r ah igh -vacuum c h a m b e r and punnping s y s t e m , a t a r g e t holding 

a s s e m b l y ( including t a r g e t hea t ing d e v i c e ) , a b e r y l l i u m window and a 

quadrupole m a s s s p e c t r o m e t e r for the d e t e c t i o n of r e l e a s e d gas s p e c i e s . 

The c h a m b e r has been t e s t e d to p r e s s u r e s of ~ 2 X 10 T o r r . T e s t s 

have been comple t ed to d e t e r m i n e the d e t e c t i o n s e n s i t i v i t y of the m a s s 

s p e c t r o m e t e r for v a r i o u s gas s p e c i e s vd th the aid of c a l i b r a t e d l e a k s . 

M e a s u r e m e n t s of the gas r e l e a s e d f r o m s u r f a c e s unde r 

x - r a y i r r a d i a t i o n have begun with the r e c e n t l y c o n s t r u c t e d u l t r a h i g h 

vacuum a p p a r a t u s . At the p r e s e n t , s t a i n l e s s s t e e l and a l u m i n a s u r f a c e s 
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a r e u n d e r i n v e s t i g a t i o n u s ing x r a y s in the e n e r g y r a n g e 15 — 50 keV, 

With the a id of a q u a d r u p o l e m a s s s p e c t r o m e t e r , it has been d e t e r m i n e d 

that s u c h s p e c i e s as M = 44 [ C O ^ ] , M = 28 [CO] , M = 16 [ CH and O ] , 

and M = 2 [ H ] a r e the p r e d o m i n a n t g a s e s r e l e a s e d u n d e r photon i m p a c t . 

M e a s u r e m e n t s a r e in p r o g r e s s to d e t e r m i n e m o r e quan t i t a t i ve ly the 

quan tum y i e ld s fo r e a c h gas s p e c i e s for the types of s u r f a c e s d i s c u s s e d . 

In add i t i on , m e a s u r e m e n t s of the d e p e n d e n c e of the quan tum y ie lds on 

the photon e n e r g y and photon i n t e n s i t y a r e in p r o g r e s s . T h e s e 

m e a s u r e m e n t s a r e n o r m a l l y conduc ted a t a to ta l p r e s s u r e of about 

1 X lO"*^ T o r r . 

The a l u m i n a s u r f a c e s be fo re and a f te r i r r a d i a t i o n have 

been c h a r a c t e r i z e d by Auger e l e c t r o n s p e c t r o s c o p y . Th is c h a r a c t e r i ­

za t ion wi l l be expanded to inc lude scann ing e l e c t r o n m i c r o s c o p y in 

conjunct ion with e n e r g y d i s p e r s i v e x - r a y s p e c t r o m e t r y . 

5. D E V E L O P M E N T OF TECHNIQUES FOR MEASURING SURFACE 
CONTAMINATION IN VERY SMALL CONCENTRATIONS 

( 1 0 - i — 1 0 - 4 MONOLAYERS) 

M. K a m i n s k y and P . Dusza 

In o r d e r to m e a s u r e the s p u t t e r i n g yield f rom 14-MeV 

n e u t r o n s , it w a s n e c e s s a r y to deve lop independen t t e chn iques for 

m e a s u r i n g the s m a l l a m o u n t s of s p u t t e r e d m a t e r i a l depos i t ed on h ighly 

c leaned s u b s t r a t e s . Af ter c a r e fu l c a l i b r a t i o n , the R u t h e r f o r d -

b a c k s c a t t e r i n g t e chn ique and the i o n - m i c r o p r o b e m e t h o d y ie lded the 

m o s t r e l i a b l e and s e l f - c o n s i s t e n t r e s u l t s for s u r f a c e c o n t a m i n a n t s in 

c o n c e n t r a t i o n s equ iva len t to a s m a l l f r a c t i o n of a m o n o l a y e r . An A u g e r 

s p e c t r o m e t r i c t e c h n i q u e i s being deve loped and f u r t h e r work wi l l 

con t inue . 



to 

F i g . 6 5 . T w o - c o m p o n e n t i o n - a c c e l e r a t o r s y s t e m . 
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6. DESIGN OF A T W O - C O M P O N E N T I O N - A C C E L E R A T O R SYSTEM 

R. E k e r n , D. C. H e s s , and M. K a m i n s k y 

The d e s i g n of m a j o r c o m p o n e n t s of a l o w - e n e r g y ion 

a c c e l e r a t o r (5—50 keV) h a s b e e n c o m p l e t e d . Th i s a c c e l e r a t o r wi l l be 

u s e d as an i n j e c t o r in to t h e b e a m l ine of an ex i s t ing 2 -MeV Van de 

Graaff , so tha t t a r g e t s can be b o m b a r d e d by ions of the s a m e s p e c i e s 

at two d i f fe ren t e n e r g i e s o r by ions of d i f fe ren t s p e c i e s (e . g. , D and 

He ) at spec i f i ed e n e r g i e s . T h i s t w o - c o m p o n e n t i o n - a c c e l e r a t o r s y s t e m 

a l lows s t u d i e s of s y n e r g i s t i c effects due to s i m u l t a n e o u s b o m b a r d m e n t 

of t a r g e t s u r f a c e s with two d i f fe ren t i on -beam c o m p o n e n t s . The 

l o w - e n e r g y ion a c c e l e r a t o r ( s ee F i g . 65) c o n s i s t s of an R F ion s o u r c e , 

b e a m s t e e r e r , a n a l y z i n g m a g n e t , i n s u l a t e d s l i t s , e l e c t r o s t a t i c q u a d ­

rupo le doub le t , e l e c t r o s t a t i c c y l i n d r i c a l d e f l e c t o r , and p a r a l l e l - p l a t e 

b e a m d e f l e c t o r s . The c o n s t r u c t i o n of the ion s o u r c e and the e l e c t r o s t a t i c 

c y l i n d r i c a l de f l ec to r h a s been s t a r t e d . 
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C. O P T I C A L AND RADIOFREQUENCY S P E C T R O M E T R Y 

O F F R E E ATOMS AND M O L E C U L E S 

1. A T O M I C - B E A M MAGNETIC RESONANCE OF THE ACTINIDES 

W. J . C h i l d s , H. D i a m o n d , * L . S. G o o d m a n , and T. Waech 

The a t o m i c s t r u c t u r e of t h e a c t i n i d e s is g e n e r a l l y m u c h 

m o r e complex than that of the l i gh t e r a t o m s , and it canno t be i n f e r r e d 

by ex t r apo la t i on f rom t h e m n o r c a l c u l a t e d ab in i t io -with any a c c u r a c y . 

The two p r i n c i p a l s o u r c e s of t h e o r e t i c a l difficulty a r e the m u c h g r e a t e r 

i m p o r t a n c e of relat i-vist ic and c o n f i g u r a t i o n - i n t e r a c t i o n e f fec t s . S tudies 

of the hyper f ine s t r u c t u r e (hfs) can be p a r t i c u l a r l y r e v e a l i n g b e c a u s e of 

the i m p o r t a n c e of r e l a t i v i s t i c effects n e a r the n u c l e u s . T h e a t o m i c -

b e a m techn ique is idea l for such a t o m i c s t u d i e s , and c a r r i e s the bonus 

of p rov id ing n u c l e a r spin and m o m e n t da ta for t h e s e hea-vy n u c l i d e s . 

The p r o g r a m i s a joint u n d e r t a k i n g w^ith the C h e m i s t r y Div is ion and 

r e l i e s heav i ly on i t s s p e c i a l f a c i l i t i e s and e x p e r t i s e in h e a v y e l e m e n t 

c h e m i s t r y . 
253 

E x t e n s i v e m e a s u r e m e n t s w e r e m a d e of the hfs of Es 
254m 

and E s . No m e t h o d was found to p r o d u c e an a t o m i c b e a m f r e e of 

subs t an t i a l (nonrandom) f luc tua t ions even o v e r t i m e s c a l e s a s s h o r t a s 

s e c o n d s . The p r o b l e m w a s so lved by a nove l d e t e c t i o n s c h e m e in wh ich 

the depos i t ion t a r g e t s w e r e cyc led s y n c h r o n o u s l y -with the p r o g r a m m i n g 

of the r ad io f r equency s w e e p . The c o m p o s i t i o n of the E s a t o m i c g round 

s ta te deduced f rom the few kno-wn l e v e l s w a s c o n f i r m e d by the e x p e r i ­

m e n t a l l y m e a s u r e d g v a l u e . The a g r e e m e n t b e t w e e n the d i r e c t l y 
253 

m e a s u r e d n u c l e a r d ipole m o m e n t of E s wi th tha t p r e d i c t e d f r o m the 
-3 1 

m e a s u r e d dipole hfs and r e c e n t l y c a l c u l a t e d r e l a t i v i s t i c ( r ) v a l u e s 
shows that conf igura t ion i n t e r a c t i o n is r e l a t i v e l y u n i m p o r t a n t in the E s 

C h e m i s t r y Di-vision, ANL. 

W. B . L e w i s , J . B . Mann , D. A. L i b e r m a n , and D. T . C r o n e r , 
J . Chem. P h y s . 53^, 809 (1970); and p r i v a t e c o m m u n i c a t i o n . 
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ground s t a t e , in sharp contrast to the case of Pu . Analysis of the 

exper imenta l resu l t s gives convincing evidence that the re la t ivis t ic 
1 -3 

Di rac -S la te r technique for calculating ( r ) values appears to be 

sat isfactory for atomic s tates for which configuration in terac t ion is not 

s eve re . A paper descr ibing the resu l t s in detail has been published in 
2 

Physical Review. 

