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FOREWORD 

T h i s i s s u e of the A N L P h y s i c s Div i s ion Sunamary R e p o r t 

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 w o r k of the Div is ion in the y e a r 

ending in t h e s p r i n g of 1964. I n s t e a d of the u s u a l s m a l l s e l e c t i o n of 

r e l a t i v e l y full a c c o u n t s of i nd iv idua l r e s e a r c h e s r e p o r t e d a t the r a n d o m 

t i m e s a t wh ich they b e c o m e a v a i l a b l e , t h i s i s s u e offers a c o m p l e t e and 

s y s t e m a t i c o v e r v i e w of wha t i s going on. Much of what i s i n d i c a t e d 

b r i e f l y h e r e h a s b e e n d e s c r i b e d m o r e fully in e a r l i e r i s s u e s of the 

S u m m a r y ; m o s t of the r e s t wi l l a p p e a r in f o r t h c o m i n g i s s u e s . 

In a d d i t i o n , t h e p a p e r s p u b l i s h e d in t h e i - y e a r p e r i o d 

f r o m 1 A p r i l 1963 t h r o u g h 31 M a r c h 1964 a r e l i s t e d i m m e d i a t e l y a f t e r 

the r e p o r t s on t h e r e s e a r c h . T h i s l i s t a c c o u n t s for m u c h the s a m e effort 

but f r o m a d i f fe ren t point of v i ew . 

St i l l a n o t h e 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 d i f f e r ­

ent p r o g r a m s of the Div i s ion i s supp l i ed by the r o s t e r of p e r s o n n e l , in 

wh ich the staff m e m b e r s a r e g r o u p e d by p r o g r a m . (It m u s t be u n d e r s t o o d , 

h o w e v e r , t h a t staff m e m b e r s f r e q u e n t l y do p a r t of t h e i r w o r k in a n o t h e r 

p r o g r a m . ) T h i s r o s t e r f o r m s the l a s t s e c t i o n of the r e p o r t . 
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I n t r o d u c t i o n 

I . E X P E R I M E N T A L N U C L E A R PHYSICS 

INTRODUCTION 

The o v e r - a l l p u r p o s e of the p r o g r a m con t inues to b e , a s in 
the p a s t , to ob ta in a m u c h miore c o m p l e t e u n d e r s t a n d i n g of the a t o m i c 
n u c l e u s . C o n s e q u e n t l y , m o s t of t h e p r o g r a m c o n s i s t s 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 s t u d i e s of t h e e n e r g i e s , q u a n t u m n u m b e r s , and l i f e t i m e s of 
n u c l e a r e n e r g y l e v e l s and i n v e s t i g a t i o n s of the m e c h a n i s m s by which s i m p l e 
n u c l e a r p r o j e c t i l e s i n t e r a c t wi th n u c l e a r t a r g e t s . E x p e r i m e n t e r s and 
t h e o r i s t s w o r k c l o s e l y t o g e t h e r so tha t new r e s u l t s in one a r e a m a y s u g g e s t 
new a p p r o a c h e s in a n o t h e r . An effort i s m a d e to s t r e s s w o r k tha t can be 
done m o r e a d v a n t a g e o u s l y a t A r g o n n e t h a n e l s e w h e r e b e c a u s e of the s p e c i a l 
f a c i l i t i e s a v a i l a b l e h e r e . In vie-w of the h i s t o r y and t r a d i t i o n of the L a b o r a ­
t o r y , it i s n a t u r a l t h a t c o n s i d e r a b l e e m p h a s i s i s p l a c e d on s t u d i e s of i n t e r ­
a c t i o n s b e t w e e n n u c l e i and n e u t r o n s ; but t h i s i s b a l a n c e d by a we l l d i v e r s i f i e 
p r o g r a m of o t h e r n u c l e a r i n v e s t i g a t i o n 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 m o s t e a s i l y ou t l ined 
by subd iv id ing the w o r k in to v a r i o u s c a t e g o r i e s for which a m a j o r p i e c e of 
e q u i p m e n t o r an i m p o r t a n t e x p e r i m e n t a l t e chn ique i s t he unifying f a c t o r . 
The c a t e g o r i e s f o r m e d in t h i s -way a r e the folio-wing: 

(1) S tud ies of the n e u t r o n and of n e u t r o n - i n d u c e d r e a c t i o n s at t he r e a c t o r 
C P - 5 . 

(2) N e u t r o n and c h a r g e d - p a r t i c l e - i n d u c e d r e a c t i o n s at the 4 . 5 -MeV Van 
de Graaff . 

(3) C h a r g e d - p a r t i c l e r e a c t i o n s a t the t a n d e m Van de Graaff a c c e l e r a t o r , 

(4) C h a r g e d - p a r t i c l e r e a c t i o n s a t the 6 0 - i n . c y c l o t r o n . 

(5) V a r i o u s e x p e r i m e n t s t h a t u s e the M o s s b a u e r effect, 

(6) A t o m i c - b e a m s t u d i e s . 

(7) S tud ies of t h e d e c a y of s h o r t - l i v e d r a d i o n u c l i d e s . 

Some p h y s i c i s t s r e s t r i c t t h e i r e f fo r t s to the u s e of a s ing le m a c h i n e o r 
t e c h n i q u e , w h e r e a s o t h e r s i n v e s t i g a t e r e l a t e d p r o b l e m s wi th s e v e r a l 
s y s t e m s of a p p a r a t u s . 



I - i . RESEARCH AT THE REACTOR C P - 5 

The p r o g r a m of t h e P h y s i c s Div i s ion at the r e a c t o r C P - 5 
i s devo t ed e n t i r e l y to n u c l e a r p h y s i c s . The e x p e r i m e n t s fal l in to t h r e e 
b r o a d c a t e g o r i e s — e x p e r i m e n t s on the f u n d a m e n t a l p r o p e r t i e s of the 
n e u t r o n i t se l f , s t u d i e s of n e u t r o n c r o s s s e c t i o n s , and a v a r i e t y of e x p e r i ­
m e n t s wi th n e u t r o n - c a p t u r e g a m m a r a y s . 

The f i r s t c a t e g o r y i n c l u d e s an i n v e s t i g a t i o n of the n e u t r o n -
e l e c t r o n i n t e r a c t i o n and s t u d i e s of the d e c a y of p o l a r i z e d n e u t r o n s . 

N e u t r o n c r o s s s e c t i o n s a r e m e a s u r e d by the t i m e - o f - f l i g h t 
m e t h o d wi th a f a s t c h o p p e r . Dur ing the p a s t y e a r , th i s s y s t e m w a s u s e d 
to m e a s u r e t o t a l c r o s s s e c t i o n s and e s p e c i a l l y to s tudy the g a m m a - r a y 
s p e c t r a t h a t r e s u l t f r o m the c a p t u r e of n e u t r o n s in r e s o n a n c e s . 

The l a r g e s t a r e a of i n v e s t i g a t i o n is c o n c e r n e d wi th the 
g a m m a r a y s f r o m c a p t u r e of t h e r m a l n e u t r o n s . A key i n s t r u m e n t for t h e s e 
i n v e s t i g a t i o n s i s the 7 . 7 - m e t e r b e n t - c r y s t a l s p e c t r o m e t e r , a p r e c i s i o n 
i n s t r u m e n t t h a t i s u s e d for t h e r a n g e of e n e r g y up to about 2 MeV. A high 
r e s o l u t i o n g e r m a n i u m diode s y s t e m i s c u r r e n t l y b e i n g d e v e l o p e d for the 
s tudy of g a m m a r a y s of h i g h e r e n e r g y . In add i t i on to t h e m e a s u r e m e n t s 
m a d e wi th t h e s e p r e c i s i o n i n s t r u m e n t s , m a n y usefu l s t u d i e s a r e p e r f o r m e d 
-with Nal s c i n t i l l a t i o n s p e c t r o m e t e r s of v a r i o u s k i n d s . T h e s e s t u d i e s 
i n c l u d e m e a s u r e m e n t s ^vith an a n t i c o i n c i d e n c e s p e c t r o m e t e r to ob ta in the 
c a p t u r e g a m m a - r a y s p e c t r a for m a t e r i a l s hav ing e x c e p t i o n a l l y s m a l l n e u t r o n 
c r o s s s e c t i o n s , d e l a y e d - c o i n c i d e n c e m e a s u r e m e n t s of the l i f e t i m e s of 
e x c i t e d s t a t e s f o r m e d by n e u t r o n c a p t u r e , c o i n c i d e n c e m e a s u r e m e n t s to 
d e t e r m i n e n u c l e a r d e c a y s c h e m e s , and a n g u l a r - c o r r e l a t i o n m e a s u r e m e n t s 
to d e t e r m i n e s p i n s and p a r i t i e s of e x c i t e d s t a t e s . 

In add i t ion to the above w e l l - e s t a b l i s h e d e x p e r i m e n t s , during 
t he p a s t y e a r a p r o g r a m of m e a s u r e m e n t s on the r e s o n a n t s c a t t e r i n g of 
n e u t r o n - c a p t u r e g a m m a s -was s t a r t e d . 

I - 1 . 1 . I n s t r u m e n t a t i o n for M e a s u r e m e n t s of the S y m i n e t r y P r o p e r t i e s 
of N e u t r o n Decay ( P r o j e c t I -123) 

M. T . B u r g y and G. R. R ingo (and P . D o h e r t y for the s u m m e r of 1963) 

F o r the nex t p h a s e of the e x p e r i m e n t on the s y m m e t r y prop­

e r t i e s of n e u t r o n d e c a y , i t is n e c e s s a r y to know the p o l a r i z a t i o n of the 
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n e u t r o n s wi th an a c c u r a c y of about ±2%. The work has p r o g r e s s e d un t i l 

i t s e e m s r e a s o n a b l y c l e a r t ha t t h i s can b e done , p r o b a b l y by u s e of double 

r e f l e c t i o n in both p o l a r i z e r and a n a l y z e r m i r r o r s and c e r t a i n l y u s i n g 

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

c a u s e d by the d e p o l a r i z i n g s t e e l foil in t h e m e a s u r e m e n t t e chn ique we 

have a d o p t e d . The t e c h n i q u e is not suf f ic ien t ly r e l i a b l e y e t , ho-wever, to 

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

Some p r e l i m i n a r y w o r k h a s b e e n done on a t e s t for the 

u n i f o r m i t y of r e s p o n s e of the p r o t o n d e t e c t o r , and the d a t a - r e c o r d i n g 

s y s t e m is be ing i m p r o v e d . The nex t m a j o r s t e p , h o w e v e r , wi l l be to 

d e s i g n and bui ld a new p o l a r i z i n g m i r r o r giving s e v e r a l t i m e s the i n t e n s i t y 

of the p r e s e n t one . 

I - 1 .2 . 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 ( P r o j e c t I -135) 

V. K r o h n and G. R. Ringo 

The ob jec t ive of t h i s p r o g r a m is to a c h i e v e a p r e c i s e 

m e a s u r e m e n t of 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 by s tudying the f o r e - a n d -

aft a s y m m e t r y in the s c a t t e r i n g of t h e r m a l n e u t r o n s by noble g a s e s . 

The c o m p u t e r p r o g r a m for c a l c u l a t i n g the c o n t r i b u t i o n of 

the m o t i o n of the c e n t e r of m a s s of the s c a t t e r i n g s y s t e m to the o b s e r v e d 

a s y m m e t r y i s now s a t i s f a c t o r y . The n e u t r o n s p e c t r u m u s e d in the 

a s y m m e t r y m e a s u r e m e n t s and the s c a t t e r i n g c r o s s s e c t i o n s of the ind iv idua l 

i s o t o p e s of the nob le g a s e s a r e n e e d e d a s inpu ts for t h e s e c a l c u l a t i o n s . 

P l a n s to 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 s of the 

i s o t o p e s have su f fe red a s e r i o u s s e t b a c k . I s o t o p e s of neon and a r g o n a r e 

a v a i l a b l e but p l a n s for a xenon s e p a r a t i o n by g a s e o u s diffusion at Oak 

R idge have b e e n a b a n d o n e d and k r y p t o n s e p a r a t i o n h a s b e e n d e l a y e d . 

A l s o , i t is not c l e a r t h a t t h i s m e t h o d of s e p a r a t i o n -will be s a t i s f a c t o r y for 

t h e i n t e r m e d i a t e - m a s s i s o t o p e s of xenon and k r y p t o n . Th i s will be 



Fig. I - l - a . Rotor No. IV of the fast chopper. The rotor was built 
specifically for use in capture g a m m a - r a y studies at neutron reson­
ances . [See Sec. I - l . 3(b).] 
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d e t e r m i n e d when the k r y p t o n i s s e p a r a t e d in t h e n e a r f u t u r e . If e l e c t r o ­

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

t e c h n i q u e wi l l h a v e to be d e v e l o p e d for the co l l e c t i ng of the s e p a r a t e d 

i s o t o p e s . 
3 

The p r o g r a m to deve lop l a r g e - d i a m e t e r He p r o p o r t i o n a l 

c o u n t e r s for the m e a s u r e m e n t of s c a t t e r i n g a s y m m e t r i e s has been c o m -
3 

p l e t e d . M i x t u r e s of H e , m e t h a n e , and neon gave v e r y s a t i s f a c t o r y 

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

( 0 . 9 3 6 - i n . i . d . ) c o u n t e r s and shown to be s u p e r i o r to B F for m a n y 

r o u t i n e a p p l i c a t i o n s invo lv ing t h e r m a l n e u t r o n s . The r e s u l t s ob ta ined 

wi th t h e s e f i l l ings have b e e n s u b m i t t e d for pub l i c a t i on . 

P r e p a r a t i o n s for m e a s u r e m e n t s of the s c a t t e r i n g a s y m m e t r i e s 

a r e n e a r l y c o m p l e t e ; t h e s e m e a s u r e m e n t s wi l l be s t a r t e d in the n e a r 

fu tu re a t a C P - 5 t h e r m a l c o l u m n . A slo-w c h o p p e r wil l be u s e d to d e t e r m i n e 

the s p e c t r u m of the t h e r m a l n e u t r o n s u s e d for t h e s e m e a s u r e m e n t s . 