A hot-wire ionizer m a s s - s p e c t r o m e t e r detector has been 

built and instal led on the a tomic-beam appara tus . Test runs -with Sm 

and Tb, for which the ease of detection can be expected to be s imi la r 

to that of most ac t in ides , were encouraging and experiments a re now 
237 

being s tar ted to m e a s u r e direct ly the nuclear dipole moment of Np. 

This measurennent was requested by both optical and Mossbauer 

spec t roscop i s t s , since the moment value is essent ia l to further i n t e r p r e ­

tation of their experimental r e s u l t s . 2 
L. S. Goodman, H. Diamond, and H. E. Stanton, Phys . Rev. A 11, 

499 (1975). 

2. EXPERIMENTS WITH ^Fr 

W. J. Childs, H. Diamond,* L. S. Goodman, and B. Greenebaum 

A paper report ing on our successful efforts to see abso rp -

tion in Cs using laser-quenching spectroscopy -with fewer than 10 

atoms was published in Applied Optics. Figure 66 shows densi tometer 

t r a c e s through the 6 S /^-»7 P _ / ^ 4556 A absorption line in Cs . 
J- I Cd J I Cd 

The 9192 MHz hyperfine splitting of the ground state is c lear ly resolved. 
9 

Fo r the upper t r a c e , the number of a toms in the vapor was ~ 4 X 10 ; 
7 

the line can still be seen when only ~9 X 10 atoms are present (lower 

t r ace ) . The paper s t i r r e d considerable in te res t and gives us rea l hope 

that the corresponding experiment can be done on F r . 

Chemis t ry Division, ANL. 

W. 
(1974). 

^W. J. Childs, M. S. F r e d , and L. S. Goodman, Appl. Optics iZ_, 2297 



236 
VIII. C2 

WAVELENGTH 
Fig. 66. Densitometer scans through the 6̂  S, li'*7^'P^ i^ absorption line 

in Cs vapor observed with an intracavity absorpt ion cell at the tempera­
tures shown. The 9192-MHz hyperfine splitting of the ^ Sj /̂  ground 
state is well resolved. As may be seen from the lower t r ac ing , it is 
difficult to see the line below about -11°C; fewer than 10^ atoms of Cs 
were in the vapor at this t e m p e r a t u r e . 
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If the effort i s s u c c e s s f u l , i t would p r o v i d e the f i r s t 

e x p e r i m e n t a l i n f o r m a t i o n on the a t o m i c s t r u c t u r e of F r , t h e h e a v i e s t 

a lka l i a t o m . T h e o r e t i c a l c a l c u l a t i o n s of the e x c i t a t i o n e n e r g i e s to 

be m e a s u r e d v a r y wide ly b e c a u s e of the d i f fe ren t a p p r o x i m a t i o n s u s e d 

for inc lud ing r e l a t i v i s t i c e f f ec t s . 

3 . LASER S P E C T R O S C O P Y OF ACTINIDE M O L E C U L E S 

W, J . Chi lds and L . S. Goodman 

Th i s p r o j e c t i s i n t ended to e x p l o r e the u s e f u l n e s s of 

t unab le dye l a s e r s for s tudying the s p e c t r o s c o p y of a c t l n i d e m o l e c u l e s 

in the v i s i b l e , and i s a joint effort -with the C h e m i s t r y Div i s ion , It i s 

hoped tha t it w^ill be f ea s ib l e to d e m o n s t r a t e i s o t o p e shif ts and to apply 

t h e m to u n d e r s t a n d i n g the m o l e c u l a r s t r u c t u r e . The i n i t i a l s t u d i e s 

have been m a d e -with a f l a s h - l a m p - p u m p e d b r o a d - b a n d dye l a s e r in 

conjunct ion w^ith the Argonne 30-foot h i g h - r e s o l u t i o n g r a t i n g s p e c t r o g r a p h . 

The s a m p l e i s p l a c e d b e t w e e n t h e m i r r o r s of the dye l a s e r ( the int raca-vi ty 

p o s i t i o n ) , so tha t no t only is a b s o r p t i o n i n c r e a s e d by m u l t i p l e p a s s a g e , 

but in add i t ion e a c h photon a b s o r b e d i s no l onge r f r ee to s t i m u l a t e 

e m i s s i o n . The l a s e r l ight i s t h e r e b y s e l e c t i v e l y quenched at the w a v e ­

l eng ths c h a r a c t e r i s t i c of the a b s o r b e r . We have d e m o n s t r a t e d us ing Cs 

tha t the s e n s i t i v i t y i s t-ypically 2 — 3 o r d e r s of m a g n i t u d e g r e a t e r than 

with the conven t i ona l , s i n g l e - p a s s ( e x t r a c a v i t y ) con f igu ra t i on , and the 

r e s o l u t i o n i s tha t of the a n a l y z i n g s p e c t r o g r a p h , in our c a s e , about 
o 

0, 05 A. The e x p e r i m e n t a l se tup i s shown in F i g . 67 , 

We found e a r l y in o u r s t u d i e s tha t b e c a u s e of the h igh 

s e n s i t i v i t y of the t e c h n i q u e , one often o b s e r v e d a b s o r p t i o n l ines in the 

v i s i b l e due to a i r b o r n e w a t e r v a p o r even though the r o o m i s dehumid i f i ed . 

T h e s e l i n e s a r e n o r m a l l y o b s e r v e d only by a b s o r p t i o n in t h e s o l a r 

s p e c t r u m on d a m p d a y s , and can be s e e n in the l a b o r a t o r y -with c o n v e n ­

t i o n a l t e c h n i q u e s only with e x t r e m e l y long ( m u l t i p l e - p a s s ) a b s o r p t i o n 
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F i g . 67 . Schema t i c d i a g r a m of 
a p p a r a t u s . The 7 0 - c m l a s e r 
cavi ty ( M l , M2) is g r e a t l y 
e x a g g e r a t e d r e l a t i v e to the 
30-foot d i a m e t e r of the g r a t i n g 
c i r c l e . The a b s o r p t i o n ce l l i s 
shown in the i n t r a c a v i t y p o s i ­
t ion; it can a l so be u s e d e x t e r ­
nal ly be tween the s l i t and the 
m i r r o r M 3 . The H e - N e l a s e r 
i s u s e d to f ac i l i t a t e a l i g n m e n t . 

7180 7190 7200 
WAVELENGTH (&) 

7210 

F i g . 68. A b s o r p t i o n l i n e s due to 
a i r b o r n e H^ O in the l ight output 
f r o m a p u l s e d dye l a s e r . The 
l a s e r is s e l e c t i v e l y quenched 
at the c h a r a c t e r i s t i c r o t a t i o n -
-vibration l i n e s of w a t e r . These 
l i ne s a r e e x t r e m e l y difficult 
to o b s e r v e wi th conven t iona l 
l a b o r a t o r y t e c h n i q u e s , but do 
a p p e a r in a b s o r p t i o n in s o l a r 
s p e c t r a t a k e n on d a m p d a y s . 

c e l l s . F i g u r e 68 shows s o m e of t h e s e H O a b s o r p t i o n l i n e s in the output 
Cd 

of the l a s e r u s i n g Nile Blue dye . All of the l i ne s shown a r e a s s o c i a t e d 

with the ro ta t ion--v ibra t ion bands of w a t e r . 

The f i r s t ac t ln ide m o l e c u l e i n v e s t i g a t e d w a s NpCl , and 
o 

hundreds of s h a r p m o l e c u l a r l ines w e r e s e e n in t h e r e g i o n 6200—6700 A. 

Although the c h e m i s t s who p r e p a r e d the a b s o r p t i o n ce l l fee l the l ikel ihood 

of i m p u r i t i e s i s v e r y s m a l l , the e a s e wi th w h i c h the l ines w e r e s e e n 

was s u r p r i s i n g in view of p r e v i o u s s t u d i e s of the v a p o r p r e s s u r e of 
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Fig . 69 . Densi tometer t r aces of photographic plates obtained on the Argonne 30-foot h igh-resolut ion 
grat ing spectrograph. The intracavi ty absorption cell contained NpCl^ at about 225°C; no lines were 
observed at room t empera tu r e . The region shown is only about 3 A wide. 
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NpCl . For this reason, samples of the most likely contaminants 

(CI , HCI, and H O ) were studied. It is concluded that the observed 
Ct Cd 

s t ructure is most likely due to a neptunium chlor ide , probably NpCl . 
o 

Figure 69 shows densi tometer t r a ce s through a 3 A region of these 

spect ra . So far , efforts to see s t ruc ture in UCl , in which an isotope 

shift might be sought, have been unsuccessful . 
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D. MOSSBAUER E F F E C T R E S E A R C H 

1. MOSSBAUER M E A S U R E M E N T S WITH THE 93 . 26-keV 
TRANSITION IN 67Zn 

G. J . P e r l o w , W. P o t z e l , R. M . K a s h , * and H. D e W a a r d 

The p r e c i s i o n n n e a s u r e m e n t of the q u a d r u p o l e - i n t e r a c t i o n 

p a r a m e t e r s of Z n O at l iquid h e l i u m t e m p e r a t u r e h a s been c o m p l e t e d and 

p u b l i s h e d . F r o m the s t andpo in t of t h i s p r o j e c t i t s i m p o r t a n c e i s to 

p r o v i d e e n e r g y c a l i b r a t i o n s t a n d a r d s , wi thout which f u r t h e r p r o g r e s s 
67 

is diff icul t . A s i n g l e , o r i e n t e d c r y s t a l of Z n O , in to which Ga had 

been i m p l a n t e d by c y c l o t r o n b o m b a r d m e n t , was c e m e n t e d to a q u a r t z 

p i e z o - c r y s t a l and m e c h a n i c a l l y o s c i l l a t e d wi th a v a r i a b l e r a d i o f r e q u e n c y . 

In th i s p r o c e s s , it i s we l l e s t a b l i s h e d tha t the g a m m a r a d i a t i o n i s 

f r e q u e n c y - m o d u l a t e d and " s i d e b a n d s " exac t l y ana logous to t hose f a m i l i a r 

f r om r a d i o t r a n s m i s s i o n , a r e p r o d u c e d . As t h e f r e q u e n c y i s v a r i e d , 

the s i d e b a n d s sw^eep in t u r n a c r o s s the a b s o r p t i o n r e s o n a n c e s of an 

e n r i c h e d ZnO a b s o r b e r . The t r a n s n n i s s i o n t h r o u g h the a b s o r b e r d i s p l a y s 

a s p e c t r u m of d ips v s f r e q u e n c y . The a c c u r a c y of t h e m e t h o d i s l i m i t e d 

by count ing s t a t i s t i c s , and in t h i s c a s e w a s ±1 kHz fo r the s m a l l e r of the 

two f r e q u e n c y i n t e r v a l s m e a s u r e d (361 kHz) , In un i t s of the quan t i ty 

m e a s u r e d , the 9 3 . 26 -keV g a m m a - r a y e n e r g y , the m e a s u r e m e n t is a m o n g 
-17 

the m o s t s e n s i t i v e in p h y s i c s , i . e . , ±4. 4 X 10 . E x p r e s s e d in o t h e r 

t e r m s , t h e e r r o r c o r r e s p o n d s to the g r a v i t a t i o n a l r e d shift in a change of 

he igh t of 41 c m a t t h e e a r t h ' s s u r f a c e . 

Two p o s s i b l e and i m p o r t a n t u s e s fo r t h i s g r e a t a c c u r a c y 

a r e the gra-vi ta t ional r e d - s h i f t and the e t h e r - d r i f t e x p e r i m e n t s . H o w e v e r , 

t h e r e e x i s t m a n y o the r p h e n o m e n a which change the v - r a y e n e r g y by 

s m a l l a m o u n t s , and it s e e m s tha t the next ef for ts -will be to e x p l o r e 

s e v e r a l t e n t a t i v e and s e n s i t i v e e x p e r i m e n t s a long new l i n e s . 

E l e c t r o n i c s D i v i s i o n , A N L . 
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57 
2. STUDY OF LAKE MICHIGAN SEDIMENTS BY Fe 

MOSSBAUER SPECTROSCOPY 

G. J. Pe r low, W. Po tze l , and D. Edgington* 

Mossbauer spectroscopy can be used for nondestruct ive 

analysis of iron compounds in a sample. The various valence s t a t e s , 

condition of magnetic order ing , and in favorable cases specific chemical 

form, produce different spec t ra . When done with c a r e , one may obtain 

reliable quantitative analyses that a re obtained only -with grea t difficulty 

by other methods . We have studied the variat ion -with depth of various 

components of lake bottom sediments in a region of high sedimentat ion. 

The sediment had been collected by coring techniques on shipboard. 

The resul ts of the f i rs t investigation have been published. 

They are interest ing because they clear ly show the variat ion -with t ime 

of a ferric-oxide component which can be at t r ibuted to a i r pollution from 

the extensive steel-mill complex along the southern shores of Lake 

Michigan. The component is magnetical ly ordered . It displays a 

maximum in the recent past (about I960) and is indistinguishable from 

natural background before about 1915. The inc rease -with tinne during 

the period of rapid change is exponential, with a doubling t ime of 18 years . 

A ser ies of samples from other regions of the lakes has 

been prepared and is being studied at the Technische Universi tat 

Munchen with par t ia l support from the Alexander von Humboldt founda­

tion. This work is to be resumed at Argonne after June 1, 1975. It 

is now quite apparent that the Mossbauer effect is a very useful tool in 

the study of lake ecology. 
* 

Radiological and Environmental Resea rch Division, ANL. 
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3 . ATOMIC MOTIONS IN LIQUIDS AND GLASSES 

S, L . Ruby , B. J, Z a b r a n s k y , J, C, L o v e , and P , A, F l inn* 

T h e M o s s b a u e r effect i s ab le to give i n f o r m a t i o n about 

l oca l s t r u c t u r e , and i t s changes with t i m e , of ions in l iqu ids if they 

a r e v i s c o u s enough. We have found a m o d e l s y s t e m (H P O in w a t e r — 
2-1- . . 3 4 

with F e ions d i s s o l v e d a s p r o b e s ) wh ich can be s u p e r c o o l e d to r e q u i s i t e 

v i s c o s i t i e s . M o s t of our m e a s u r e m e n t s have been d e t a i l e d s t u d i e s of 
57 

the 7 - r a y a b s o r p t i o n l ine shape of the F e n u c l e i , f r o m wh ich we can 

deduce i n f o r m a t i o n on both r o t a r y and diffusive m o t i o n s . 

Unt i l now, our b e s t t h e o r y of the p r o c e s s was not qui te 

able to exp la in the da ta at a l l t e m p e r a t u r e s . R e c e n t l y a new t r e a t m e n t 

( c r e a t e d e l s e w h e r e ) a p p e a r s to i m p r o v e the t r e a t m e n t of s i m u l t a n e o u s 

r o t a r y and diffusive mo t ions and i s now being t e s t e d a g a i n s t ou r da t a . 

Also th i s y e a r we added a new kind of m e a s u r e m e n t ( m a c r o s c o p i c 

diffusion) . Th i s has a l r e a d y r e s u l t e d in the f i r s t e x p e r i m e n t a l d e t e r ­

m i n a t i o n of the i n a p p l i c a b i l i t y of " j u m p " diffusion to l i q u i d s , in c o n t r a s t 

to c r y s t a l s . The c o m b i n a t i o n of new m e a s u r e m e n t -with b e t t e r t h e o r y 

e n c o u r a g e s our bel ief t h a t we wil l f in ish the exp lana t ion of the p r e s e n t 

m o d e l s y s t e m th i s y e a r . 

C a r n e g i e - M e l l o n U n i v e r s i t y , P i t t s b u r g h , P e n n s y l v a n i a . 

4 . RADIATION DAMAGE E F F E C T S 

R. S. P r e s t o n * and B . J . Z a b r a n s k y 

Study of the r a d i a t i o n d a m a g e p r o d u c e d in so l id s by e n e r ­

ge t ic p a r t i c l e s , not only i m p r o v e s ou r u n d e r s t a n d i n g of s o l i d s , but a l s o 

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

and fusion r e a c t o r s . It m a y be p o s s i b l e to u s e the M o s s b a u e r effect to 

s tudy d e t a i l s of the r a d i a t i o n d a m a g e in m i c r o - r e g i o n s as s m a l l as 

* 
N o r t h e r n I l l i no i s U n i v e r s i t y , D e K a l b , I l l i no i s . 
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~ 1 0 a t o m s . We have a m o d e s t p r o j e c t to explore this p o s s i b i l i t y by 
57 

us ing e n e r g e t i c Mn a t o m s to p r o d u c e r a d i a t i o n d a m a g e and t h e n to 
57 

b e c o m e a M o s s b a u e r s o u r c e t h r o u g h d e c a y to the exc i t ed s t a t e of F e . 

As a f i r s t effor t , we have s tud ied r a d i a t i o n d a m a g e in C r O c a u s e d by 
57 54 

Mn a t o m s p r o d u c e d in the b o m b a r d m e n t of Cr with a p a r t i c l e s 
f rom the t a n d e m . 

5. X-RAY MIRRORS 

S. L . Ruby 

S c a t t e r i n g by nuc le i i s n e a r l y a lways i n c o h e r e n t a m o n g 

the n u m e r o u s nucle i of the s c a t t e r i n g body. C o h e r e n t n u c l e a r s c a t t e r i n g 

wil l have new and useful p r o p e r t i e s . F o r c e r t a i n v e r y p r e c i s e e n e r g i e s , 

t h e r e a r e c e r t a i n nuc le i which have v e r y l a r g e ( r e s o n a n t ) s c a t t e r i n g 

a m p l i t u d e s , even m u c h l a r g e r than the to t a l s c a t t e r i n g a m p l i t u d e f rom 

al l tha t a t o m ' s e l e c t r o n s . F o r t h e s e e n e r g i e s , a B r a g g x - r a y s c a t t e r i n g 

g e o m e t r y would have a c o h e r e n t n u c l e a r c o m p o n e n t , a s -well a s the usua l 

c o h e r e n t e l e c t r o n i c one . We a r e e n d e a v o r i n g to find cond i t i ons -where 

th i s s c a t t e r i n g could indeed be m i r r o r - l i k e . 