I - 1 ,3 , N e u t r o n R e s o n a n c e s 

L . M. B o l l i n g e r , R . E . Cot€ , H. E . J a c k s o n , J. P . Marion and 
G. E . T h o m a s 

D u r i n g the p a s t y e a r t h e f a s t choppe r t inne-of - f l igh t n e u t r o n 
s p e c t r o m e t e r h a s b e e n u s e d to s tudy l o w - e n e r g y r e s o n a n c e s in s o m e 18 
n u c l i d e s r a n g i n g f r o m c a l c i u m to c u r i u m . The r e s u l t s of g r e a t e s t p h y s i c a l 
i n t e r e s t a r e d i s c u s s e d b e l o w . 

(1) p - W a v e R e s o n a n c e s a t V e r y Low E n e r g y 

A newly d e v e l o p e d b o r o n - l o a d e d l iquid s c i n t i l l a t i o n n e u t r o n 

d e t e c t o r of l a r g e a r e a h a s p e r m i t t e d u s to ob ta in t o t a l - c r o s s - s e c t i o n da ta 
232 

of e x t r e m e l y good s t a t i s t i c a l a c c u r a c y . Such da ta for Th exh ib i t a 

s t r u c t u r e of t i n y r e s o n a n c e s ( F i g . 1-1-b) wh ich had p r e v i o u s l y b e e n undetected . 



F i g . I - l - b . The t r a n s m i s s i o n of 
a s a m p l e of t h o r i u m a s a funct ion 
of n e u t r o n t i m e - o f - f l i g h t . The 
e n l a r g e d a r e a shows the v e r y 
s m a l l s i z e of the r e s o n a n c e s tha t 
have b e e n a s s i g n e d a s p - w a v e 
r e s o n a n c e s . 

NEUTRON TIUE OF FLICHT CHINHEL 

1 

The quan t i t a t i ve t r e a t m e n t of the o b s e r v e d t r a n s m i s s i o n d ips i n d i c a t e s 

t h a t they m u s t be i n t e r p r e t e d a s r e s o n a n c e s t h a t a r e exc i t ed by p - w a v e 

n e u t r o n s . T h u s the da ta p e r m i t , for the f i r s t t i m e , a d i r e c t d e t e r m i n a ­

t ion of the spac ing and the s t r e n g t h function of p - w a v e r e s o n a n c e s in a 

h e a v y t a r g e t . 

In e a r l i e r w o r k a t t h i s L a b o r a t o r y , the l o w - e n e r g y p - w a v e 
93 r e s o n a n c e s in Nb w a s ident i f ied by s t u d i e s of the c a p t u r e y - r a y 

2 
s p e c t r a . R e c e n t l y , t o t a l c r o s s s e c t i o n s w e r e m e a s u r e d p r e c i s e l y to 

3 

d e t e r m i n e the t o t a l r a d i a t i o n wid ths F for t h e s e p - w a v e r e s o n a n c e s . 

The r e s u l t s (Tab le I - l - A ) show t h a t F for p - w a v e c a p t u r e is tw ice tha t 

for s - w a v e c a p t u r e . No s a t i s f a c t o r y e x p l a n a t i o n of t h i s s u r p r i s i n g 

d i f f e rence h a s b e e n a d v a n c e d to d a t e . 

1 
L. M. B o l l i n g e r a n d G . E . T h o m a s , P h y s . L e t t e r s 8̂ , 45 (1964). 

2 ~ 
H. E . J a c k s o n , P h y s . R e v . 1 3 1 , 2 1 5 3 ( 1 9 6 3 ) . 

3 
H. E . J a c k s o n , P h y s . R e v . L e t t e r s j j ^ , 378 (1963). 

(2) Spin A s s i g n m e n t s for N e u t r o n R e s o n a n c e s 

A m e t h o d of spin a s s i g n m e n t b a s e d on the i n t e n s i t y of 

t w o - s t e p g a m m a - r a y c a s c a d e s i s being s y s t e m a t i c a l l y s tud ied . The 
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T A B L E I - l - A . P a r a m e t e r s for n e u t r o n r e s o n a n c e s in n iob ium. 

^ 0 

(eV) 

35.9 

42. 2 

94. 3 

106 

119 

194 

Parity 

-

-

-

* 

+ 
+ 

+ 

r 
d.lO"^ eV)) 

215 ± 40 

260 ± 20 

215 ± 50 

96 ± 50 

113 ± 20 

175 ± 25 

2gr, 

( 1 0 - ^ 

0. 12 ± 

0.09 ± 

0. 34 ± 

0.05 ± 

5.8 ± 

41.7 ± 

1 

eV) 

0. 01 

0.01 

0.03 

0.01 

0.6 

4 

(iO"^ eV) 

215 ± 40 

260 ± 20 

215 ± 50 

96 ± 50 

107 ± 20 

133 ± 30 

1 
m e t h o d , w h i c h h a s b e e n d e s c r i b e d p r e v i o u s l y , d e p e n d s on the fact t h a t 

the i n t e n s i t y of t w o - s t e p c a s c a d e s to the g round s t a t e f r om the in t i a l 

compound s t a t e f o r m e d by n e u t r o n c a p t u r e d e p e n d s on the d e n s i t y of s t a t e s 

a t t he c a p t u r i n g l e v e l ; the d e n s i t y , in t u r n , i s p r o p o r t i o n a l to (2J + 1 ) , 

w h e r e J i s the sp in of the connpound s t a t e . The s p e c t r a of the s u m s of 

c o i n c i d e n t g a m m a r a y s in two l a r g e Na l s c i n t i l l a t o r s is u sed to d e t e r m i n e 

the i n t e n s i t y of the t w o - s t e p c a s c a d e s . M e a s u r e m e n t s on r e s o n a n c e s of 
o "̂ "7 w 95 _ 105 ^ , 1 1 1 ^ , 1 1 3 135 183 177 179 
Se , Mo , P d , Cd , Cd , Ba , W , Hf , Hf , 

199 
and Hg show t h a t the m e t h o d i s use fu l for a l m o s t a l l e v e n - e v e n c o m ­

pound n u c l i d e s (Tab le 1-1-B) . On the o t h e r h a n d , s i nce the s u m - c o i n c i d e n c e 

s p e c t r a o b s e r v e d for s i l v e r and n i o b i u m r e s o n a n c e s do not depend s i g n i ­

f i can t ly on the sp in s of the r e s o n a n c e s , the m e t h o d does not a p p e a r to be 

use fu l for odd -odd c o m p o u n d n u c l i d e s . 

1 
L. M. B o l l i n g e r and R. E , Cot^ in A r g o n n e Na t iona l L a b o r a t o r y 

R e p o r t A N L - 6 1 4 6 , p . 1 ( 1 9 6 0 ) . 



TABLE I - l - B . Summary of spin a s s i g n m e n t s made by observat ion of 2 - s t ep y - r a y c a s c a d e s . 

A s t e r i s k s indicate cases m which r e s u l t s confirm previous a s s i g n m e n t s . 

Isotope 

Spin & parity 

Resonance 

energy 

(eV) 

Cd'^^ 

0+ 1 + 

28 

99 

138 

1 64'" 

Cd^^^ 

0 + 

193 

1 + 

0.2* 

18 

64 

108 

215 

„ 135 
Ba 

1 + 

24.5 

2+ 

82 

88 

106 

223 

290 

318 

Pd^«^ 

2+ 

13.2 161 

29.8 186 

45.5 208 

78.7 264 

142.2 312 

151 379 

3+ 

11.8 127 

25.4 172 

37.6 231 

55.7 260 

68.9 292 

86.8 355 

104 389 

H f ^ " 

3- 4-

l.l'" 2.38'" 

5.9 6.6 

11.0 8.8 

14.1 13.7 

22.4 

(3) D i s t r i b u t i o n of P a r t i a l R a d i a t i o n Widths 

The m e a s u r e m e n t of p a r t i a l r a d i a t i o n wid ths of n e u t r o n 

r e s o n a n c e s and the d e t e r m i n a t i o n of the d i s t r i b u t i o n tha t g o v e r n s t h e s e 

w id th s h a s b e e n the sub jec t of a c o m p r e h e n s i v e s tudy ex tending o v e r the 

p a s t s e v e r a l y e a r s . The g r e a t e r p a r t of th i s w o r k h a s now b e e n c o m -
1 

p le t ed and r e p o r t e d . The o v e r - a l l r e s u l t , b a s e d on the s tudy of g a m m a -
199 195 183 

r a y s p e c t r a f rom c a p t u r e in r e s o n a n c e s of Hg ; P t , W , and 
77 . 

Se , IS t h a t the p a r t i a l w id ths a r e c o n s i s t e n t wi th the P o r t e r - T h o m a s 

d i s t r i b u t i o n (the c h i - s q u a r e d d i s t r i b u t i o n with one d e g r e e of f r e e d o m ) , 

i . e . , the w id th s a r e c o n s i s t e n t w i th the p r e d i c t i o n s of the s i m p l e s t a t i s ­

t i c a l m o d e l . The a c t u a l va lue of v (the n u m b e r of d e g r e e s of f r e e d o m ) 

ob ta ined f r o m a s t a t i s t i c a l a n a l y s i s of the da ta is v = 1. 34 ± 0. 33 ± 0. 2 1 . 

A s i m i l a r t r e a t m e n t of p r e v i o u s l y r e p o r t e d p a r t i a l r a d i a t i o n w i d th s for 
. _ ,155 173 177 201 

r e s o n a n c e s m Gd ;, Yb , Hf , and Hg l e a d s to the va lue 
V = 1. 14 + 0 . 4 4 ± 0 . 2 1 , a va lue t h a t i s a l s o c o m p a t i b l e wi th the e x p e c t e d 

v a l u e of un i ty . 

L. M. B o l l i n g e r , R. E . Cot^, R. T. Carpenter , and J. P . M a r i o n , 

P h y s . R e v . 132, 1640 (1963) . 
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At the t i m e the above w o r k w a s c o m p l e t e d , only the e x p e r i -
238 

m e n t a l w i d t h s for U a p p e a r e d to be i n c o n s i s t e n t w i th the p r e d i c t i o n s 
238 

of the s i m p l e s t a t i s t i c a l m o d e l ; the w id t h s for U had b e e n r e p o r t e d to 

exh ib i t l i t t l e v a r i a t i o n f r o m r e s o n a n c e to r e s o n a n c e . H o w e v e r , our 
2 

r e c e n t m e a s u r e m e n t s show t h a t the e a r l i e r e x p e r i m e n t a l ev idence w a s 

i n c o r r e c t . T h e s e new da t a y i e ld the va lue v = 5 . 8 ± 2. 3 for the d i s t r i ­

bu t ion of the s u m of w id th s for u n r e s o l v e d t r a n s i t i o n s a t about 4 , 02 M e V . 

T h i s va lue of v i s e n t i r e l y c o n s i s t e n t w i th the e x p e c t e d va lue 4 . 

2 
H. E . J a c k s o n , P h y s . R e v . ( S u m m e r 1964). 

(4) s - W a v e N e u t r o n S t r e n g t h F u n c t i o n s 

I s o t o p e s of s e l e n i u m . C r o s s - s e c t i o n m e a s u r e m e n t s on 
_4 

the i s o t o p e s of s e l e n i u m y ie ld a va lue of about 1.7 X 10 for the s t r e n -
76 77 

g th funct ions of bo th Se and Se . T h e s e r e l a t i v e l y high v a l u e s t end 

to c o n f i r m the p r e v i o u s l y r e p o r t e d s t r u c t u r e in the d e p e n d e n c e of the 

s t r e n g t h funct ion on n u c l e a r m a s s . 

The t r a n s p l u t o n i c r e g i o n . T h e o r i s t s have shown tha t 

e i t h e r a q u a d r u p o l e or an oc topo le n u c l e a r d e f o r m a t i o n could cause the 

n e u t r o n s t r e n g t h funct ion to exh ib i t a peak n e a r A = 240. The r e l a t i v e l y 

h igh v a l u e s of the s t r e n g t h funct ions for n u c l i d e s n e a r u r a n i u m tend to 

s u p p o r t t h i s p o s s i b i l i t y . H o w e v e r , any c o m p r e h e n s i v e e x p e r i m e n t a l 

s tudy in t h i s m a s s r e g i o n i s s e v e r e l y r e s t r i c t e d by the l i m i t e d a v a i l a b i l i t y 

of s a m p l e s , s i n c e the r e g i o n i s bounded on the l o w - e n e r g y s ide by v e r y 

s h o r t - l i v e d n u c l i d e s and on the h i g h - e n e r g y s ide by the t r a n s u r a n i c e l e ­

m e n t s . N e v e r t h e l e s s , in a cont inu ing p r o g r a m we have b e e n s tudying the 

n e u t r o n c r o s s s e c t i o n s of h e a v y e l e m e n t s a s s a m p l e s of suff ic ient s i z e 

b e c o m e a v a i l a b l e . M o s t r e c e n t l y , s a m p l e s ( p r e p a r e d by H. D i a m o n d and 
244 246 

R. A. B a r n e s of the A r g o n n e C h e m i s t r y Div i s ion) of Cm and C m w e r e 



s tud ied in t r a n s m i s s i o n m e a s u r e m e n t s . An e s t i m a t e of the s t r e n g t h 

funct ion w a s ob ta ined for e a c h n u c l i d e . T h e s e v a l u e s , when combined 

wi th a l l o t h e r m e a s u r e d v a l u e s of the s t r e n g t h function in t h i s m a s s 

r a n g e , s u g g e s t r a t h e r s t r o n g l y tha t t h e r e i s , in f ac t , a peak in the 

s t r e n g t h funct ion n e a r A = 240 . The da t a a r e shown in F i g . I - l - c . 

•N-3 

TM c ^^ 

1 - . B , 

1 

1 

\l\ 

1 

0 

V T 
O T 

^11 C 

T T 

• 9 

X ( 

1 

-

-

F i g . I - l - c . The s t r e n g t h funct ion 
for the n u c l i d e s wi th nuc leon 
n u m b e r s A be tv /een 220 and 246. 
The t h e o r e t i c a l c u r v e s a r e a l l 
f r o m C h a s e , W i l e t s , and E d m o n d 
P h y s . Rev . 110, 1080 (1958). 
C u r v e A is b a s e d on a s p h e r o i d a l 
po t en t i a l tha t p r o v i d e s the b e s t 
fit to the da ta n e a r A = 160. 
C u r v e B is b a s e d on a s p h e r i c a l 
p o t e n t i a l . C u r v e C c o r r e s p o n d s 
to the s a m e se t of p a r a m e t e r s a s 
A excep t tha t the q u a d r u p o l e 
d e f o r m a t i o n i s 33% l a r g e r for C. 