Our w o r k so fa r h a s i n d i c a t e d tha t c e r t a i n i s o t o p i c a l l y 

e n r i c h e d , s i n g l e , " p e r f e c t " (in the d y n a m i c a l t h e o r y of x - r a y s s e n s e ) 

c r y s t a l s (such a s F e C o , GeSe , S n T e , KCl , Csl^ InSb , e t c ) wi l l r e f l ec t 

the a p p r o p r i a t e M o s s b a u e r y r a y at t he m i r r o r ang le and wi th n e a r l y 

pe r f ec t eff ic iency. Th i s o v e r c o m e s a d i s s i p a t i v e p r o c e s s , i n t e r n a l 

c o n v e r s i o n , which u s u a l l y " w a s t e s " a l a r g e f r a c t i o n of the s c a t t e r e d 

r ad ia t ion . And the B r a g g or m i r r o r ang le can be c h o s e n qu i te l a r g e , 

approach ing p e r p e n d i c u l a r r e f l e c t i o n , A m a j o r p r o b l e m i s to ob ta in 

such unique and difficult c r y s t a l s . 

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

s o u r c e s . Such s o u r c e s a r e too weak to put m u c h i n t e n s i t y into the v e r y 

f i ne ly -beamed sol id ang les r e q u i r e d . S y n c h r o t r o n r a d i a t i o n f r o m the 
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e l e c t r o n s t o r a g e r i n g s at SLAC do h a v e a d e q u a t e i n t e n s i t i e s , but a r e 

not m o n o c h r o m a t i c . We have p u b l i s h e d a d e s c r i p t i o n of a m e t h o d to 

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

n u c l e a r s c a t t e r i n g , which is an a d d i t i o n a l effect to t h e w e l l - k n o w n 

d i s p e r s i o n in e n e r g y and ang le of e l e c t r o n i c B r a g g s c a t t e r i n g . 

The i m p l i c a t i o n s of t h e s e ideas a r e qui te fa r r e a c h i n g . 

In p a r t i c u l a r , c o n s i d e r t h e c o n s i d e r a b l e ef for ts to c r e a t e a g a m m a - r a y 

l a s e r , " g a s e r , " They a r e m o t i v a t e d b a s i c a l l y by t h e d e s i r e for v e r y 

m o n o c h r o m a t i c b e a m s , and the l a s e r c o h e r e n c e i s only a t e chn ique to 

get t h a t . The m i r r o r s d i s c u s s e d h e r e can be u s e d a s f i l t e r s to s e l e c t 

such a n a r r o w band . The l o n g - r a n g e a i m s inc lude such i d e a s a s x - r a y 

h o l o g r a p h y and m i c r o s c o p y . 

129 
6, MOSSBAUER S P E C T R O S C O P Y OF I IN 

THYROXIN-LIKE COMPOUNDS 

S, L, Ruby , R, S. P r e s t o n , * and B. J, Z a b r a n s k y 

129 

We had found e a r l i e r tha t M o s s b a u e r s t u d i e s of I 

in t h y r o x i n and d i - i o d i n o - t y r o s i n e (a p r e c u r s o r f o rm) give v e r y s i m i l a r 

s p e c t r a . T h i s d i s a p p o i n t m e n t (it a r g u e s aga in s t the po t en t i a l u s e of 

such m e t h o d s to s tudy iod ine m e t a b o l i s m ) s u r p r i s e d us s ince o the r 

work had shown tha t the v a r i o u s i o d o m e t h a n e s did have d i s s i m i l a r 

(enough) s u c h s p e c t r a . Since t h y r o x i n i s bui l t f r o m b e n z e n e r i n g s , it 

w a s p e r t i n e n t to e x a m i n e i o d o b e n z e n e s . Having done s o , we see tha t 

t h e r e i s i n d e e d v e r y l i t t l e change m a d e in the s p e c t r u m f rom two 

iod ines a t t a c h e d to the s a m e r i n g , w h a t e v e r t h e i r spac ings f r o m each 

o the r on the s i x c a r b o n s . The w o r k i s be ing conc luded by p r e p a r a t i o n 

of a p a p e r on l o c a l e n v i r o n m e n t a l effects a s s een in th i s k ind of s p e c ­

t r o m e t r y . 
* 

N o r t h e r n I l l ino i s U n i v e r s i t y , D e K a l b , I l l i no i s , 
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7. CARBONIC ANHYDRASE STUDIES USING 
MOSSBAUER S P E C T R O S C O P Y 

A. M. F r i e d m a n * and S. L . Ruby 

C a r b o n i c a n h y d r a s e is an e n z y m e which p l a y s an i m p o r t a n t 

ro le in the e x p i r a t i o n of CO in m a m m a l s . C r y s t a l s t r u c t u r e s t u d i e s 

had ind ica ted a s ing le " a c t i v e " s i t e in the l a r g e (M = 30 000) m o l e c u l e 

w h e r e a Zn a t o m is bonded. I n f o r m a t i o n about t h e bonding at t h a t s i t e 

is s t rong ly d e s i r e d . The p e r t u r b e d a n g u l a r c o r r e l a t i o n (PAC) m e t h o d 

could give useful i n f o r m a t i o n . An a t t e m p t h a s been m a d e (unfor tuna te ly 

for t e c h n i c a l r e a s o n s subs t i t u t i ng Cd for the Zn) ; the r e s u l t s i nd i ca t e 

that t h e r e a r e two binding s i t e s for the m e t a l in the enz-yme. 

We s u s p e c t e d that even t h i s l i m i t e d c o n c l u s i o n gave the 

wrong i m p r e s s i o n . Our c o n c e r n was tha t e i t h e r o r a l l of (a) c h e m i c a l 

a f te re f fec t s f r om r a d i o a c t i v e d e c a y , (b) c o n c e n t r a t i o n effects u p s e t t i n g 

m a c r o s c o p i c p r e p a r a t i v e t e c h n i q u e s -when u s ing r a d i o a c t i v e m a t e r i a l s , 

and (c) pos s ib i l i t y of s e v e r a l m i c r o s i t e s which could g ive r i s e to s p e c t r a 

s i m i l a r enough not to be d i s t i n g u i s h e d , could confuse t h e i n t e r p r e t a t i o n 

of the Cd e x p e r i m e n t . The M o s s b a u e r t e c h n i q u e , wh ich i s n o r m a l l y 
57 

a f iner tool than P A C , w a s u t i l i z e d . H e r e , aga in u n f o r t u n a t e l y , F e 

had to be subs t i t u t ed for the Z n . 

Our m e t h o d s i nc luded e x t r e m e l y ca r e fu l s a m p l e p r e p a r a ­

t ion and a n a l y s e s which m e a s u r e d b io log i ca l e f f i c iency , a s we l l a s 

M o s s b a u e r s p e c t r o s c o p y . The r e s u l t s ident i fy the a c t i v e s i t e a s one 

which b inds a d iva lent i r o n a t o m of low s p i n . A l s o we find tha t both the 

(a) and (c) p r o b l e m s def in i te ly confuse the P A C w o r k . T h e r e i s no r e a s o n 

to suspec t the c r y s t a l l o g r a p h i c c o n c l u s i o n s . 

C h e m i s t r y Di-vision, A N L . 



VII I .E 247 

E . SCANNING SECONDARY-ION M I C R O P R O B E 

MICROSCOPIC LOCATION OF S T A B L E TRACER ISOTOPES 

V. E , K r o h n , W. E . K i s i e l e s k i , * and G. R. R ingo 

The a i m of th i s p r o j e c t i s to i m p r o v e the p r e s e n t i o n - m i c r o ­

p r o b e a n a l y z e r v e r y s ign i f i can t ly in two r e s p e c t s — ( 1 ) s p a c e r e s o l u t i o n 

and (2) m a s s r e s o l u t i o n — to m a k e i t a m u c h m o r e useful i n s t r u m e n t , 

p a r t i c u l a r l y in b io logy . The i o n - m i c r o p r o b e a n a l y z e r g e n e r a l l y u s e s a 

b e a m of p r i m a r y ions focused to a point whose d i a m e t e r d e t e r m i n e s the 

s p a c e r e s o l u t i o n of the i n s t r u m e n t and i s at p r e s e n t 1 to 2 ^m. The 

p r i m a r y b e a m i s s canned o v e r the s p e c i m e n and a m a p of the d i s t r i b u t i o n 

of an e l e m e n t or i so tope of i n t e r e s t in the s p e c i m e n i s bui l t up by 

de tec t ion of the s e c o n d a r y ions p r o d u c e d in the s p e c i m e n and a n a l y z e d 

by a m a s s s p e c t r o m e t e r of a p p r o p r i a t e r e s o l u t i o n , u s u a l l y a r o u n d 300. 

We be l i eve t h i s i n s t r u m e n t could be v e r y use fu l in b io logy 
•̂, • , 1 3 ^ 1 7 ^ 

to m a p s t ab l e i s o t o p e s s u c h a s C , O, e t c . u s e d a s t r a c e r s . 
H o w e v e r , for full u s e f u l n e s s it -will be n e c e s s a r y to have enough m a s s 

17 1 A 

r e s o l u t i o n to d i s t i n g u i s h ion p a i r s s u c h a s O and OH — about 5000 — 

and the b e s t p r a c t i c a l s p a c e r e s o l u t i o n — w h i c h m i g h t be a s good as 

100 A. In the f i r s t p h a s e of th i s p r o j e c t we dev i s ed an e x t r a c t i o n s y s t e m 

for eff ic ient co l l ec t i on of the s e c o n d a r y ions and t h e i r in jec t ion into the 

s m a l l p h a s e s p a c e a c c e p t e d by a h i g h - r e s o l u t i o n (25 000) m a s s 

s p e c t r o m e t e r . The p r e s e n t p h a s e i s t he p r o d u c t i o n of a r e a s o n a b l y 

i n t e n s e ion b e a m of 1000 A o r so d i a m e t e r . We a r e t r y ing to do th i s 

with a f ie ld e v a p o r a t i o n (EHD) s o u r c e us ing a l iquid m e t a l point f o r m e d 

by the app l i ed e l e c t r i c f ield. 

B i o l o g i c a l and M e d i c a l R e s e a r c h D iv i s i on , A N L . 

V. E . K r o h n and G. R. R ingo , R e v . Sc i . I n s t r . 43^, 1771 (1972) . 
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We have m a d e s o m e p r o g r e s s t o w a r d u n d e r s t a n d i n g the 
2 3 

o p e r a t i o n of th i s type of s o u r c e ' and have bui l t an op t i ca l b e n c h for 

ions on which we can t e s t s o u r c e s and op t i ca l e l e m e n t s such a s l e n s e s . 

With i t s a id , we have s tud ied an EHD s o u r c e u s i n g c e s i u m and g a l l i u m 

a s t h e s e a p p e a r e d to be t h e m o s t i n t e r e s t i n g w o r k i n g f l u i d s . We s tudied 

the effect of v a r i o u s e l e c t r o d e con f igu ra t i ons n e a r t h e s o u r c e , nnethods 

of s t ab i l i z ing the power supp ly , m e t h o d s of s t a r t i n g the b e a m and 

v a r i a t i o n s of o the r p a r a m e t e r s of the s o u r c e such a s t e m p e r a t u r e and 

h y d r o s t a t i c p r e s s u r e and have e s t a b l i s h e d o p e r a t i n g cond i t ions tha t 
4 -2 -1 

give an effective b r i g h t n e s s of about 10 A c m s t r 

The next p h a s e of the p r o j e c t would be a s tudy of the 

s econda ry ion s p e c t r a e m i t t e d by v a r i o u s b i o c h e m i c a l s -with v a r i o u s 

b o m b a r d i n g ions and with and without n e u t r a l c e s i u m added to the 

o rgan ic s u r f a c e s in an attennpt to i n c r e a s e the y ie ld of n e g a t i v e i o n s . 

This is obviously i m p o r t a n t to the t r a c e r s c h e m e m e n t i o n e d e a r l i e r but 

it m a y sugges t a useful m o d e of m i c r o s c o p y i t s e l f if the s p e c t r a p r o v e 

to be sufficiently d i s t i nc t i ve . The final p h a s e -would be the c o n s t r u c t i o n 

of an i n s t r u m e n t su i tab le for u s e in t h e s e ne-w f o r m s of m i c r o s c o p y . 
4 

In a s o m e w h a t s e p a r a t e effort we have found wi th the aid 
of the A r g o n n e ' s Appl ied R e s e a r c h L a b o r a t o r y I o n - M i c r o p r o b e Ana lyze r 

that with an oxygen-ion p r i m a r y b e a m , at l e a s t , o r g a n i c m a t e r i a l s give 
2 

v e r y few H ions (of e i t he r s ign) . Th i s m e a n s tha t H can be de t ec t ed 

with l i t t l e b a c k g r o u n d -with ex i s t ing c o m m e r c i a l ion m i c r o p r o b e s and 

could be loca ted -with a r e s o l u t i o n of a few m i c r o m e t e r s in the p lane of 

the s p e c i m e n and , what is s o m e w h a t m o r e i n t e r e s t i n g , -with a r e s o l u t i o n 
o 

of roughly 20 A in depth . Since the depth of focus of the m i c r o p r o b e 

b e a m is many ^ m , it would be p o s s i b l e to p e e l off s u c c e s s i v e l a y e r s 

with an ion b e a m and d e t e r m i n e the depth b e n e a t h the s u r f a c e of s o m e 

2 
V. E . K r o h n , Appl . P h y s . L e t t . 2 3 , 220 (1973). 

3 
V. E. Krohn , J . Appl . P h y s . 45^ 1144 (1974), 

4 
W. E . K i s i e l e s k i and G. R. R ingo , J . M i c r o s c o p y , to be pub l i shed . 
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l a b e l e d m a t e r i a l even wi th a v e r y i r r e g u l a r ob jec t—an i s o l a t e d ce l l 

for e x a m p l e . While t h i s t echn ique i s v e r y l i m i t e d in r e s o l u t i o n , 

s e n s i t i v i t y and r a n g e of u s a b l e i s o t o p e s c o m p a r e d with the one we a r e 

hoping to d e v e l o p , it is a v a i l a b l e i m m e d i a t e l y in at l e a s t 30 l a b o r a t o r i e s . 
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F . RADIATIVE S P E C T R A , DECAY T I M E S , AND 

COLLISION DYNAMICS OF HEAVY IONS 

1. OKOROKOV E F F E C T IN CHANNELING 

D. S. G e m m e l l , R. E. Hol land , J . M. R e m i l l i e u x , and H. G. B e r r y 

A fas t ion b e a m c h a n n e l e d in a t h in gold c r y s t a l s e e s a 

p e r i o d i c i n t e r a c t i o n of t h e s u c c e s s i v e l a t t i c e p l a n e s . If the r e s o n a n t 

f requency m a t c h e s an a t o m i c e n e r g y s e p a r a t i o n , r e s o n a n t e x c i t a t i o n 

migh t o c c u r . We s e a r c h e d without s u c c e s s for the r e p o r t e d He 

(n = 1 ^ 4 ) exc i t a t ion , for N (2s •* 3p) e x c i t a t i o n s , and a l s o for p o s s i b l e 

c h a r g e - s t a t e r e s o n a n c e s , 

2, LIGHT POLARIZATION OF C H A N N E L E D IONS 

H, G, B e r r y and J . M, R e m i l l i e u x 

When 1, 0-MeV Ne ions f r o m the D y n a m i t r o n a c c e l e r a t o r 

w e r e a l lowed to p a s s th rough a th in gold c r y s t a l , the p o l a r i z a t i o n of 
2+ 

the emi t t ed l ight f r om the e m e r g i n g Ne ions showed a d e p e n d e n c e on 

channel ing d i r e c t i o n — a 4±1% effect for channe l ing v e r s u s nonchanne l ing 

d i r e c t i o n s . This r e s u l t s u g g e s t s t h a t channe led ions a r e a l i gned a long 

the channel d i r e c t i o n and m a i n t a i n th i s a l i g n m e n t on ex i t ing t h e c r y s t a l . 

The s e l ec t i ve a l ignmen t d i s a p p e a r s a s the s u r f a c e b e c o m e s coa t ed with 

c a r b o n l a y e r s . F u r t h e r e x p e r i m e n t s a r e in p r o g r e s s . 

3 . ORIENTATION OF FAST HEAVY-ION BEAMS 

H. G. B e r r y and C. H. B a t s o n 

If a fas t ion b e a m is exc i t ed by a th in c a r b o n foil t i l t ed 

at an angle o ther than 90 to the b e a m a x i s , then o r i e n t a t i o n of the ions 

can o c c u r . T h u s , exc i ted Ne and Ne ions exc i t ing s u c h foi ls w e r e 
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found to emi t c i r c u l a r l y p o l a r i z e d l ight . The d e g r e e of c i r c u l a r p o l a r i z a ­

t ion which i s d i r e c t l y p r o p o r t i o n a l to the a t o m i c o r i e n t a t i o n w a s 

i n v e s t i g a t e d a s a function of t i l t ang le and ion b e a m e n e r g y (1—4 MeV 

f r o m the D y n a m i t r o n a c c e l e r a t o r ) . In p a r t i c u l a r , we found tha t d i f ferent 

exc i t ed s t a t e s m a y e m i t pho tons tha t h a v e oppos ing s igns of c i r c u l a r 

p o l a r i z a t i o n — i. e . , tha t the a n g u l a r m o m e n t u m of the ions have d i f ferent 

p r o j e c t i o n s on d i r e c t i o n s a long an ax i s p e r p e n d i c u l a r to the p l a n e of 

the b e a m and foil n o r m a l . 

F u r t h e r e x p e r i m e n t s a r e p r o p o s e d to t e s t v a r i o u s p o s s i b l e 

t h e o r i e s of t h e s e s u r f a c e i n t e r a c t i o n s , and we hope even tua l ly to i n v e s t i ­

gate d i f fe ren t c r y s t a l l i n e , m e t a l l i c , and n o n m e t a l l i c s u r f a c e s . 

4 . CIRCULARLY P O L A R I Z E D QUANTUM BEATS 

H. G. B e r r y , R. M. S c h e c t m a n , * and L. J. C u r t i s * 

14 -1-
Us ing t i l t ed - fo i l exc i t a t i on of N b e a m s a t 2 — 3 - M e V 

beam e n e r g i e s , a s e a r c h was m a d e for c i r c u l a r l y - p o l a r i z e d ze ro - f i e ld 
3 3 

quantum b e a t s in the 3s S-3p P t r a n s i t i o n of N IV. Such quantum b e a t s 

be tween the h y p e r f i n e l e v e l s F = 0 and F = 1 of the J = 1 fine s t r u c t u r e 

level -would give d i r e c t ev idence of the t i l ted-fo i l s u r f a c e i n t e r a c t i o n . 