220 230 2 4 0 

R. E . C o t ^ , R. A. B a r n e s , and H. Diamond, P h y s . Rev . 

( S u m m e r 1964). 

55 
(5) R - M a t r i x F i t of the T o t a l C r o s s Sec t ion for Mn 

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

m e a s u r e d f rom 0. 01 eV to abou t 50 keV and a m u l t i l e v e l a n a l y s i s of the 
1 

da ta has b e e n c a r r i e d out f r o m 0 .01 eV to 15 k e V . An e x c e l l e n t fit 

1 
R. E . C o t ^ , L . M. B o l l i n g e r , and G. E . T h o m a s , P h y s . R e v . 

( S u m m e r 1964). 
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F i g . I - l - d . The o b s e r v e d to ta l 
n e u t r o n c r o s s s e c t i o n of m a n ­
g a n e s e . The so l id c u r v e w^as 
c o m p u t e d -with v a l u e s of the 
n u c l e a r r a d i u s t ha t differ for 
each sp in s t a t e and inc lude the 
effects of bound l e v e l s . The 
d a s h e d c u r v e w^as c o m p u t e d with 
the s a m e r e s o n a n c e p a r a m e t e r s , 
but a c o n s t a n t n u c l e a r r a d i u s 
(the s a m e for both sp ins ) was 
u s e d and the ef fects of bound 
l e v e l s w e r e i g n o r e d . 

2 

3 

3 

10 10 10 
NEUTRON ENERGY (eV) 

i s ob ta ined , as is shown in F i g . I - l - d . In addi t ion to d e s c r i b i n g the 

t o t a l c r o s s s e c t i o n a c c u r a t e l y , the final p a r a m e t e r s of the fit y ie ld (a) 

a c o r r e c t s ign for the c o h e r e n t s c a t t e r i n g a m p l i t u d e , (b) v a l u e s of 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 and c o h e r e n t - s c a t t e r i n g c r o s s s ec t i on 

tha t a r e in a g r e e m e n t wi th the m e a s u r e d v a l u e s , (c) a g r e e m e n t wi th the 

r e s u l t s of m e a s u r e m e n t s on the c a p t u r e of p o l a r i z e d n e u t r o n s , and (d) 

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

(6) A p p a r a t u s 

A new r o t o r (Fig. I - l - a ) for the fas t chopper h a s been 

c o m p l e t e d . It w a s d e s i g n e d to p r o v i d e a r e l a t i v e l y i n t ense b u r s t of 

n e u t r o n s a t a h igh r e p r e t i t i o n r a t e wi thout a l lowing n e u t r o n s f rom 

c o n s e c u t i v e b u r s t s to r e a c h the s a m p l e s i m u l t a n e o u s l y when the n e u t r o n 

fl ight pa th i s 60 m . The r o t o r h a s been t e s t e d at s p e e d s a s high as 

20 000 r p m , a t wh ich speed the n e u t r o n b u r s t is about 1.5 (asec w ide . 

A 4 0 9 6 - c h a n n e l t i m e a n a l y z e r for t r a n s m i s s i o n m e a s u r e ­

m e n t s is u n d e r c o n s t r u c t i o n in the A r g o n n e E l e c t r o n i c s D i v i s i o n . A 

nove l f e a t u r e of the a n a l y z e r is t ha t the channe l width can be s e l e c t e d 

i n d e p e n d e n t l y for e a c h b lock of 64 a d j a c e n t c h a n n e l s . The s m a l l e s t 

c h a n n e l wid th a v a i l a b l e is 0. 125 u s e e . 
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An effor t i s be ing m a d e to d e v e l o p a b o r o n - l o a d e d l iquid 

s c i n t i l l a t i o n n e u t r o n d e t e c t o r for wh ich p u l s e - s h a p e d i s c r i m i n a t i o n can 

be u s e d to r e j e c t counts f r o m v a r i o u s f o r m s of b a c k g r o u n d r a d i a t i o n . 

I - 1 .4 . N e u t r o n - C a p t u r e y R a y s and L i f e t i m e M e a s u r e m e n t s of E x c i t e d 
S t a t e s 

H. H. Bo lo t i n 

A h i g h l y - c o U i m a t e d b e a m of the rmia l and s u b t h e r m a l 

n e u t r o n s , e f fec t ive ly f r ee of fas t n e u t r o n s and y r a y s , i s be ing u s e d at 

t he J u g g e r n a u t r e a c t o r to i n v e s t i g a t e the low- ly ing e x c i t e d s t a t e s of nuc le i 

popu la t ed in the (n ,y ) r e a c t i o n . G a m m a - g a m m a c o i n c i d e n c e m e a s u r e m e n t s 

b e t w e e n l o w - e n e r g y y r a y s a r e p rov id ing new i n f o r m a t i o n c o n c e r n i n g the 

l e v e l s and t r a n s i t i o n s b e t w e e n l e v e l s n e a r the g r o u n d s t a t e . The l e v e l s in 
46 72 122 

Sc , Ga , and Sb have b e e n i n v e s t i g a t e d by t h e s e m e t h o d s . Th i s is 

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

l o w - l y i n g l e v e l s have b e e n ob ta ined by t h i s t e c h n i q u e . P l a n s for fu ture 

i n v e s t i g a t i o n s inc lude l i f e t i m e m e a s u r e m e n t s of e x c i t e d s t a t e s and a n g u l a r -

c o r r e l a t i o n m e a s u r e m e n t s of c a s c a d e y r a y s . 

I - 1 .5 . E x c i t e d - S t a t e Spin A s s i g n m e n t s B a s e d on ( n , y y ) A n g u l a r - C o r r e l a t i o n 
M e a s u r e m e n t s on M e d i u m - W e i g h t Nuc le i 

R, E . C o t € , H. E . J a c k s o n , L.. L . L e e , and J . P . Schif fer 

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

t w o - s t e p c a s c a d e g a m m a r a y s following n e u t r o n c a p t u r e have b e e n c o m -
44 54 58 60 62 

p l e t e d for Ca , F e , Ni , Ni , and Ni . The r e s u l t s have b e e n u s e d 

to d e t e r m i n e the sp ins of 9 l e v e l s in the compound n u c l i d e s f o r m e d by the 

c a p t u r e of t h e r m a l n e u t r o n s in t h o s e t a r g e t s . The r e s u l t s a r e shown in 

T a b l e I - l - C . T h e s e r e s u l t s de f in i t e ly show t h a t the r e p o r t e d s e p a r a t i o n of 

l e v e l s a s s o c i a t e d wi th the p^ ,^ and p g r o s s - s t r u c t u r e g r o u p s i s i n c o m p l e t e ; 
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TABLE I - i -C. The measured angular correlations and the inferred 

spins. The quantities a^ and a are the coefficients of the Legendre poly-

nomials that describe the angular dependence. The errors are standard 

statistical e r rors . 

E a /a 
o, 2 0 Nuclide Spin (MeV) C(0 = 18O ) 

C(0=9O°) Uncorrected Corrected 

45 3 

Ca - 2.24 1.39 ±0.07 +0.22 ±0.04 +0.26 ±0.04 

Fe J 0 . 4 1 3 1.01 ± 0 . 0 1 + 0 . 0 1 ± 0 . 0 0 7 + 0 . 0 1 ± 0 . 0 0 7 

Ni^^ J 0 . 4 7 0 1.01 ± 0 . 0 1 + 0 . 0 1 ± 0 . 0 0 7 + 0 . 0 1 ± 0 . 0 0 7 

- 0 .870 0 . 7 4 ± 0 . 0 3 - 0 . 1 9 ± 0 . 0 2 5 - 0 . 2 1 ± 0 . 0 2 5 

- 1.310 0 . 9 2 ± 0 . 1 1 - 0 . 0 6 ± 0 . 0 8 - 0 . 0 6 ± 0 . 0 8 

Ni - 0 . 2 8 4 1.02 ± 0 . 0 1 5 + 0 . 0 1 ± 0 . 0 1 - 0 . 0 2 ± 0 . 0 1 

Ni - 0 . 1 5 8 1 . 6 2 ± 0 . 1 0 + 0 . 3 4 ± 0 . 0 4 + 0 . 3 9 ± 0 . 0 5 
- 0 .526 0 .69 ± 0 . 0 6 - 0 . 2 3 ± 0 . 0 4 - 0 . 2 6 ± 0 . 0 5 
2 

- 1 .008 0 . 9 8 ± 0 . 0 5 - 0 . 0 2 ± 0 . 0 5 - 0 . 0 1 4 ± 0 . 0 3 5 
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J = j l e v e l s e x i s t wi th in the p_ ,^ g r o u p . The r e s u l t s a r e of f u r t h e r i n t e r e s t 

in t h a t t h e y f o r m the b a s i s for the newly d i s c o v e r e d m e t h o d for d e t e r m i n i n g 

s p i n s in ( d , p ) e x p e r i m e n t s t h a t i s d i s c u s s e d in Sec . 1-3 .4(4) . 

1 
R. E . C o t ^ , H. E . J a c k s o n , L . L . L e e , J r . , and J . P . Sch i f f e r , 

P h y s . R e v . ( S u m m e r 1964). 

I - 1 .6 . H i g h - R e s o l u t i o n S tud i e s of T h e r m a l - 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 a ( P r o j e c t 1-80) 

R. K. S m i t h e r , A. P . M a g r u d e r , and A. I. N a m e n s o n 

(1) M e a s u r e m e n t s w i th the B e n t - C r y s t a l S p e c t r o m e t e r 

The 7 . 7 - m b e n t - c r y s t a l s p e c t r o m e t e r i s u s e d to i n v e s t i g a t e 

t h e r m a l - 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 a b e t w e e n the e n e r g i e s of 20 

keV and 2 M e V . The e n e r g y p r e c i s i o n of the s y s t e m is about one p a r t in 

15 000 when the s p e c t r o m e t e r i s o p e r a t e d in the n o r m a l a u t o m a t i c m o d e . 

The r e s o l u t i o n wid th (FWHM) is 10 keV a t 1 MeV and 100 eV a t 100 k e V . 

Al l da t a a r e a u t o m a t i c a l l y r e c o r d e d on punched c a r d s and p r o c e s s e d m 

the I B M - 7 0 4 c o m p u t e r . D u r i n g the l a s t 12 m o n t h s , the b e n t - c r y s t a l s p e c -
123 124 

t r o m e t e r h a s been u s e d to i n v e s t i g a t e the following r e a c t i o n s : Te ( n , y ) T e 
238 , , 239 179 180 152 153 

U (n ,y)U , Hf (n ,y)Hf , and Sm ( n , y ) S m . The l a s t i n v e s t i g a ­

t i on i s s t i l l in p r o g r e s s . Al l s a m p l e s w e r e h igh ly e n r i c h e d in the i so tope 

u n d e r i n v e s t i g a t i o n . The o b s e r v e d g a m m a s p e c t r a w e r e u s e d to modi fy 

and ex tend the l e v e l s c h e m e s of Te , U , and Hf 
124 . 

The i n v e s t i g a t i o n of Te i s p a r t of a s e r i e s of e x p e r i m e n t s 
on s p h e r i c a l e v e n - Z e v e n - N n u c l e i in wh ich a s p e c i a l e f for t is m a d e to find 
i n i s s i n g 2 -phonon s t a t e s and e v i d e n c e for 3-phonon s t a t e s . Two p o s s i b l e 

124 
c a n d i d a t e s for the t h r e e l e v e l s of a 2 -phonon t r i p l e t in Te w e r e s u g g e s t e d 

by (3-decay e x p e r i m e n t s . A t h i r d c a n d i d a t e for the t r i p l e t i s s u g g e s t e d by the 
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p r e s e n t w o r k . A c o n s i d e r a b l e n u m b e r of add i t i ona l s t a t e s a r e s u g g e s t e d 

a t h i g h e r e n e r g i e s . Two of t h e s e h i g h e r s t a t e s a p p e a r to be good c a n d i d a t e s 

for m e m b e r s of a 3 -phonon t r i p l e t , in t ha t the c a s c a d e g a m m a s to the 

2 -phonon s t a t e s a r e m u c h s t r o n g e r t han c o r r e s p o n d i n g t r a n s i t i o n s to the 

1-phonon f i r s t e x c i t e d s t a t e . 
180 

The i n v e s t i g a t i o n of Hf is p a r t of a s e r i e s of e x p e r i ­

m e n t s on e v e n - Z e v e n - N n u c l e i w h i c h a r e s t r o n g l y d e f o r m e d . The r e s u l t s 
178 

a r e s i m i l a r to t h o s e ob ta ined in an e a r l i e r s tudy of Hf . A g r o u p of s t r o n g 

l i n e s a r e obse r v e d b e t w e e n 0. 9 and 1. 5 MeV. T h e s e can be i n t e r p r e t e d a s 

g a m m a t r a n s i t i o n s f r o m 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 . Al though the a n a ­

l y s i s i s not c o m p l e t e , i t a p p e a r s p o s s i b l e to c o r r e l a t e s o m e of the e x c i t e d -
180 178 

s t a t e r o t a t i o n a l b a n d s o b s e r v e d in Hf wi th t h o s e o b s e r v e d in Hf . The 

s t r o n g e n h a n c e m e n t of the l o w - e n e r g y ( < 200 keV) g a m m a t r a n s i t i o n s b e t ­

w e e n l e v e l s of the e x c i t e d - s t a t e b a n d s is a l s o s i m i l a r to the r e s u l t s found 
178 

in Hf 
238 239 

The e x p e r i m e n t on U (n ,y)U e x p e r i e n c e d t r o u b l e wi th 

w a r p a g e of the s o u r c e and a c o n s e q u e n t d e t e r i o r a t i o n of the l ine shape of 

the g a m m a d i f f r ac t ion p a t t e r n . T h i s e x p e r i m e n t wi l l be r e p e a t e d . 
152, , 153 

The e x p e r i m e n t on Sm ( n , y ) S m is m a i n l y a c l e a n - u p 
e x p e r i m e n t d e s i g n e d to fix the i den t i f i ca t i on of a n u m b e r of weak g a m m a 