F i r s t r e s u l t s sho-w a v e r y weak effect . With a p e r p e n d i c u l a r fo i l , 

l i n e a r l y - p o l a r i z e d quan tum b e a t s have been o b s e r v e d be tween o the r h y p e r ­

fine l e v e l s of the s a m e t r a n s i t i o n r e s u l t i n g in . the f i r s t m e a s u r e m e n t 

of a hype r f ine i n t e r a c t i o n cons t an t in n i t r o g e n , o the r than for the 

n e u t r a l g round s t a t e . 
* 

U n i v e r s i t y of T o l e d o , T o l e d o , Ohio . 
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5, E L E C T R I C F I E L D QUANTUM BEATS 

H, G, B e r r y , G. G a b r i e l s e , * R, M, S c h e c t m a n , and L, J , C u r t i s 

App l i ca t ion of a long i tud ina l e l e c t r i c f ield to c l o s e - l y i n g 

hyd rogen ic s t a t e s of oppos i t e p a r i t y i n d u c e s quan tum b e a t s in the t i m e -

r e s o l v e d r a d i a t i v e decay of the s t a t e s . We have u s e d t h e b e a m - f o i l 

t e chn ique to o b s e r v e such quantum bea t s in n = 1—2, 1—3, 2 — 3 , 

2—4 in H I and n = 3—4 in He II, On r e v e r s i n g t h e f ield d i r e c t i o n , the 

p h a s e s and a m p l i t u d e of the b e a t s m a y c h a n g e . Th i s i n d i c a t e s a c o h e r ­

ence of the oppos i te p a r i t y s t a t e s p r o d u c e d in the foil e x c i t a t i o n . T h u s , 

it has been shown that in a l l the above e x a m p l e s , the exc i t ed e l e c t r o n 

l e a v e s the foil t r a v e l i n g f a s t e r , and s l igh t ly a h e a d of the n u c l e u s . 

We a r e s e a r c h i n g for a t h e o r e t i c a l m o d e l of t h e s u r f a c e 

i n t e r a c t i o n which wil l expla in both th i s effect and the o r i e n t a t i o n of a toms 

p r o d u c e d by the t i l t ed fo i l s . 

U n i v e r s i t y of Ch icago , C h i c a g o , I l l i no i s . 

U n i v e r s i t y of To l edo , To l edo , Ohio, 

6, HEAVY-ION S P E C T R O S C O P Y AND L I F E T I M E S 

H, G, B e r r y and C, H, B a t s o n 

The a n a l y s i s of beann-foi l s p e c t r a of c h l o r i n e ( f rom the 

D y n a m i t r o n a c c e l e r a t o r ) in the v i s ib l e r e g i o n was c o m p l e t e d , and 

r a d i a t i v e l i f e t i m e s m e a s u r e d in ions f rom CI IV to CI IX, The hydrogen ic 

t r a n s i t i o n s n = 6 — 7 , 7—8 of CI VII w e r e s tud ied in r e l a t i v e l y h igh 
4 

r e s o l u t i o n (5 in 10 ) to s e p a r a t e t r a n s i t i o n s f rom s t a t e s of d i f fe ren t 

angula r m o m e n t u m . F r o m t h e s e o b s e r v a t i o n s , r e l a t i v e p o p u l a t i o n s of 

exci ted s t a t e s w e r e obta ined by u s e of ou r m e a s u r e d l i f e t i m e s , and 

addi t iona l t r a n s i t i o n s f rom exc i ted c o r e s t a t e s w e r e found. 

S i m i l a r w o r k has con t inued in v a n a d i u m and n i c k e l and has 

been extended to the v a c u u m - u l t r a v i o l e t r eg ion (500 — 2000 A) with the 
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aid of a 1 - m e t e r n e a r - n o r m a l i n c i d e n c e s p e c t r o m e t e r . The v a n a d i u m V 

s p e c t r u m h a s been a n a l y z e d and l i f e t ime m e a s u r e m e n t s c o m p l e t e d for 

m a n y of the known t e r m s . Th i s a l k a l i - l i k e s p e c t r u m i s of p a r t i c u l a r 

i n t e r e s t b e c a u s e of the a l r e a d y ident i f ied d o u b l y - e x c i t e d s t a t e s of the 

2p 3d c o r e . 
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IX. PUBLICATIONS FROM 1 APRIL 1974 
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A C C E L E R A T O R S 

S. K. D a s and M. K a m i n s k y 
Vol . I , p p . 278-286 

4 8 . SITES OF Au ATOMS IN Sn CRYSTALS AS D E T E R M I N E D BY 
CHANNELING 

J . W. M i l l e r , * D. S. G e m m e l l , R. E . Ho l l and , J . - C . 
P o i z a t , J . N . W o r t h i n g t o n , and R . E . L o e s s * 

Vol . I , p p . 132-138 

MATCON '74 C o n f e r e n c e and M a t e r i a l s Sc i ence S y m p o s i u m '74 A b s t r a c t s , 
D e t r o i t , M i c h i g a n , 21-24 O c t o b e r 1974 ( A m e r i c a n Soc ie ty for M e t a l s , 1974) 

4 9 . E F F E C T OF VARIABLE ENERGY I M P L A N T A T I O N O F 
HELIUM P R O J E C T I L E S IN NIOBIUM ON B L I S T E R FORMATION 

S. K. Das and M. K a m i n s k y 
A b s t r a c t 6 8 , p . 20 

A m e r i c a n P h y s i c a l Soc ie ty , D iv i s ion of P l a s m a P h y s i c s , A l b u q u e r q u e , 
New M e x i c o , 28-31 O c t o b e r 1974 

50 . NUMERICAL SIMULATION O F R F C O N F I N E M E N T 
A. J . H a t c h , J . L . Shohet,' '" and S. J . G i t o m e r * 

Bul l . A m . P h y s . Soc. j_9, 968 (Oc tobe r 1974) 

A m e r i c a n P h y s i c a l Soc i e ty , Div i s ion of N u c l e a r P h y s i c s , P i t t s b u r g h , 
P e n n s y l v a n i a , 31 O c t o b e r - 2 N o v e m b e r 1974 

5 1 . THE DISTRIBUTION OF G A M O W - T E L L E R S T R E N G T H IN 4 8 Sc 
FROM THE 4 8Ca(6Li ,6He)4 8Sc REACTION 

P . T. Debevec and W. R. W h a r t o n 
Bul l . A m . P h y s . Soc. j ^ , 989 ( O c t o b e r 1974) 

52 . ANGULAR DISTRIBUTIONS OF THE 4 z Ca(i 6 o , i 2 c)4 6 Ti AND 
42 ca ( i 6 o , 1 4 c ) 4 4 x i REACTIONS 

Y. E i s e n , H. T . F o r t u n e , W. Henn ing , D. G. K o v a r , and 
B. Z e l d m a n 

Bul l . A m . P h y s . Soc . 19, 1024 (Oc tober 1974) 

M a t e r i a l s Sc i ence Di-vision, A N L . 

U n i v e r s i t y of W i s c o n s i n , M a d i s o n , W i s c o n s i n . 

Los A l a m o s Scient i f ic L a b o r a t o r y , Los A l a m o s , New M e x i c o . 



P u b l i c a t i o n s 275 

A P S , P i t t s b u r g h (Con td , ) 

5 3 . AN INVESTIGATION OF THE 4o Ca(i 6 o , i 2 c)44 x i REACTION 
J . R. E r s k i n e , W. H e n n i n g , and D. G. K o v a r 

Bu l l . A m . P h y s . Soc . i9_, 1024 (October 1974) 

5 4 . AN INVESTIGATION OF R E C O I L E F F E C T S IN THE 
4 0 C a ( ' L i , 6 L i ) 4 i Ca R E A C T I O N 

D. S. G a l e , B . Z e l d m a n , C. L . F i n k , and K. K a t o r i 
Bu l l . A m . P h y s . Soc. 19^, 1024 (October 1974) 

5 5 . O N E - AND T W O - N E U T R O N TRANSFER REACTIONS O N 4 8Ca 
A N D 4 2 c a 

W. Henn ing , Y. E i s e n , H. T. F o r t u n e , D. G. K o v a r , and 
B . Z e l d m a n 

Bul l . A m . P h y s . Soc. j ^ , 1024 (Oc tober 1974) 

56 . STUDY O F THE 4 2 Ca(i 6 o , i ^ , i 4 , i 5 N ) 4 5 ,44 ,43 Sc REACTIONS 
D. G. K o v a r , Y. E i s e n , H. T . F o r t u n e , W. Henning , and 
B . Z e l d m a n 

Bul l . A m . P h y s . Soc . ^ , 1024 (October 1974) 

57 . L E V E L S T R U C T U R E O F '6 As 
J . F . L e m m i n g , * J . R a p a p o r t , * and A. J . E lwyn ' 

Bu l l . A m . P h y s . Soc. i9_, 1002 (Oc tober 1974) 

5 8 . C O R R E S P O N D E N C E B E T W E E N Z E R O ANGULAR MOMENTUM 
TRANSFER CROSS SECTIONS OF (6 L i , ^ He) REACTIONS AND 
T H E G A M O W - T E L L E R STRENGTH 

W. R. Whar ton and P . T. Debevec 
Bu l l . A m . P h y s . Soc, i9_, 989 (October 1974) 

5 9 . MODIFICATION O F THE ARGONNE F N TANDEM 
J . L . Y n t e m a 

Bul l . A m . P h y s . Soc. i9_, 1026 (Oc tober 1974) 

6 0 . MASS, ENERGY AND ANGULAR DISTRIBUTIONS FROM 
HEAVY ION INTERACTIONS WITH Ca ISOTOPES 

B . Z e l d m a n 
Bul l . A m . P h y s . Soc . i9_, 1005 (October 1974) 

Ohio U n i v e r s i t y , A t h e n s , Ohio . 
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Amer ican Phys ica l Society, Division of Elec t ron and Atomic P h y s i c s , 
Chicago, 2-4 Decennber 1974 

61 . DETERMINATION OF THE ELECTRON AFFINITY OF ATOMIC 
OXYGEN FROM ION-PAIR FORMATION IN O^ 

P . M. Dehmer and W. A. Chupka 
Bull. Am. Phys . Soc. i^., 1195 (1974) 

62. NONSTATISTICAL EMISSION FROM METASTABLE AUTO­
IONIZING STATES OF OI 

P . M. Dehmer and W. A. Chupka 
Bull. Am. Phys . Soc. i9_, 1203 (1974) 

1974 Nuclear Science Symposium and 14th Scintillation and Semiconductor 
Counter Symposiunn, Washington, D. C , 11-13 December 1974 

63. BASIC LIMITATION OF SCINTILLATION COUNTERS IN 
TIME MEASUREMENTS 

F . J. Lynch 
IEEE Trans . Nucl. Sci. NS-22, 58 (February 1975) 

American Physica l Society, Anaheim, 29 January-1 Feb rua ry 1975 

64. i80Hf ENERGY LEVELS DEDUCED FROM THERMAL AND 
AVERAGE RESONANCE NEUTRON-CAPTURE y-RAY SPECTRA 

D. L. Bushnell, D. J. Buss , and R. K. Smither 
Bull. Am. Phys . Soc. 20, 96 (1975) 

65. ENERGY LEVEL STRUCTURE OF 245 p ^ ^ S OBSERVED BY 
(d,p) REACTIONS 

D. S, Gale, J. R. Ersk ine , and A. M. Fr iedman* 
Bull. Am. Phys . Soc. 20 ,̂ 97 (1975) 

66. DELBRUCK AND NUCLEAR RAMAN SCATTERING OF 
9 —12 MeV PHOTONS 

H. E. Jackson 
Bull. Am. Phys . Soc. 20 ,̂ 81 (1975) 

67. SURFACE RADIATION EFFECTS IN CONTROLLED FUSION 
M. Kaminsky 

Bull. Am. Phys . Soc, 20 ,̂ 36 (1975) 

68. ENERGY LEVELS OF ! ? Nb^ „ 
4 1 4 8 

F, J. D, Serduke and W, Henning 
Bull, Am. Phys , Soc, 20, 73 (1975) 

Chemist ry Division, ANL, 
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APS, Anaheim (Contd, ) 

69. HELIUM BLISTERING OF NICKEL MONOCRYSTALS 
M. K. Sinha, S. K, Das , and M, Kaminsky 

Bull. Am. Phys . Soc. 2£, 45 (1975) 

70. ENERGY LEVELS AND GAMMA RAY BRANCHING RATIOS 
IN 15 2 Sm 

Robert K. Smither 
Bull. Am. Phys . Soc. 2^, 96 (1975) 

1975 Neutron Sputtering Workshop, Battelle Memorial Inst i tute, Richland, 
Washington, 18-19 Februa ry 1975 

7 1 . NEUTRON SPUTTERING EXPERIMENTS AT THE ARGONNE 
PHYSICS DIVISION 

M. S. Kaminsky 
Proceedings of the Workshop, prepared by O. K. 
Harl ing, M. T. Thomas, and D. L. Styris (1975) 

Amer ican Physica l Society, Denver, Colorado, 31 March-3 April 1975 

72. DETERMINATION OF EQUILIBRIUM SITES OF Au ATOMS 
IN Sn SINGLE CRYSTALS, BY A CHANNELING TECHNIQUE 

J. W. Mi l l e r , * D. S. Gemmell , R. E. Holland, J. C. 
Poiza t , J. N. Worthington, and R. E. Loess* 

Bull. Am. Phys . Soc. 20 ,̂ 352 (1975) 

D. TOPICAL REPORTS 

1. GSPEAK: A DATA MANAGEMENT FACILITY FOR SPEAKEASY 
S. Cohen and D. H. Gloeckner 

Argonne National Laboratory Topical Report ANL-8097 
(May 1974) 

2. THE KAPPA LEVEL OF SPEAKEASY 
Stanley Cohen, Steven C. P i e p e r , and Michael Stob 

Argonne National Labora tory Topical Report ANL-8137 
(November 1974) 

Mate r i a l s Science Division, ANL. 
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3. THE ARGONNE NUCLEAR SHELL-MODEL SYSTEM 
David H. Gloeckner 

Argonne National Labora tory Topical Report ANL-8113 
(September 1974) 

4. MEASUREMENT OF THE TOTAL CROSS SECTIONS FOR THE 
' 'Li (d ,p)8Li , 6Li(3He,n)8B, 6Li(d, a)4He, 6 L i ( d , p ) ' L i , AND 
6Li(d,n) ' 'Be REACTIONS 

Charles R. McClenahan 
Argonne National Labora tory Topical Report ANL-8088 
(March 1974) 
P h . D . Thes is , Northwestern University (June 1974) 

5. AN ENGINEERING DESIGN STUDY OF A REFERENCE THETA-PINCH 
REACTOR (RTPR), edited by R. A. Krakowski ,* F . L. Ribe ,* T. A. 
Coultas, ' and A. J. Hatch, Argonne National Labora tory Topical 
Report ANL-8019 and Los Alamos Scientific Laboratory Report 
LA-5336 (March 1974) 

INTRODUCTION 
R. A. Krakowski ,* F . L. R ibe ,* T. A, Coultas, ' ' ' and 
A. J. Hatch 

pp. 1-4 

SUMMARY PLANT DESCRIPTION 
T. A. Coultas,"*" P . Dauzvardis,' '" and A. J. Hatch 

pp. 17-26 

FUEL SUPPLY AND REMOVAL SYSTEM 
D. C, Hess 

pp, 78-82 

APPENDIX B: COMPUTER OUTPUT SUMMARY OF RTPR 
PARAMETER DESIGN VALUES 

C, B, Dennis"'" and A, J, Hatch 
pp, 114-127 

* 
Los Alamos Scientific Labora tory , Los Alamos , New Mexico, 

Engineering Di-vision, ANL, 
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E, PATENT 

1, METHOD AND MEANS OF EFFECTING CHARGE EXCHANGE IN 
PARTICLE BEAMS 

Jan L, Yntema 
U,S , Patent No, 3,806,749 (23 April 1974) 
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X. STAFF MEMBERS OF THE PHYSICS DIVISION 

The P h y s i c s Div i s ion staff for the y e a r ending 31 M a r c h 
1975 i s l i s t e d be low. Al though the m e m b e r s a r e c l a s s i f i e d by p r o g r a m s , 
it m u s t be u n d e r s t o o d tha t m a n y of t h e m w o r k in two or m o r e of t h e a r e a s . 
In such c a s e s , the c l a s s i f i c a t i o n i n d i c a t e s only the c u r r e n t p r i m a r y i n t e r e s t . 

In the p e r i o d f rom 1 A p r i l 1974 t h rough 31 M a r c h 1975, 
t h e r e w e r e 37 t e m p o r a r y staff m e m b e r s and v i s i t o r s ( inc luding 12 
p o s t d o c t o r a l f e l l ows ) , 14 g r a d u a t e s t u d e n t s , and 22 u n d e r g r a d u a t e s . In 
t h e s e l i s t s , the T e m p o r a r y Scient i f ic Staff a r e t hose with a p p o i n t m e n t s for 
^ 9 m o n t h s , whi le V i s i t o r s a r e on s h o r t e r a p p o i n t m e n t s . R e s e a r c h 
P a r t i c i p a n t s c o m e to Argonne p a r t - t i m e for r e s e a r c h while cont inuing 
t h e i r w o r k at t h e i r own i n s t i t u t i o n s . 

E X P E R I M E N T A L NUCLEAR PHYSICS 

P e r m a n e n t Sc ient i f ic Staff 

^ L o w e l l M. B o l l i n g e r , P h . D . , C o r n e l l U n i v e r s i t y , 1951 

* T h o m a s H. B r a i d , P h . D . , E d i n b u r g h U n i v e r s i t y , 1950 

S. B r a d l e y B u r s o n , P h . D. , U n i v e r s i t y of I l l i n o i s , 1946 

G a r y N. D a v i d s , P h . D. , Ca l i fo rn i a Ins t i tu te of Techno logy , 1967 

A l e x a n d e r J . E l w y n , P h . D . , Wash ing ton U n i v e r s i t y , 1956 

John R. E r s k i n e , P h . D. , U n i v e r s i t y of N o t r e D a m e , I960 

^Donald S. G e m m e l l , P h . D. , A u s t r a l i a n Na t iona l U n i v e r s i t y , I960 

D i r e c t o r of the P h y s i c s Div i s ion ; on l e a v e f r o m tha t office to m a n a g e 
the S u p e r c o n d u c t i n g L i n a c P r o j e c t June 19 7 2 — S e p t e m b e r 1974. 

Joint a p p o i n t m e n t as A s s o c i a t e E d i t o r of the Appl ied P h y s i c s L e t t e r s ; 
Act ing E d i t o r O c t o b e r 1974—June 1975. 