152 
r a y s o b s e r v e d p r e v i o u s l y and a s s i g n e d to the l eve l s c h e m e of e i t h e r Sm 

153 
or Sm . The i den t i f i c a t i on of t h e s e g a m m a t r a n s i t i o n s i s i m p o r t a n t 

b e c a u s e , when c o m b i n e d wi th the r e s u l t s of C o u l o m b - e x c i t a t i o n m e a s u r e ­

m e n t s , the c a p t u r e y - r a y da t a m a y enab le one to ob ta in v a l u e s of B(E2) for 

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 two r o t a t i o n a l bands of exc i t ed s t a t e s in 

Sm . In c o m b i n a t i o n wi th the r e s u l t s of Sna ( d , p ) S m m e a s u r e m e n t s 

be ing m a d e wi th the m a g n e t i c s p e c t r o g r a p h at the t a n d e m Van de Graa f f , 
153 

the g a m m a - r a y s p e c t r a a s s o c i a t e d wi th the l eve l s c h e m e of Sm wi l l a l s o 
153 

be u s e d to c o n s t r u c t a l e v e l s c h e m e for Sm . No i n f o r m a t i o n c o n c e r n i n g 



16 

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

(2) A n g u l a r - C o r r e l a t i o n M e a s u r e m e n t s 

To s u p p l e m e n t the i n f o r m a t i o n ob ta ined in p r e c i s i o n 

m e a s u r e m e n t s wi th the b e n t - c r y s t a l s p e c t r o m e t e r , a s e r i e s of 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 on the y - y a n g u l a r c o r r e l a t i o n of the low-

e n e r g y g a m m a r a y s (below 2 MeV) e m i t t e d following t h e r m a l - n e u t r o n 
149 150 113 114 

c a p t u r e . The r e a c t i o n s Sm ( n , y ) S m and Cd ( n , y ) C d w e r e 

s tud ied du r ing the y e a r . A r e l a t i v e l y th in s a m p l e (40 m g / c m ) of h igh ly 

e n r i c h e d m a t e r i a l w a s u s e d in both c a s e s . The y r a y s w e r e d e t e c t e d 

wi th l a r g e Nal s c i n t i l l a t o r s . The p u l s e - h e i g h t da t a w e r e s t o r e d and 

a n a l y z e d wi th the A r g o n n e 3 - p a r a m e t e r a n a l y z e r . An e x a m p l e of the 

r e s u l t s i s g iven in F i g . I - l - e . Spin a s s i g n m e n t s ob ta ined f rom the 

0.2 

1 ' 1 ' 1 
- sm"° r-r 
ANGULAR CORRELATION 

_ 8 6 9 - 4 4 0 - ^ 

-0.6 -0.4 - 0 2 0 
A, 

• ^ 
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~~^ 
"•584 

' 

1 ' 1 ' 1 
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/ 

\ 

,675-440 
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- -^^5(1 ,2)4(2)2 

- 4 4 0 \ ^ 
y3(l,2)4(2)2 -

^ ^ ! ^ 5 0 5 - 4 4 0 

0.2 0.4 OB 

F i g . I - i - e . A n g u l a r c o r r e l a t i o n 
r e s u l t s for Sm^ ^ o _ j h e e l l i p s e s 
give the p o s s i b l e t h e o r e t i c a l 
v a l u e s of the L e g e n d r e p o l y n o m i a l 
coef f ic ien t s A^ and A^ when one 
t r a n s i t i o n h a s v a r i o u s a d m i x t u r e s 
of E l and M2 or Ml and E2 
r a d i a t i o n and the o the r g a m m a 
r a y i s a p u r e E2 t r a n s i t i o n f r o m 
the f i r s t 4+ s t a t e to the f i r s t 2"̂  
s t a t e ( F i g . I - l - f ) . The e x p e r i ­
m e n t a l r e s u l t s a r e shown a s 
c r o s s e s . 

a n g u l a r - c o r r e l a t i o n da ta w e r e c o m b i n e d wi th the g a m m a - r a y e n e r g i e s 

and i n t e n s i t i e s ob ta ined wi th the b e n t - c r y s t a l s p e c t r o m e t e r and wi th the 

i n t e r n a l - c o n v e r s i o n coef f ic ien ts m e a s u r e d in G e r m a n y and R u s s i a to 
150 

f o r m a d e c a y s c h e m e for Sm . Th i s d e c a y s c h e m e ( F i g . I - l - f ) i s 

u n u s u a l l y c o m p l e t e . 
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F i g . I - l - f . The l eve l s c h e m e of Sm^so a s d e r i v e d 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 g a m m a - r a y s t u d i e s . 
The e x c i t a t i o n e n e r g i e s , wh ich a p p e a r a t t h e left in k e V , a r e d e r i v e d fronri the b e n t - c r y s t a l e x p e r i -
naen t s . The i n t e n s i t i e s of the g a m m a t r a n s i t i o n s a r e r e p r e s e n t e d by the wid ths of the l i n e s . The 
g a m m a r a y s which w e r e a n a l y z e d in the y -y a n g u l a r c o r r e l a t i o n w o r k to ob ta in sp in s and p a r i t i e s 
of the l eve l s a r e i n d i c a t e d by the f i l led c i r c l e s . The l a b e l s "80% E 2 , 98% E l , e t c . " on the g a m m a 
t r a n s i t i o n s r e f e r to the m u l t i p o l e a d m i x t u r e of the g a m m a t r a n s i t i o n a s d e r i v e d f rom the y-y 
a n g u l a r - c o r r e l a t i o n w o r k and the c o n v e r s i o n - e l e c t r o n w o r k . The s q u a r e s i nd i ca t e y -y co inc idence 
e x p e r i m e n t s . 

^ 



(3) Mod i f i ca t i on of the B e n t - C r y s t a l S p e c t r o m e t e r 

M a j o r m o d i f i c a t i o n s now in p r o g r e s s a r e e x p e c t e d to i m p r o v e 

the r e s o l u t i o n , the count ing r a t e , and the o p e r a t i o n a l e f f ic iency of the b e n t -

c r y s t a l s p e c t r o m e t e r . (1) A new q u a r t z c r y s t a l 2 m m th i ck i s be ing a c ­

q u i r e d . T h i s is half the t h i c k n e s s of the p r e s e n t c r y s t a l . M e a s u r e m e n t s 

i n d i c a t e tha t the change wi l l r e d u c e the l ine wid th to 60% of i t s p r e s e n t 

v a l u e wi th only a 30% l o s s in i n t e n s i t y . The t h i n n e r c r y s t a l i s i d e a l l y su i t ed 

for the l o w - e n e r g y p a r t of the s p e c t r u m , w h e r e a b s o r p t i o n in the q u a r t z i s 

a p p r e c i a b l e . (2) An a r r a y of t h r e e Ge c r y s t a l s i s be ing a c q u i r e d . The 

h i g h e r Z of Ge i s e x p e c t e d to give a 10-fold i n c r e a s e in the count ing r a t e a t 

h igh e n e r g i e s (1 MeV — 4 M e V ) . The Ge c r y s t a l s wi l l be u s e d in s e c o n d -

and t h i r d - o r d e r d i f f r ac t ion to r e s o l v e g a m m a r a y s up to 6 MeV. (3) A new 

s e t of c o l l i m a t o r s i s be ing b u i l t . The new d e s i g n i s e x p e c t e d to i n c r e a s e 

the count ing r a t e a t l e a s t 10-fold a t low e n e r g i e s . (4) A new s o u r c e - h a n d l i n g 

s y s t e m i s be ing b u i l t . It w i l l a l low s a m p l e s to be changed d u r i n g a 1-hr 

shu tdown of the r e a c t o r , a s c o m p a r e d wi th the s e v e r a l days tha t a r e now 

r e q u i r e d . The g r e a t e r c o n v e n i e n c e of the new s y s t e m should m a k e the 

s p e c t r o m e t e r a nauch r a o r e e f fec t ive r e s e a r c h t o o l . 

The c o m b i n a t i o n of the t h i n n e r q u a r t z c y r s t a l and the Ge 

c r y s t a l in the d i f f r ac t ion s p e c t r o m e t e r and a Ge d iode s p e c t r o m e t e r ( s e e 

be low) wi l l a l low the whole c a p t u r e g a m m a - r a y s p e c t r u m to be e x a m i n e d 

wi th a r e s o l u t i o n wid th of 0. 2% (FWHM) or b e t t e r . 

(4) Ge Diode G a m m a - R a y S p e c t r o m e t e r 

An effor t to u s e a l i t h i u m - d r i f t e d Ge diode d e t e c t o r to a n a l y z 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 a h a s been i n i t i a t e d in a new p r o g r a m . 

M a n y d i f f e ren t k i n d s of e x p e r i m e n t s a r e p l anned . 

The Ge diode for the d e t e c t i o n s y s t e m be ing a s s e m b l e d (a l l 
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c o m p o n e n t s a r e on hand) w a s m a d e by H. Mann of the A r g o n n e E l e c t r o n i c s 

D i v i s i o n . The Ge d e t e c t o r wi l l be m o u n t e d wi th in an annu lus f o r m e d of four 

i n d e p e n d e n t Na l s c i n t i l l a t o r s . In t h i s conf igura t ion the s y s t e m can be u s e d 

a s a h ighly e f f ic ien t 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 for the i n v e s t i g a t i o n of 

h i g h - e n e r g y g a m m a r a y s (2 to 10 MeV) and a l s o a s a s p e c t r o m e t e r wi th an 

a n t i c o i n c i d e n c e r ing (to r e j e c t s c a t t e r e d r ad i a t i on ) for the i nves t i ga t i on of 

the l o w - e n e r g y p o r t i o n of the s p e c t r u m . Since the r e s o l u t i o n of the Ge 

d iode d e t e c t o r i s c o m p a r a b l e to o r b e t t e r t han any o the r i n s t r u m e n t now 

u s e d for the s tudy of g a m m a r a y s wi th e n e r g i e s above 2 MeV and s ince i t s 

e f f ic iency i s m u c h h i g h e r t h a n t h a t of o t h e r p r e c i s i o n i n s t r u m e n t s , the new 

d e t e c t o r i s e x p e c t e d to r e v o l u t i o n i z e m a n y m e a s u r e m e n t s on the n e u t r o n -

c a p t u r e g a m m a r a y s . 

I - 1 .7 . G a m m a R a y s f r o m Capture of Monoenerget ic Neutrons (Project 1-55) 

S. R a b o y and C. C. T r a i l 

The g a m m a - r a y s p e c t r a f r o m c a p t u r e of 0 . 0 1 - e V n e u t r o n s 
48 44 42 

by s e p a r a t e d i s o t o p e s of Ca , Ca , and Ca have b e e n o b s e r v e d with 
1 

two a n t i c o i n c i d e n c e Nal s c i n t i l l a t i o n s p e c t r o m e t e r s . P u l s e s f rom the 

s p e c t r o m e t e r s a r e fed in to a 2D p u l s e - h e i g h t a n a l y s i s s y s t e m which g ives 
2 

the c o i n c i d e n c e s p e c t r a . 
48 

In the c a s e of c a p t u r e by Ca , one s e e s the 5 . 1-MeV g a m m a 
49 

r a y s c o r r e s p o n d i n g to the f u l l - e n e r g y j u m p to the g r o u n d s t a t e of Ca and 

two g a m m a r a y s c o r r e s p o n d i n g to the c a s c a d e t h r o u g h the f i r s t exc i t ed s t a t e 

a t 2 M e V . O t h e r g a m m a - r a y t r a n s i t i o n s a r e qui te w e a k . T h e s e r e s u l t s a r e 
49 48 

c o n s i s t e n t w i th a s h e l l - m o d e l i n t e r p r e t a t i o n of Ca a s c o n s i s t i n g of a Ca 

1 
C. C. T r a i l and S. R a b o y , R e v . S c t i . I n s t r . 3^, 425 (1959. 

2 

M. G. S t r a u s s , R e v . S c i . I n s t r . 34 , 1248 (1963), 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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c o r e p lus a n u c l e o n in the p., /-, s h e l l for the g r o u n d s t a t e and p . /^ s h e l l 

for t h e f i r s t e x c i t e d s t a t e . 
42 44 

The s p e c t r a ob ta ined f r o m c a p t u r e by bo th Ca and Ca 

a r e m u c h m o r e c o m p l i c a t e d and canno t be i n t e r p r e t e d a s s i m p l y a s t h a t 
48 42 

f r o m Ca . One i n t e r e s t i n g r e s u l t f r o m the Ca da t a h a s b e e n the i n d i -
3 

ca t ion t h a t the p r e v i o u s l y r e p o r t e d c a p t u r e c r o s s s e c t i o n for t h i s i s o t o p e 

m u s t be too l a r g e by a t l e a s t a f ac to r of 10. The e a r l i e r r e s u l t could be 
43 42 43 

exp la ined by a Ca c o n t a m i n a n t in the Ca s a m p l e if the Ca h a s a v e r y 
43 

l a r g e c a p t u r e c r o s s s e c t i o n . We have ob ta ined a Ca s a m p l e for s t udy . 

3 
H. P o m e r a n c e , P h y s . R e v . 8 8 , 412 (1953). 



an de Graaf f 2 

1 - 2 . R E S E A R C H AT T H E 4 . 5 - M E V VAN DE G R A A F F A C C E L E R A T O R 

T h e e x p e r i m e n t a l p r o g r a m with the 4 . 5 -MeV Van de Graaff 
a c c e l e r a t o r i s con t inu ing a long m u c h the s a m e l ines a s in p r e v i o u s y e a r s . 
E x p e r i m e n t s wi th f a s t n e u t r o n s a r e e m p h a s i z e d , e s p e c i a l l y m e a s u r e ­
m e n t s of the p o l a r i z a t i o n of s c a t t e r e d n e u t r o n s . O the r e x p e r i m e n t s i nc lude 
p u l s e d - b e a m m e a s u r e m e n t s of t h e l i f e t i m e s of exc i t ed s t a t e s , s t u d i e s of 
C o u l o m b e x c i t a t i o n by heavy i o n s , s t u d i e s of n u c l e a r r e a c t i o n s induced by 
c h a r g e d p a r t i c l e s , and m e a s u r e m e n t s of 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 . A 
con t inu ing p r o g r a m is d i r e c t e d tow^ard the i m p r o v e n n e n t of the a c c e l e r a t o r . 

I - 2. 1. O p e r a t i o n of the 4 . 5 - M e V Van de Graaff A c c e l e r a t o r ( P r o j e c t I - l l ) 

J . R. W a l l a c e 

T h e 4 . 5 -MeV Van de Graaff a c c e l e r a t o r h a s o p e r a t e d 

a p p r o x i m a t e l y 2500 h r f r o m June 1963 to A p r i l 1964. It i s c u r r e n t l y 

o p e r a t i n g on an 8 0 - h r / w e e k s c h e d u l e . 

A p p r o x i m a t e l y 20 s c i e n t i s t s h a v e u s e d th i s a c c e l e r a t o r 

for r e s e a r c h in the p a s t y e a r . 

T h e l o n g - r a n g e p r o g r a m ^ to i n c r e a s e the b e a m c u r r e n t 

of t h i s a c c e l e r a t o r and to i m p r o v e the e n e r g y s t ab i l i t y h a s con t inued . 

The m a c h i n e h a s been m o v e d and b e a r a - s t e e r i n g equ ipmen t h a s b e e n 

i n s t a l l e d . The a c c e l e r a t o r now h a s a d d i t i o n a l s h i e l d i n g , n a m e l y a roof 

a b o v e t h e m a c h i n e and a sh i e l d w^all betw^een the output end of the t ank 

and the b e a m - s w i t c h i n g m a g n e t . 

It h a s b e e n r e q u e s t e d tha t a new c h i l l e d - w a t e r l ine and 

r e t u r n l i n e s should be b r o u g h t to the a c c e l e r a t o r a r e a and that a c o m p l e t e 

w a t e r - c o o l i n g s y s t e m for the a c c e l e r a t o r and i t s a c c e s s o r i e s should be 

i n s t a l l e d to r e p l a c e the i n a d e q u a t e s y s t e m tha t now^ e x i s t s . 

P h y s i c s D iv i s ion Annual R e v i e w , A N L - 6 7 2 0 (June 1963). 
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F i g . 1-2-a. The a n g u l a r d e p e n d e n c e of the p o l a r i z a t i o n ^2^0) for each 
i n c i d e n t - n e u t r o n e n e r g y for Z r , Nb , Mo, and Cd. The so l id c u r v e s a r e 
the p r e d i c t i o n s of the equ iva len t l oca l op t i ca l m o d e l excep t t ha t both a 
r e a l and i m a g i n a r y s p i n - o r b i t p o t e n t i a l a r e e m p l o y e d wi th Vc = 10 MeV 
and Wg = 4 MeV. The d a s h e d c u r v e d i f fe rs only in s e t t i ng Wg = 0. The 
da ta po in t s for Z r have been o b t a i n e d by n u m e r i c a l l y a v e r a g i n g the 
a c t u a l da ta ove r a l a r g e r e n e r g y i n t e r v a l . 
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1 - 2 . 2 . N e u t r o n P o l a r i z a t i o n and Di f fe ren t i a l C r o s s Sec t ion ( P r o j e c t I -18) 

A. J . El-wyn, R. O. L a n e , A. L a n g s d o r f , J r . , and J . E . Monahan 

We a r e con t inu ing ou r s t u d i e s of the p o l a r i z a t i o n and 
d i f f e r e n t i a l c r o s s s e c t i o n s for n e u t r o n s s c a t t e r e d f r o m v a r i o u s n u c l e i . 
In t h e s e m e a s u r e m e n t s , the p o l a r i z e d n e u t r o n s a r e p r o d u c e d in the 
Li ' ' (p , n)Be ' ' r e a c t i o n . T h o s e s e l e c t e d for u s e a r e e m i t t e d at 51 to the 
b e a m d i r e c t i o n . The n e u t r o n sp in s can be t u r n e d 180 by a beam— 
p r e c e s s i n g e l e c t r o m a g n e t . Af te r s c a t t e r i n g , the n e u t r o n s a r e d e t e c t e d 
by b a n k s of o i l - m o d e r a t e d B F c o u n t e r s e n c l o s e d in l a r g e sh i e ld ing t a n k s . 
With t h i s sys tenn w ê a r e a b l e to m e a s u r e both d i f f e ren t i a l c r o s s s e c t i o n s 
and p o l a r i z a t i o n a t five a n g l e s s i m u l t a n e o u s l y . 

(1) O p t i c a l - M o d e l S tud ies of N e u t r o n S c a t t e r i n g f r o m Nuc le i N e a r 
A = 100 at E n e r g i e s Below 1 MeV^ 

A. J . E l w y n , J . E . M o n a h a n , R. O. L a n e , and A. Langsdor f , J r . 

T h e p o l a r i z a t i o n s and d i f f e r en t i a l c r o s s s e c t i o n s for 

n e u t r o n s s c a t t e r e d f r o m Z r , Nb , Mo, and Cd have been m e a s u r e d a t five 

a n g l e s for i nc iden t n e u t r o n e n e r g i e s b e t w e e n 0 .275 and 0 .85 MeV. The 

e x p e r i m e n t w a s c a r r i e d out in the be l ie f tha t a s y s t e m a t i c i n v e s t i g a t i o n 

would l e a d to a m o r e c o n s i s t e n t i n t e r p r e t a t i o n of n e u t r o n - s c a t t e r i n g da ta 

in t e r m s of an o p t i c a l m o d e l a t e n e r g i e s below^ 1 MeV. 

The r e s u l t s have b e e n a n a l y z e d in t e r m s of an op t i ca l m o d e l 

equ iva l en t to the n o n l o c a l m o d e l of P e r c y and Buck. ^ The a n a l y s i s l e a d s 

to the fol lowing c o n c l u s i o n s : (a) While t h e m e a s u r e d d i f f e ren t i a l c r o s s 

s e c t i o n s can be f i t t ed s a t i s f a c t o r i l y w^hen a r e a l s p i n - o r b i t po ten t i a l 

V = 1 0 MeV is e m p l o y e d , c o n s i s t e n c y wi th both d i f f e ren t i a l c r o s s s e c t i o n s 

and p o l a r i z a t i o n c a n be ob ta ined wi th in t h e f r a m e w o r k of t h i s p a r t i c u l a r 

o p t i c a l m o d e l only by u s i n g a s p i n - o r b i t p o t e n t i a l tha t i n c l u d e s both a 

1 A. J . E lwyn , R. O. L a n e , A. L a n g s d o r f , J r . , and J . E . Monahan , 
P h y s . R e v . 133, B80 (1964). 

^ F . P e r c y and B . B u c k , N u c l . P h y s . 32, 3 5 3 ( 1 9 6 2 ) . 

J 



r e a l t e r m and a s m a l l i m a g i n a r y t e r m W of the T h o m a s type ( F i g . I - 2 - a ) . 
o 

(b) The m a g n i t u d e and s h a p e of the p e a k of the p - w a v e n e u t r o n s t r e n g t h 

funct ion in the r e g i o n n e a r A = 1 00 a r e i n s e n s i t i v e to the v a l u e s c h o s e n 

for the s p i n - o r b i t p o t e n t i a l , a t l e a s t for 7 . 2 ^ V -̂  20 MeV and 
0 ^ W ^ 7 . 2 MeV. T h e r e f o r e , for the m o d e l u s e d , the r e p o r t e d 

o 

sp l i t t i ng of the 3p s t r e n g t h - f u n c t i o n peak canno t be i n t e r p r e t e d in t e r m s 

of a s p i n - o r b i t f o r c e a l o n e . 

(2) The O b s e r v a t i o n of S t r u c t u r e in the N e u t r o n S c a t t e r i n g f r o m 
Nuc le i n e a r A = 20^ 

A. J . E lwyn , J . E . M o n a h a n , R. O. L a n e , and A. L a n g s d o r f , J r . 

The p o l a r i z a t i o n and d i f f e r e n t i a l c r o s s s e c t i o n s for n e u t r o n s 

s c a t t e r e d f r o m F , N a , Mg, A l , and P w e r e m e a s u r e d at five a n g l e s a t 

e n e r g i e s b e t w e e n 0. 2 and 2. 2 MeV, wi th i nc iden t n e u t r o n e n e r g y s p r e a d s 

of 100 —150 k e V . S t r u c t u r e , c h a r a c t e r i z e d by p e a k s tha t a r e s e p a r a t e d 

in m o s t i n s t a n c e s by e n e r g y i n t e r v a l s of 300—400 keV and t h a t have 

w id th s f r o m 100 — 200 k e V , h a v e b e e n o b s e r v e d ( F i g . I - 2 - b ) in the t o t a l 

and d i f f e r e n t i a l c r o s s s e c t i o n s and in the p o l a r i z a t i o n for t h e s e n u c l e i . 

C a l c u l a t i o n s b a s e d on a diffuse—surface op t i ca l m o d e l (v/ith 

s u r f a c e a b s o r p t i o n ) a r e in r e a s o n a b l e a g r e e m e n t w^ith an e n e r g y a v e r a g e 

t h r o u g h the m e a s u r e d t o t a l and d i f f e r e n t i a l c r o s s s e c t i o n s , but give p o o r e r 

f i ts to an a v e r a g e t h r o u g h the m e a s u r e d p o l a r i z a t i o n s . The o b s e r v e d 

f luc tua t ions canno t be r e p r o d u c e d by any c a l c u l a t i o n s b a s e d on an o p t i c a l -

m o d e l p o t e n t i a l wi th f ixed or s lowly v a r y i n g p a r a m e t e r s . An effort i s 

be ing m a d e to i n t e r p r e t t he o b s e r v e d f l uc tua t i ons in t e r m s of an i n t e r ­

m e d i a t e s t r u c t u r e s i m i l a r to t ha t p r o p o s e d by K e r m a n et a l . ^ 

^ A. J . E lwyn , J . E . M o n a h a n , R. O. L a n e , and A . L a n g s d o r f , J r . , 
N u c l . P h y s . (to be p u b l i s h e d ) . 

^A. K. K e r m a n , L. S. R o d b e r g , and J . E . Young , P h y s . R e v . L e t t e r s 
1 1 , 422 (1963) . 
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F i g . I - 2 - b . E x a m p l e s of the 
s t r u c t u r e o b s e r v e d in n e u t r o n 
c r o s s s e c t i o n s , (a) The to ta l 
c r o s s s e c t i o n s cr̂  for F , Na, Mg, 
A l , and P as a function of incident-
n e u t r o n e n e r g y . The e n e r g y 
s p r e a d of the inc ident n e u t r o n 
b e a m was 100 —150 keV. (b) The 
d i f f e ren t i a l c r o s s s ec t i on for 
n e u t r o n s s c a t t e r e d f r o m F a t each 
s c a t t e r i n g angle 9 a s a funct ion of 
i n c i d e n t - n e u t r o n e n e r g y . 

(3) The I n c l u s i o n of M o t t - S c h w i n g e r S c a t t e r i n g in Op t i ca l -Mode l 
C a l c u l a t i o n s 

J . E. Monahan and A. J . Elw^yn 

A l a r g e p o l a r i z a t i o n in s m a l l - a n g l e s c a t t e r i n g of n e u t r o n s 

f r o m heavy n u c l e i due to a s p i n - o r b i t f o r c e of e l e c t r o m a g n e t i c r a t h e r 

t han of n u c l e a r o r i g i n w a s p r e d i c t e d by S c h w i n g e r . The s a m e effect had 

been c o n s i d e r e d e a r l i e r by Mott for the s c a t t e r i n g of e l e c t r o n s . The 

n a t u r e of th i s s p i n - o r b i t f o r c e is conven ien t ly d e s c r i b e d in the r e s t s y s t e m 

of the n e u t r o n . In t h i s s y s t e m a m a g n e t i c field is p r o d u c e d by the 

C o u l o m b field of the n u c l e u s mov ing p a s t the n e u t r o n . An i n t e r a c t i o n 

[J, • B a r i s e s b e t w e e n th i s f ie ld B and the m a g n e t i c naoment p, of the n e u -

t r o n . Since t h e d i r e c t i o n of B i s a s s o c i a t e d wi th the r e l a t i v e o r b i t a l 

a n g u l a r m o m e n t u m v e c t o r l , and the m a g n e t i c m o m e n t p. is a s s o c i a t e d 

wi th the n e u t r o n sp in s , the i n t e r a c t i o n i s of the f o r m i • s . 
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B e c a u s e of the long r a n g e of the C o u l o m b f ie ld , t h e l a r g e s t 

effect of t h i s i n t e r a c t i o n i s at s m a l l s c a t t e r i n g a n g l e s . H o w e v e r , the 

m e a s u r e m e n t s of the p o l a r i z a t i o n of n e u t r o n s s c a t t e r e d f r o m Z r , Nb , Mo, 

and Cd, which a r e d e s c r i b e d a b o v e , i n d i c a t e d t h a t th i s i n t e r a c t i o n m a y 

c o n t r i b u t e s ign i f i can t ly to the p o l a r i z a t i o n at s c a t t e r i n g a n g l e s a s l a r g e 

as 20 to 30 . In o r d e r to i n v e s t i g a t e t h i s p o s s i b i l i t y , i t w a s n e c e s s a r y 
—>- —> 

to i n c l u d e the |j. • B i n t e r a c t i o n in an o p t i c a l - m o d e l po t en t i a l t h a t i nc luded 

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

T h e m e t h o d u s e d to c a l c u l a t e the p o l a r i z a t i o n in th i s c a s e 

i s d e s c r i b e d in Sec . II - 7. F o r M o t t - S c h w i n g e r s c a t t e r i n g of n e u t r o n s , 

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

wave funct ion in the i n t e r m e d i a t e r e g i o n g ives r i s e to a n e g l i g i b l e e r r o r 

in t h e c a l c u l a t i o n of the p o l a r i z a t i o n . The i n c l u s i o n of the |j, • B p o t e n t i a l 

in the o p t i c a l - m o d e l c a l c u l a t i o n s for n e u t r o n s s c a t t e r e d f r o m Z r , Nb , Mo, 

and Cd i n d i c a t e s t ha t t h i s i n t e r a c t i o n c o n t r i b u t e s s ign i f i can t ly to the 

p o l a r i z a t i o n m e a s u r e d at 22 . 