Act ing A s s o c i a t e D i r e c t o r of the P h y s i c s Div is ion un t i l Augus t 1974. 
T e m p o r a r i l y at U n i v e r s i t y of Munich ( S e p t e m b e r 1 9 7 4 — S e p t e m b e r 1975). 
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R o b e r t E . H o l l a n d , P h . D . , U n i v e r s i t y of Iowa , 195 0 

Roy J . Hol t , P h . D . , Yale U n i v e r s i t y , 1972 

H a r o l d E . J a c k s o n , J r . , P h . D. , C o r n e l l U n i v e r s i t y , 1959 

Dennis G. K o v a r , P h . D . , Yale U n i v e r s i t y , 1970 

A l e x a n d e r Langsdo r f , J r . , P h . D . , M a s s a c h u s e t t s Ins t i tu t e of 
T e c h n o l o g y , 1937 

John J. L iv ingood , P h . D, , P r i n c e t o n U n i v e r s i t y , 1929 

F r a n k J, L y n c h , B. S. , U n i v e r s i t y of C h i c a g o , 1944 

L u i s e M e y e r - S c h u t z m e i s t e r , P h . D. , T e c h n i c a l U n i v e r s i t y of B e r l i n , 
1943 

^ F . P . M o o r i n g , P h . D . , U n i v e r s i t y of W i s c o n s i n , 1951 

11 John P . Schi f fer , P h . D . , Yale U n i v e r s i t y , 1954 

Ralph E. Sege l , P h . D. , Johns Hopkins U n i v e r s i t y , 1955 

R o b e r t K. S m i t h e r , P h . D . , Yale U n i v e r s i t y , 1956 

T h o m a s P . W a n g l e r , P h . D . , U n i v e r s i t y of W i s c o n s i n , 1964 

J . L . Y n t e m a , P h . D . , F r e e U n i v e r s i t y of A m s t e r d a m , 1952 

Ben j amin Z e l d m a n , P h . D. , Wash ing ton U n i v e r s i t y , 1957 

T e m p o r a r y Scient i f ic Staff 

P a u l T. D e b e v e c , P h . D. , P r i n c e t o n U n i v e r s i t y , 1972 

Yoss i E i s e n , P h . D. , W e i z m a n n Ins t i t u t e of S c i e n c e , 1974 

H, T e r r y F o r t u n e , P h . D. , F l o r i d a Sta te U n i v e r s i t y , 1967 
( F r o m U n i v e r s i t y of P e n n s y l v a n i a ) 

No longer at Argonne a s of 31 M a r c h 1975. 

Act ing A s s o c i a t e D i r e c t o r of the P h y s i c s Div i s ion un t i l S e p t e m b e r 1974, 

E m e r i t u s . 

In c h a r g e of D y n a m i t r o n a c c e l e r a t o r o p e r a t i o n s . 

II A s s o c i a t e D i r e c t o r of the P h y s i c s Div i s ion . Joint a p p o i n t m e n t 
wi th the U n i v e r s i t y of Ch icago . T e m p o r a r i l y at T e c h n i c a l U n i v e r s i t y , 
Munich (July 1973—July 1974). 

Jo in t appo in tmen t wi th N o r t h w e s t e r n U n i v e r s i t y . 

A s s i g n e d to w o r k at the Los A l a m o s M e s o n P h y s i c s F a c i l i t y a s p a r t 
of the M e d i u m E n e r g y ac t iv i ty . 

In c h a r g e of T a n d e m a c c e l e r a t o r o p e r a t i o n s . 
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W a l t e r H e n n i n g , P h . D, , T e c h n i s c h e Hochschu l e M u n c h e n , 1968 
( F r o m T e c h n i s c h e U n i v e r s i t a t M u n c h e n , G e r m a n y ) 

T r e v o r R, Ophe l , P h , D, , A u s t r a l i a n Nat iona l U n i v e r s i t y , 1959 
( F r o m A u s t r a l i a n Na t iona l U n i v e r s i t y ) 

J o s e p h M. R e m i l l i e u x , P h . D. , U n i v e r s i t y of Lyon, 1972 
( F r o m Ins t i t u t de P h y s i q u e N u c l e a i r e , Lyon , F r a n c e ) 

P e t e r S p e r r , Dr . r e r , na t , , T e c h n i c a l U n i v e r s i t y , Mun ich , 1973 
( F r o m T e c h n i c a l U n i v e r s i t y , Munich) 

Steven E, V i g d o r , P h . D . , U n i v e r s i t y of W i s c o n s i n , 1973 

W i l l i a m R. W h a r t o n , P h . D . , U n i v e r s i t y of Wash ing ton , 1972 

W i l l i a m M. Wi l son , P h . D . , Duke U n i v e r s i t y , 1973 

V i s i t o r s 

David L, B u s h n e l l , P h , D, , V i rg in i a P o l y t e c h n i c I n s t i t u t e , 1961 
( F r o m N o r t h e r n I l l ino is U n i v e r s i t y ) 

Duane J, B u s s , P h , D, , U n i v e r s i t y of N o t r e D a m e , 1966 
( R e s e a r c h p a r t i c i p a n t f r om I l l ino is Bened ic t i ne Col lege) 

Douglas S, G a l e , P h , D, , K a n s a s State U n i v e r s i t y , 1972 
( R e s e a r c h p a r t i c i p a n t f r o m E a s t T e x a s State U n i v e r s i t y ) 

M a r g a r e t S t a u t b e r g G r e e n w o o d , P h , D, , U n i v e r s i t y of C o l o r a d o , 1966 
( R e s e a r c h p a r t i c i p a n t f r o m D e P a u l U n i v e r s i t y ) 

G e r a l d H a r d i e , P h , D, , U n i v e r s i t y of W i s c o n s i n , 1962 
( R e s e a r c h p a r t i c i p a n t f r om W e s t e r n Mich igan U n i v e r s i t y ) 

* 
H a n s - J o a c h i m K o r n e r , P h , D, , U n i v e r s i t y of H a m b u r g , 1963 

( F r o m T e c h n i s c h e U n i v e r s i t a t M u n c h e n , G e r m a n y ) 

E s t h e r L, S e g e l , P h , D, , U n i v e r s i t y of R o c h e s t e r , I960 
( R e s e a r c h p a r t i c i p a n t f r o m I l l ino i s In s t i t u t e of Technology) 

Suppor t ing Staff 

C h a r l e s H, B a t s o n 

John J , B i c e k 

Wi l l i am F , Evans 

L inda R, G r i t t e r 

J o s e p h E, Kulaga 

J a m e s R, Specht 

No l o n g e r a t A r g o n n e a s of 31 M a r c h 1975. 
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* 
E l i z a b e t h A, S u t t e r 

G e o r g e E . T h o m a s , J r , 

J a m e s N, Wor th ing ton 

G r a d u a t e S tudents 

R i c h a r d L, B o u d r i e ( U n i v e r s i t y of K a n s a s ) 

Wi l l i am C, Cor-win ( I l l inois I n s t i t u t e of Techno logy) 

Jonn ie K, Hawkins ( N o r t h e r n I l l ino i s U n i v e r s i t y ) 

M i c h a e l A. L e e ( N o r t h w e s t e r n U n i v e r s i t y ) 

R i c h a r d C, P a r d o ( U n i v e r s i t y of T e x a s ) 

Lewi s A, P a r k s ( U n i v e r s i t y of T e x a s ) 

K r i s h n a s w a m y Raghuna than ( N o r t h w e s t e r n U n i v e r s i t y ) 

T i m o t h y R, R e n n e r ( U n i v e r s i t y of Chicago) 

Gianni R, T a s s o t t o ( N o r t h e r n I l l ino i s U n i v e r s i t y ) 

Jef f rey F . Tonn (North-western U n i v e r s i t y ) 

T H E O R E T I C A L PHYSICS 

P e r m a n e n t Scient i f ic Staff 

A r n o l d R. B o d m e r , P h . D . , M a n c h e s t e r U n i v e r s i t y , 1953 

F r i t z C o e s t e r , P h . D . , U n i v e r s i t y of Z u r i c h , 1944 

Stanley Cohen , P h . D . , C o r n e l l U n i v e r s i t y , 1955 

Ben jamin Day, P h . D . , C o r n e l l U n i v e r s i t y , 1963 

D i e t e r K u r a t h , P h . D. , U n i v e r s i t y of C h i c a g o , 1951 

R o b e r t D, L a w s o n , P h . D . , S tanford U n i v e r s i t y , 1953 

No longe r at Argonne a s of 31 M a r c h 1975. 

Joint appo in tmen t wi th the U n i v e r s i t y of I l l i n o i s , Ch icago C i r c l e C a m p u s , 

T e n n p o r a r y joint appo in tmen t wi th the U n i v e r s i t y of Iowa , Iowa Ci ty , 
Iowa unt i l May 1974, 

§ 
T e m p o r a r i l y at Oxford U n i v e r s i t y (August 1973—Augus t 1974). 
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M a l c o l m H. M a c f a r l a n e , P h , D, , U n i v e r s i t y of R o c h e s t e r , 1959 

J a m e s E, M o n a h a n , P h , D, , St, Lou i s U n i v e r s i t y , 1953 

M u r r a y P e s h k i n , P h , D, , C o r n e l l U n i v e r s i t y , 1951 

Steven C, P i e p e r , P h , D, , U n i v e r s i t y of I l l i n o i s , 1970 
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