(4) P o l a r i z a t i o n and Di f f e ren t i a l C r o s s Sec t ion of N e u t r o n s S c a t t e r e d 
f r o m Be9: P a r i t i e s of the 7 . 3 7 - a n d 7 . 5 4 - M e V S ta t e s in Be^ " 

R, O. L a n e , A, J . Elwryn, and A. L a n g s d o r f , J r . 

I n h e r e n t a m b i g u i t i e s in the i n t e r p r e t a t i o n of da ta on d i f f e r ­

en t i a l s c a t t e r i n g c r o s s s e c t i o n a lone h a v e left the p a r i t i e s of the s t a t e s in 

Be at 7, 37 and 7. 54 MeV e x c i t a t i o n u n d e t e r m i n e d . To d e t e r m i n e t h e s e 

p a r i t i e s , w ê m e a s u r e d t h e p o l a r i z a t i o n of n e u t r o n s s c a t t e r e d n e a r t h e s e 
9 

r e s o n a n c e s m Be + n . Th i s p l a c e d an added c o n s t r a i n t on the t h e o r e t i c a l 

a s s u m p t i o n s . The new i n f o r m a t i o n enab led us to m a k e the a s s i g n m e n t 

J = 2> J jl - 2 for the s t a t e a t 7 . 37 MeV and J = 2 , ^ = 1 for the one at 

7. 54 M e V . i 

* R. O. Lane, A. J. Elwyn, and A. Langsdorf, Jr., Phys. Rev. 133, 
B409 (1964). 
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(5) P o l a r i z a t i o n and Di f f e ren t i a l C r o s s Sec t ion for N e u t r o n s 
S c a t t e r e d f r o m Li^ and Li' ' 

R. O. L a n e , A. J . E l w y n , and A. Langsdor f , J r . 

The u n d e r s t a n d i n g of t h e i n t e r a c t i o n of n e u t r o n s wi th Li 
.7 

and Li h a s b e e n v e r y l i m i t e d i n t h e p a s t . In an effort to shed new l ight 

on t h e s e i n t e r a c t i o n s , p o l a r i z a t i o n s of the s c a t t e r e d n e u t r o n s w e r e 

m e a s u r e d for n e u t r o n e n e r g i e s of 0. 1 to 2. 0 MeV. S u r p r i s i n g l y , at t h e 

h i g h e r e n e r g i e s (not m e a s u r e d p r e v i o u s l y ) both n u c l i d e s exhibi t s i z a b l e 

p o l a r i z a t i o n s of the s a m e f o r m , P(9) x - 0 . 3 s in 2$. The i n t e r p r e t a t i o n 

of the da ta for Li i s c o m p l i c a t e d by the p r e s e n c e of a l a r g e (n, a) c r o s s 

s e c t i o n . E x t e n s i v e c a l c u l a t i o n s w e r e c a r r i e d out on the C D C - 3 6 0 0 c o m ­

p u t e r in an a t t e m p t to u n d e r s t a n d both the p o l a r i z a t i o n and d i f f e ren t i a l 
Q 

c r o s s s e c t i o n s for Li in t e r m s of s t a t e s in Li and a l t e r n a t i v e l y in t e r m s 

of p h a s e s h i f t s . The c a l c u l a t i o n s show tha t the d o m i n a n t f e a t u r e s of the 

da ta can be r e p r e s e n t e d by the knowna 3 (i = 1) r e s o n a n c e at E = 0 . 25 MeV, 
n 

a b r o a d h y p o t h e t i c a l 2 (^ = 0) r e s o n a n c e a t high energy, and a s lowly 

v a r y i n g p h a s e shift of the c h a r a c t e r 3 (i = 2). No known m o d e l at p r e s e n t 

p r e d i c t s 2 and 3 s t a t e s in th i s r e g i o n . P r e l i m i n a r y c a l c u l a t i o n s b a s e d 

on the op t i ca l m o d e l i n d i c a t e t ha t s o m e of t h e m a i n f e a t u r e s of t h e s e da ta 

can a l s o be r e p r o d u c e d for c e r t a i n v a l u e s of the p a r a m e t e r s . Since the a s s u m p ­

t i ons of the two m o d e l s a r e f u n d a m e n t a l l y d i f f e ren t , the c a l c u l a t i o n s point up 

the d e g r e e of a m b i g u i t y s t i l l r e m a i n i n g in 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 . 

(6) T r i p l e - I n t e r a c t i o n E x p e r i m e n t to D e t e r m i n e the P o l a r i z a t i o n 
of N e u t r o n s 

R. O. L a n e , A. J . E l w y n , and A. Langsdor f , J r . 

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

b e a m , the s e c o n d a c t s on tha t p o l a r i z a t i o n , and the t h i r d a n a l y z e s the effect 

of the s e c o n d i n t e r a c t i o n . The p o l a r i z a t i o n p a r a m e t e r s t ha t a r e n e c e s s a r y 
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F i g . I - 2 - c . T r i p l e - i n t e r a c t i o n e x p e r i m e n t a s a d a p t e d f r o m the o l d e r d o u b l e - i n t e r a c t i o n a p p a r a t u s . 
P r o t o n s f r o m the 4 . 5 - M e V Van de Graaff a c c e l e r a t o r p r o d u c e a p o l a r i z e d n e u t r o n b e a m in the f i r s t 
i n t e r a c t i o n , a Li^(p ,n)Be ' ' r e a c t i o n . T h e s e n e u t r o n s s c a t t e r f r o m t a r g e t s of v a r i o u s m a t e r i a l s 
( s econd i n t e r a c t i o n ) in to the c o l l i m a t o r s of the l a r g e t r a p e z o i d a l t a n k s w h e r e they a r e aga in s c a t t e r ­
ed ( th i rd i n t e r a c t i o n ) f r o m an a n a l y z e r . F r o m the a s y m m e t r y in the i n t e n s i t i e s s c a t t e r e d to the 
r i gh t (R) and left (L) , t o g e t h e r w^ith the p o l a r i z a t i o n p r o d u c e d in e a c h i n t e r a c t i o n , the Wol fens t e in 
p a r a m e t e r D can be c a l c u l a t e d for the nuc l ide in the s e c o n d i n t e r a c t i o n . 
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to d e s c r i b e s u c h t r i p l e s c a t t e r i n g for n e u t r o n s d e t e r m i n e a l l e l e m e n t s of 

t h e s c a t t e r i n g m a t r i x to wi th in a p h a s e f a c t o r . Thus t r i p l e - s c a t t e r i n g 

m e a s u r e m e n t s shou ld r e m o v e t h e a m b i g u i t i e s i n h e r e n t in the i n t e r p r e t a ­

t ion of d i f f e r e n t i a l - c r o s s e s e c t i o n and p o l a r i z a t i o n da ta d e s c r i b e d a b o v e . 

E x p l o r a t o r y m e a s u r e m e n t s now u n d e r w a y u t i l i z e the ex i s t i ng 4 . 5 -MeV 

Van de Graaf f a c c e l e r a t o r wi th p o l a r i z e d n e u t r o n b e a m s be ing (a) p r o d u c e d 
7 7 

in the Li ( p , n ) B e r e a c t i o n , (b) s c a t t e r e d f ro in v a r i o u s n u c l e i , and (c) 

a n a l y z e d by s c a t t e r e r s of known p o l a r i z i n g power ( F i g . I - 2 - c ) . T h e s e 

m e a s u r e m e n t s , a l l done in the s a m e p l a n e , wi l l m e a s u r e the Wol fens t e in 

" D p a r a m e t e r . " Th i s type of e x p e r i m e n t h a s not ye t b e e n r e p o r t e d at 

t h e s e e n e r g i e s . The m a j o r p r o b l e m is the low i n t e n s i t y i m p l i c i t in the 

r e q u i r e m e n t of t h r e e s u c c e s s i v e i n t e r a c t i o n s . We hope tha t the s t a t i s t i c a l 

a c c u r a c y a t t a i n a b l e wi th ou r p r e s e n t a p p a r a t u s wi l l b e suff ic ient for u se fu l 

e x p l o r a t o r y m e a s u r e m e n t s . It i s c l e a r , h o w e v e r , tha t a c c u r a t e r e s u l t s 

w^ill r e q u i r e a n a c c e l e r a t o r c a p a b l e of d e l i v e r i n g a m u c h l a r g e r b e a m than 

c a n be o b t a i n e d fromi the p r e s e n t 4 . 5 - M e V Van de Graaff . 

1 - 2 . 3 . R a t i o Method for the M e a s u r e m e n t of Neutron C r o s s Sec t ions 
, r ( P r o j e c t 1-102) 

A. L a n g s d o r f , J r . 

An a r t i c l e p r e p a r e d for p u b l i c a t i o n d e s c r i b e s 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 t h e t o t a l c r o s s s e c t i o n s of F e , A l , and F (as Tef lon , C F ) 

by a m e t h o d not p r e v i o u s l y exp lo i t ed for t h i s p u r p o s e . The p r i m a r y a i m 

of the m e t h o d is to m i n i m i z e the s t a t i s t i c a l and s y s t e m a t i c e r r o r s m o s t 

l i k e l y to o b s c u r e t r u e s t r u c t u r e or to i n t r o d u c e s p u r i o u s s t r u c t u r e in the 

c r o s s s e c t i o n m e a s u r e d a s a funct ion of n e u t r o n e n e r g y . The b a s i c idea 

of the m e t h o d is to u s e two n e u t r o n c o u n t e r s in a s i m u l t a n e o u s m e a s u r e ­

m e n t of the n e u t r o n s s c a t t e r e d by the s a m p l e and t h o s e t r a n s m i t t e d t h r o u g h 

i t . A n o t h e r c o u n t e r tha t m o n i t o r s t h e f lux e n a b l e s the e x p e r i m e n t e r to 

i 
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F i g . 1-2-d. P l o t i l l u s t r a t i n g the l i n e a r r e l a t i o n b e t w e e n S and D, the nor­
m a l i z e d net coun t s due r e s p e c t i v e l y to s c a t t e r e d and t r a n s m i t t e d n e u ­
t r o n s . The n e u t r o n s w e r e p r o d u c e d in a L i ( p , n ) r e a c t i o n . Both the 
d e t e c t o r and the m o n i t o r u s e d for n o r m a l i z a t i o n w e r e s e t a t 120 to the 
p r o t o n b e a m . Sma l l open c i r c l e s : tef lon s a m p l e ( C F j ) . S m a l l c l o s e d 
c i r c l e s : a l u m i n u m s a m p l e (except c l u s t e r m a r k e d " a i r b a c k g r o u n d , " 
a l l t a k e n w^ith no s a m p l e ) . O the r s y m b o l s : d i f ferent r u n s on F e ; the 
d i m e n s i o n s m e a s u r e the s t a n d a r d dev i a t i ons due only to s t a t i s t i c a l 
e r r o r s of coun t ing . The da t a -were t a k e n at v a r i o u s n e u t r o n e n e r g i e s 
f r o m 130 to 160 keV and an e n e r g y s p r e a d of about 1. 5 keV. 
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n o r m a l i z e to a f ixed flux i n c i d e n t on the s a m p l e . In the a b s e n c e of 

a p p r e c i a b l e c a p t u r e and a f t e r t h e da ta a r e n o r m a l i z e d ^ the g r a p h of 

s c a t t e r e d coun t s C a g a i n s t t r a n s m i t t e d counts C is a s t r a i g h t l ine 
s * t * 

( F i g . I - 2 - d ) . When the b a c k g r o u n d i s neg l i g ib l e o r c o r r e c t e d for^ the 

n e u t r o n t r a n s m i s s i o n T i s g iven by the s i m p l e r e l a t i o n l / T = 1 + r (C / C ), 

•where r i s the s l ope of the p lo t of C vs C . Among the a d v a n t a g e s of 

the m e t h o d a r e t ha t (1) T i s d e t e r m i n e d by s i m u l t a n e o u s i n s t e a d of 

s e q u e n t i a l m e a s u r e m e n t s so d r i f t s a r e l e s s h a r m f u l , (2) it i s m o r e 

a c c u r a t e t han the c o n v e n t i o n a l m e t h o d when C x C , {3) for su i t ab ly 

c h o s e n th in s a m p l e s , the t h i c k n e s s does not have to be changed b e t w e e n 

r e s o n a n c e and o f f - r e s o n a n c e r e g i o n s , (4) i t can s e r v e a s a s e n s i t i v e 

d e v i c e to m o n i t o r the n e u t r o n e n e r g y o r to r e s e t on a given e n e r g y , and 

(5) it c a n be r e a d i l y a d a p t e d to p e r m i t r e l i a b l e s e l f - i n d i c a t i o n s tud ie s . 

I - 2 . 4 , Unbound N u c l e a r L e v e l s in the keV Region 

C a r l Hibdon 

The s tudy of unbound l e v e l s in l ight n u c l e i h a s b e e n c o n -
19 t i n u e d . The n e u t r o n t o t a l c r o s s s e c t i o n of F •was m e a s u r e d at n e u t r o n 

e n e r g i e s up to 300 keV and the r e s u l t s •were pub l i shed .^ Some 56 p e a k s 

w e r e o b s e r v e d ; m a n y of t h e m a r e s m a l l so tha t t h e i r e x i s t e n c e i s diff icult 

to e s t a b l i s h . Mos t of the p e a k s a p p e a r to be due to n e u t r o n i n t e r a c t i o n s 

•with i > 0. H o w e v e r , no a n a l y s i s of the p e a k s above about 120 keV is 

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

kno^wn to be p r e s e n t . The a m o u n t of th i s s c a t t e r i n g m u s t be kno^wn for 

e a c h p e a k if any a n a l y s i s i s to be m e a n i n g f u l . C o n s i d e r a b l e t i m e w a s 

s p e n t in check ing t h e c l u s t e r of l e v e l s n e a r 100 k e V , wh ich s t i l l p e r s i s t s 

a s a c l u s t e r . F u r t h e r c h e c k i n g in the r e g i o n of 100—245 keV c o n f i r m e d 

i C . T. H ibdon , P h y s . R e v . 133 , B353 (1964). 



t he p r e s e n c e of the p e a k s o b s e r v e d p r e v i o u s l y . 

A r e c h e c k of the c l u s t e r s of l e v e l s in a l u m i n u m at n e u t r o n 

e n e r g i e s of 80 — 90 keV and 130 —170 keV c o n f i r m e d e a r l i e r r e s u l t s . 

R e c e n t w o r k in a n o t h e r l a b o r a t o r y shows s i m i l a r p a t t e r n s . 
A 7 

A s tudy of the l e v e l s t r u c t u r e of Li and Li in the keV 

r e g i o n h a s b e e n con t inued . F u r t h e r •work i s p l anned on t h e s e n u c l e i . 

11 
I - 2 . 5 . The I n t e r a c t i o n of B wi th 0 . 5 — 4 - M e V P r o t o n s 

R. G. A l i a s , S. S. H a n n a , and R. E . Segel 

The r a d i a t i o n s f r o m the v a r i o u s exi t c h a n n e l s ( n a m e l y 

e l a s t i c a l l y s c a t t e r e d p r o t o n s , g a m m a r a y s follo^wing i n e l a s t i c s c a t t e r i n g , 

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

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

s e p a r a t i o n of the t̂ wo i s o t o p i c - s p i n s t a t e s . The d i f f e r e n t i a l c r o s s 

s e c t i o n for r a d i a t i v e c a p t u r e i n d i c a t e s t h a t the s t r e n g t h of the s - w a v e 

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

w h i c h a r e a t e n e r g i e s of 17. 3 and 19. 2 MeV. A t h r e s h o l d effect is s e e n 

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

No^w at S tanford U n i v e r s i t y . 

26 
1 - 2 . 6 . E l a s t i c S c a t t e r i n g of P r o t o n s by Mg 

M. C. M e r t z and J . P . Schiffer 

D u r i n g the p a s t two y e a r s , d i f f e r e n t i a l c r o s s s e c t i o n s for 
26 

e l a s t i c s c a t t e r i n g of 0 . 8 5 — 4 . 5 8 - M e V p r o t o n s by Mg have been m e a s u r e 

m o s t l y a t the 4. 5 -MeV Van de Graaff , and have been a n a l y z e d by u s e of 

d i s p e r s i o n t h e o r y . The i v a l u e s of 59 of the 73 l e v e l s s e e n up to 3 . 5 MeV 
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w e r e a s s i g n e d , and in s o m e c a s e s the v a l u e s of J w e r e d e t e r m i n e d a s w e l l . 

N e g a t i v e - p a r i t y s t a t e s a r e s t r o n g e s t , a s would be e x p e c t e d f r o m the s h e l l 

m o d e l . One b r o a d p o s i t i v e - p a r i t y s t a t e i s s e e n . The r e p o r t on th i s w o r k 

i s n e a r l y c o m p l e t e . 

1 - 2 . 7 . S tud ie s of C o r o n a C u r r e n t 

A. L a n g s d o r f , J r . , and R. Wehrle 

T h i s s tudy of the c o r o n a c u r r e n t i a s a funct ion of the 

vo l t age V w a s begun in the hope of r a i s i n g the o p e r a t i n g vo l t age of the 

Van de G r a a f f a c c e l e r a t o r and i m p r o v i n g i t s o p e r a t i o n , but i s of con­

s i d e r a b l e f u n d a m e n t a l i n t e r e s t in i t s own r i g h t . We have found tha t p lo t s 

of NA VS V have an ub iqu i tous t e n d e n c y to be n e a r l y l i n e a r ove r a c o n s i d ­

e r a b l e p a r t of t h e i r l eng th . A s u r v e y of an a p p r e c i a b l e f r a c t i o n of the 

a p p r o x i m a t e l y 1000 a r t i c l e s on th i s sub j ec t pub l i shed in wide ly d i s p e r s e d 

j o u r n a l s o v e r a 7 0 - y e a r p e r i o d u n c o v e r e d a few c u r v e s p r e v i o u s l y p lo t t ed 

t h i s way ; and s e v e r a l t h e o r e t i c a l s t u d i e s s u g g e s t s t r o n g r e a s o n s for s u c h 

b e h a v i o r — b u t t h e r e s e e m s to have b e e n no g e n e r a l a p p r e c i a t i o n of t h i s 

ub iqu i ty of the l i n e a r r e l a t i o n no r of i t s u s e f u l n e s s . 

We h a v e p e r f o r m e d a s e r i e s of e x p e r i m e n t s and have 

s y s t e m a t i c a l l y p lo t t ed the d a t a a s ^A v s V. E v e n the d e v i a t i o n s f r o m 

l i n e a r i t y h e l p s u g g e s t e x p l a n a t i o n s for the often v e r y c o m p l e x b e h a v i o r 

of s u c h s y s t e m s . F o r e x a m p l e ( F i g . I - 2 - e ) , when the w i r e i s p o s i t i v e , 

m o i s t u r e does not in f luence the p o s i t i o n o r s lope of the s t r a i g h t p o r t i o n 

of the c u r v e for CO ; but for a n e g a t i v e w i r e , t h e r e i s no s t r a i g h t p o r t i o n 

when the CO i s d r y bu t one a p p e a r s w h e n m o i s t u r e is a d d e d . A p p a r e n t l y 

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

l e a d s to a s l o w - m o v i n g c loud of n e g a t i v e ions whose s p a c e c h a r g e l i m i t s the 

c u r r e n t . T h e s e r e s u l t s m e r e l y typify a l a r g e body of d a t a ob ta ined in t h i s 

cont inu ing e x p e r i m e n t . 
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(DRY COg) 

F i g . I - 2 - e . C o r o n a c u r r e n t -
vo l t age r e l a t i o n p lo t t ed as wi 
vs V. The gas i s COj at a 
p r e s s u r e of 1 a t m . The c o r o n a 
is bet^ween a p l a t i n u m •wire of 
0. O l6 - in , d i a m e t e r and a c o n ­
c e n t r i c c y l i n d e r 1 in . in d i a m e t e r 
by 1.25 in . long , •with a g u a r d 
tube a t e a c h end. C u r v e s A and 
B a r e for the w i r e n e g a t i v e , 
c u r v e s C and D for the •wire 
p o s i t i v e . C u r v e s A and C a r e 
for d r y CO2 , c u r v e s B and D for 
CO2 humid i f i ed by p a s s a g e o v e r 
w a t e r at 15 C, 
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VOLTAGE (kV) 
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1-3. RESEARCH AT THE 12-MEV TANDEM VAN DE GRAAFF 

The e x p e r i m e n t a l r e s e a r c h p r o g r a m on the t a n d e m Van de 
Graaff h a s p r o c e e d e d at a v i g o r o u s p a c e . O p e r a t i o n i s now on a 1 5 2 - h r / w e e k 
s c h e d u l e ; con t inuous o p e r a t i o n i s p l a n n e d in the n e a r f u t u r e . In addi t ion to 
u s e by the P h y s i c s D i v i s i o n , the t a n d e m fac i l i ty is r e g u l a r l y u s e d by 
m e m b e r s of the C h e m i s t r y D i v i s i o n and the Solid State Sc ience Div i s ion , 
A p r o g r a m f o r m a l l y i n i t i a t e d in J a n u a r y 1964 m a k e s the t a n d e m a v a i l a b l e 
to qua l i f ied u s e r s f r o m o u t s i d e A r g o n n e , F o u r g roups f r o m u n i v e r s i t i e s 
a r e no^w conduc t ing e x p e r i m e n t s •with t h i s f ac i l i t y . 

D u r i n g the p a s t y e a r , a l l m a j o r p i e c e s of a p p a r a t u s p l anned 
for the i n i t i a l p h a s e at t he t a n d e m h a v e c o m e into o p e r a t i o n . The 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 i s now u s e d for about 20% of the e x p e r i m e n t a l 
p r o g r a m . The p u l s e d b e a m h a s b e e n u s e d for s t u d i e s of (d ,n ) r e a c t i o n s 
and for the m e a s u r e m e n t of l i f e t i m e s of n u c l e a r s t a t e s . The s c a t t e r i n g 
c h a m b e r s and ^ - r a y a n g u l a r - c o r r e l a t i o n a p p a r a t u s a r e in r o u t i n e o p e r a t i o n . 
The ASI -2100 c o m p u t e r h a s b e e n i n s t a l l e d and is now in u s e for o n - l i n e 
o p e r a t i o n wi th bo th the t a n d e m and the 4 . 5 -MeV Van de Graaff . Th i s 
c o m p u t e r h a s a c o m m u n i c a t i o n l ink •with the CDC-3600 c o m p u t e r , whose 
c a p a c i t y and s p e e d can now be u t i l i z e d for o n - l i n e e x p e r i m e n t s . 

I - 3 . 1 , I n s t a l l a t i o n and O p e r a t i o n of the T a n d e m Van de Graaff A c c e l ­
e r a t o r ( P r o j e c t I -10) 

J . R. W a l l a c e 

The t a n d e m h a s o p e r a t e d 4426 h o u r s f r o m June 1963 to 

A p r i l 1964, To da te the t a n d e m h a s 9413 h o u r s of o p e r a t i o n . At the 

p r e s e n t t i m e the t a n d e m is s c h e d u l e d for 152 h o u r s / w e e k . T h e r e a r e 

p l a n s to go to a full t i m e o p e r a t i o n a l s c h e d u l e of 24 h r / d a y , 7 days/^week. 

T h e m a i n e n d e a v o r of the o p e r a t i o n a l g r o u p h a s b e e n to modify o r i m p r o v e 

t h e t a n d e m and a t t he s a m e t i m e m a i n t a i n a good o p e r a t i o n a l s c h e d u l e for 

t h e s c i e n t i s t s doing r e s e a r c h on t h e a c c e l e r a t o r . 

T h e m a j o r i t e m s of e x p e r i m e n t a l e q u i p m e n t t ha t have b e e n 

c o m p l e t e d and •were in u s e d u r i n g th i s p a s t y e a r a t t he t a n d e m a r e : ( i ) an 

1 8 - i n . s c a t t e r i n g c h a m b e r , (2) a n g u l a r - c o r r e l a t i o n e q u i p m e n t , (3) a b e a m 



w 
o 

F i g , 1-3-a. The A r g o n n e 12-MeV t a n d e m Van de Graaff a c c e l e r a t o r . The n e g a t i v e ions of H, D, o r O 
(or a focused n e u t r a l b e a m of He) i s i n j ec t ed at the far end of the m a c h i n e . After e m e r g i n g f r o m 
the a c c e l e r a t o r t a n k , the h i g h - e n e r g y beann is de f l ec ted to the wes t t a r g e t r o o m (left) or e a s t ( r ight) 
by the a p p r o p r i a t e 90 a n a l y z i n g m a g n e t ( c e n t e r f o r eg round ) and i s s^witched into the s e l e c t e d b e a m 
l ine by the s^witching m a g n e t p l a c e d n e a r the •wall of the m a c h i n e vau l t . 
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p u l s e r and b u n c h e r , (4) a 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 , and (5) a 

6 0 - i n . s c a t t e r i n g c h a m b e r . A s e c o n d i 8 - i n . s c a t t e r i n g c h a m b e r is u n d e r 

c o n s t r u c t i o n to s e r v e the n e e d s of the l a r g e n u m b e r of e x p e r i m e n t e r s now 

u s i n g the e x i s t i n g one . 

An ASI -2100 c o m p u t e r h a s b e e n i n s t a l l e d . It w i l l be u s e d 

for m u l t i p a r a m e t e r a n a l y s i s and o n - l i n e da t a r e d u c t i o n and to feed p a r t i a l l y -

p r o c e s s e d da ta d i r e c t l y to the C D C - 3 6 0 0 c o m p u t e r . 

P l a n s for the c o m i n g y e a r i n c l u d e : (1) f u r t h e r w o r k on ion 

s o u r c e s , (2) i n s t a l l a t i o n of i n c l i n e d - f i e l d a c c e l e r a t i o n t u b e s , (3) i n s t a l l a t i o n 

of a h i g h - t r a n s m i s s i o n b e a m p a c k a g e f r o m H V E C , (4) a h e a v y - i o n p r o g r a m , 

and (5) •work on a p o l a r i z e d ion s o u r c e . 

1 - 3 . 2 . The P h y s i c s D iv i s ion O n - L i n e Com pu t i ng S y s t e m 

D. S. G e m m e l l 

The P H Y s i c s D iv i s ion o n - L i n e I n f o r m a t i o n S y s t e m (PHYLIS) 

w a s d e l i v e r e d in J a n u a r y 1964. A c c e p t a n c e t e s t s a r e s c h e d u l e d for June 1964. 

The P H Y L I S s y s t e m is u s e d for the o n - l i n e p r o c e s s i n g of da ta ob ta ined in 

l o w - e n e r g y 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 at both the 4. 5 -MeV Van de Graaff 

and the 12-MeV t a n d e m g e n e r a t o r ( F i g . I - 3 - b ) . The c e n t r a l p r o c e s s i n g 

uni t i s an ASI-2100 c o m p u t e r . T h i s i s a f a s t d ig i t a l m a c h i n e wi th a 

m e m o r y of 8192 w o r d s and a 2 1 - b i t w o r d l eng th . The m e m o r y cyc le t i m e 

i s 2 p,sec. The c o m p u t e r h a s two bu f f e red i n p u t / o u t p u t c h a n n e l s . 

The h a r d w a r e of the s y s t e m is d i s t r i b u t e d into four d i s t i n c t 

g e o g r a p h i c a l l o c a t i o n s . (1) C e n t r a l s t a t i o n : c e n t r a l p r o c e s s e r , d ig i t a l 

p l o t t e r , t y p e w r i t e r , l i ne p r i n t e r , c a r d r e a d e r / p u n c h , and two m a g n e t i c 

t a p e s . (2) T a n d e m g e n e r a t o r : ND-160 a n a l y z e r (2 p a r a m e t e r s , 4096 

c h a n n e l s ) and t h r e e c o m p u t e r i n t e r r u p t s . (3) 4 . 5 -MeV Van de Graaff: 

t y p e w r i t e r , c a r d r e a d e r , c a r d p u n c h , l ine p r i n t e r , and two c o m p u t e r 

i n t e r r u p t s . (4) C D C - 3 6 0 0 : The ASI -2100 is s a t e l l i t e d to the C D C - 3 6 0 0 

in the App l i ed M a t h e m a t i c s D i v i s i o n by way of an 800-ft c a b l e . 
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A-40H 

1402 

CARD 
RDR/PUNCH 

523 
CARD 
PUNCH 

12-MeV 
TANDEM GENERATOR 

4-MeV 
VAN DE GRAAFF 

F i g . 1-3-b . Block d i a g r a m sho^wing ho^w the ind iv idua l d e v i c e s m a k i n g up 
the PHYLIS s y s t e m a r e n o r m a l l y d iv ided a m o n g the four e x p e r i m e n t a l 
a r e a s , (Dev ices sho^wn as d a s h e d b locks a r e p r o p o s e d add i t ions to the 
s y s t e m . ) Since t h e two In -Ou t c h a n n e l s of the ASI-2100 m a y be o p e r a t e d 
s i m u l t a n e o u s l y , e q u i p m e n t a t t̂ wo d i f fe ren t l oca t i ons can o p e r a t e 
s i m u l t a n e o u s l y . A l s o , s i n c e the d e v i c e s a r e c o n n e c t e d to the channe l s 
in p a r a l l e l , any e q u i p m e n t on a p a r t i c u l a r channe l can be connec t ed to 
any o t h e r e q u i p m e n t on i t ; e. g, , the p r i n t e r and 1402 c a r d uni t can be 
m o v e d to the t a n d e m and o p e r a t e d t h e r e . E a c h dev ice d e p i c t e d h a s a 
un ique i n t e r r u p t a d d r e s s wh ich m a y be e i t h e r " n o r m a l " o r " p r i o r i t y , " 
The four i n s t r u c t i o n a d d r e s s e s a s s o c i a t e d wi th the CDC-3600 l ink 
(Bcj)-6) a r e d e s i g n a t e d " p r i o r i t y " and a s such m a y i n t e r r u p t any " n o r m a l " 
i n t e r r u p t r o u t i n e . 
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An a d d i t i o n a l t y p e w r i t e r and an o s c i l l o s c o p e d i s p l a y uni t 

wi th a l igh t pen f ac i l i t y a r e s c h e d u l e d for d e l i v e r y in Ju ly 1964. Th is 

e x t r a e q u i p m e n t wi l l be l o c a t e d at t he t a n d e m g e n e r a t o r . 

The p r o g r a m i n t e r r u p t f e a t u r e s of the ASI-2100 and the 

C D C - 3 6 0 0 m a k e the s y s t e m v e r y f l e x i b l e . F o r e x a m p l e , an e x p e r i m e n t e r 

at the 4 . 5 -MeV m a c h i n e m a y i n t e r r u p t the ASI-2100 wh ich , in t u r n , can 

i n t e r r u p t the C D C - 3 6 0 0 . The C D C - 3 6 0 0 m a y then p e r f o r m s o m e c a l c u l a t i o n 

( such a s the d e t e r m i n a t i o n of p o l a r i z a t i o n and c r o s s s e c t i o n s a s a funct ion 

of ang le f r o m da t a t a k e n in a n e u t r o n - s c a t t e r i n g e x p e r i m e n t ) . T h e s e 

r e s u l t s m a y then be u s e d i m m e d i a t e l y to d e t e r m i n e what f u r t h e r m e a s u r e ­

m e n t s a r e n e c e s s a r y . 

A n o t h e r c o m m o n u s e of the s y s t e m i s in the r e c o r d i n g of 

2 - p a r a m e t e r da ta a t the t a n d e m g e n e r a t o r . Dig i t i zed p u l s e s f r o m the 

d u a l - A D C uni t of the 4 0 9 6 - c h a n n e l a n a l y z e r a r e t r a n s m i t t e d to the ASI-2100 

and s t o r e d on m a g n e t i c t a p e . When th i s p r o c e s s i s f in i shed the CDC-3600 

i s i n t e r r u p t e d and the e v e n t s on t h e ' t a p e a r e t r a n s m i t t e d to it for p u l s e -

he igh t a n a l y s i s i n t o , s a y , a 256 X 256 a r r a y . Th i s a r r a y i s t hen t r a n s ­

m i t t e d b a c k to the ASI -2100 and s t o r e d on the o the r m a g n e t i c - t a p e un i t . 

In add i t ion to t h i s type of o p e r a t i o n , it i s a l s o p o s s i b l e to r e a d o r w r i t e 

the 4 0 9 6 - c h a n n e l a n a l y z e r m e m o r y f r o m the ASI -2100 . 

T h e r e a r e m a n y o t h e r •ways in which the s y s t e m can be 

u s e d . When not in u s e o n - l i n e , the ASI-2100 is a v e r y usefu l m a c h i n e for 

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

I - 3 , 3 , P u l s e d - B e a m E x p e r i m e n t s at the Tandem 

(1) P u l s e d - B e a m A p p a r a t u s 

F . J , Lynch 

The b e a m - p u l s i n g s y s t e m c o n s i s t i n g of a b u n c h e r and 

chopper has b e e n u s e d for n e u t r o n t i m e - o f - f l i g h t e x p e r i m e n t s [ m a i n l y 



(d ,n ) r e a c t i o n s ] , c h a r g e d - p a r t i c l e i den t i f i c a t i on by t i m e of f l igh t , b a c k ­

g r o u n d r e d u c t i o n in (p, y) e x p e r i m e n t s , and l i f e t ime m e a s u r e m e n t s of 

n u c l e a r e x c i t e d s t a t e s . The s y s t e m i s conven ien t to u s e and s t a b l e in 

o p e r a t i o n . 

F o r m e a s u r e m e n t s of l i f e t i m e s g r e a t e r t h a n 100 [ i sec , s u c h 
43 

a s t ha t of t h e f i r s t e x c i t e d s t a t e in Sc , a s low p u l s i n g s y s t e m h a s b e e n 

c o n s t r u c t e d . A R I D L m u l t i c h a n n e l p u l s e - h e i g h t a n a l y z e r o p e r a t e d in the 

t i m e m o d e a d v a n c e s i t s a d d r e s s at a r a t e d e t e r m i n e d by an e x t e r n a l t i m i n g 

c i r c u i t so tha t the b u i l d - u p and d e c a y t i m e s a r e s p r e a d o v e r the 400 

c h a n n e l s of the a n a l y z e r . The v o l t a g e a c r o s s the d e f l e c t o r p l a t e s of the 

b e a m c h o p p e r is r e d u c e d to z e r o for a spec i f i ed t i m e ( c o r r e s p o n d i n g to 

2 , 4 , 8, 16, o r 32 c h a n n e l s ) d u r i n g w h i c h the b e a m is a l l o w e d to s t r i k e 

the t a r g e t ; t hen a l a r g e v o l t a g e de f l e c t s the b e a m away . The a n a l y z e r 

r e c o r d s the i n d u c e d g a m m a a c t i v i t y a s a funct ion of t i m e . Af te r the l a s t 

c h a n n e l i s p a s s e d , the cyc le r e s t a r t s and a new b e a m p u l s e o c c u r s . 

A ne-w t i m e - t o - p u l s e - h e i g h t c o n v e r t e r u s i n g an E s a k i d iode 

a s a b i s t a b l e e l e m e n t h a s b e e n d e v e l o p e d in the E l e c t r o n i c s D iv i s ion and 

i s no^w in o p e r a t i o n . The c o n v e r t e r i s s t a b l e and l i n e a r in r e s p o n s e and 

i s equa l ly a p p l i c a b l e to p u l s e d - b e a m and c o i n c i d e n c e m e a s u r e m e n t s . All 

e l e c t r o n i c e q u i p m e n t i n the e n e r g y and t i m e c h a n n e l s no^w u s e s o l i d - s t a t e 

e l e m e n t s e x c l u s i v e l y . 

(2) P u l s e d - B e a m M e a s u r e m e n t s of L i f e t i m e s of N u c l e a r E x c i t e d 
S t a t e s 

R. E , H o l l a n d , F . J . L y n c h , and K. - E . Nysten"" 

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

the b e a m f r o m t h e t a n d e m a c c e l e r a t o r to ex t end ou r m e a s u r e m e n t s of the 

P e r m a n e n t a d d r e s s : U n i v e r s i t y of He l s ink i . 
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l i f e t i m e s of n u c l e a r s t a t e s . The h i g h e r p a r t i c l e e n e r g y a v a i l a b l e f r o m 

the t a n d e m a l l o w s us to e x c i t e s t a t e s w h i c h we could not r e a c h wi th the 

4 . 0 -MeV Van de Graaff . 

We have u s e d the p u l s e d b e a m to m e a s u r e l i f e t i m e s of 
40 

n u c l e a r s t a t e s in the m a s s r e g i o n above Ca . The l i f e t i m e s of a n u m b e r 
45 48 . . 

of l e v e l s have b e e n m e a s u r e d in Ti and V , but the m o s t i n t e r e s t i n g 
43 

c a s e i nvo lved the f i r s t e x c i t e d s t a t e s of Sc a t 150 keV. Th i s s t a t e w a s 

found to have a m e a n life of 628 ± 1 0 |j .sec, about 15 t i m e s the s i n g l e -

p a r t i c l e e s t i m a t e for an M2 t r a n s i t i o n ; s u c h a r e t a r d a t i o n i s to be e x p e c t e d 

for M2 t r a n s i t i o n s . The a p p e a r a n c e of such a s t a t e in a n u c l e u s so n e a r 
40 

Ca is s u r p r i s i n g . It c an be e x p l a i n e d as a r i s i n g f r o m p r o m o t i n g a d , 
3 ' 

p r o t o n to the f_ /^ s h e l l ; s u c h s t a t e s a r e o b s e r v e d in (p ,d) and ( d , H e ) 

r e a c t i o n s . When t h i s " h o l e " s t a t e i s t he f i r s t exc i t ed s t a t e , it should be 

m e t a s t a b l e . T h e r e f o r e one shou ld o b s e r v e o the r l o n g - l i v e d s t a t e s . A 

s e a r c h in s c a n d i u m and t i t a n i u m i s o t o p e s h a s not r e v e a l e d o the r such 

i s o m e r s . 

(3) C a p t u r e y - R a y M e a s u r e m e n t s wi th the P u l s e d B e a m of the 
T a n d e m G e n e r a t o r 

D. S. G e m m e l l and Z. V a g e r 

If one c a n t o l e r a t e a v e r a g e b e a m c u r r e n t s a s low a s 50 to 

100 mp,A, t hen t h e r e a r e c o n s i d e r a b l e a d v a n t a g e s in us ing p u l s e d - b e a m 

t e c h n i q u e s to s tudy r a d i a t i v e - c a p t u r e r e a c t i o n s . One can d i s c r i m i n a t e 

a g a i n s t n e u t r o n s f r o m the t a r g e t and a g a i n s t y r a y s and n e u t r o n s f r o m al l 

l o c a t i o n s o t h e r than the t a r g e t (e . g, , f r o m the b e a m c o l l i m a t o r , b e a m 

c a t c h e r , e t c ) . In a d d i t i o n , the e f fec t ive c o s m i c - r a y b a c k g r o u n d is 

r e d u c e d by the duty cyc le of the m a c h i n e . We have deve loped a t e chn ique 

w h e r e b y we can ob ta in a t i m i n g r e s o l u t i o n wid th a s s m a l l a s 2 n s e c for 

2 0 - M e V y r a y s when a 10 X 8 - i n . Na l (T l ) c r y s t a l is u s e d . The t e chn ique 

u s e s t h e " c r o s s - o v e r " t i m e for a d e l a y - t i m e c l ipped p u l s e . " P i l e - u p " 
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e v e n t s a r e d i s t i n g u i s h e d b e c a u s e t hey c a u s e a de lay in t h i s c r o s s - o v e r 
11 12 

t i m e . We have t e s t e d the t e c h n i q u e by m e a n s of the B ( p , y ) C r e a c t i o n 

at E = 7 MeV w h e r e we o b s e r v e d a nnuch c l e a n e r s p e c t r u m than i s 
P 

n o r m a l wi th a dc b e a m . In i t i a l a t t e m p t s to o b s e r v e the (d, y) r e a c t i o n -with 

t a r g e t s of B and C w e r e u n s u c c e s s f u l . 

(4) P a r t i c l e Iden t i f i ca t ion by T i m e - o f - F l i g h t Me thods 

D. S. G e m m e l l 

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

betw^een d i f fe ren t m a s s e s of p a r t i c l e s e m i t t e d f r o m n u c l e a r r e a c t i o n s . 

The p a r t i c l e s a r e d e t e c t e d wi th a s i l i c o n junc t ion c o u n t e r . A t w o - p a r a m e t e r 

p u l s e - h e i g h t a n a l y z e r i s u s e d to r e c o r d both the e n e r g y and t h e flight t i m e 

of e a c h p a r t i c l e d e t e c t e d . The A r g o n n e t a n d e m Van de Graaff p r o v i d e s a 

chopped and b u n c h e d i n c i d e n t b e a m . P u l s e s f r o m the s i l i c o n d e t e c t o r a r e 

fed in to bo th a f a s t ( 2 0 0 - M c / s e c band -width) a m p l i f i e r and in to a c o n v e n ­

t i o n a l c h a r g e - s e n s i t i v e p r e a m p l i f i e r •with a slo^wer r e s p o n s e . The fas t 

s i d e of t h e c i r c u i t f eeds in to a t i m e - t o - p u l s e - h e i g h t c o n v e r t e r g iv ing a 

p u l s e •which i s a m e a s u r e of f l ight t i m e . An e n e r g y p u l s e is p r o v i d e d by 

the slow^er c i r c u i t r y . The e x p e r i m e n t a l da ta sho^w a t i m e r e s o l u t i o n 

wid th of 2 n s e c and an e n e r g y r e s o l u t i o n •width of 50 keV for p a r t i c l e s wi th 

e n e r g i e s b e t w e e n 400 keV and 10 MeV. 

The t e c h n i q u e h a s b e e n t e s t e d -with the r e a c t i o n s B •+ d, 
i 1 12 

B + d, and C + d at e n e r g i e s up to 12 MeV. With f l ight p a t h s of 40 c m , 

an e x c e l l e n t m a s s s e p a r a t i o n -was a c h i e v e d . The m e t h o d shou ld be v e r y 

use fu l in the s tudy of r e a c t i o n s wi th low Q v a l u e s and of r e a c t i o n s involving 
6 7 

the e m i s s i o n of c o m p l e x n u c l e i . A s y s t e m a t i c s tudy of (d, Li ) and (d, Li ) 
r e a c t i o n s h a s been i n i t i a t e d . 
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I - 3 , 4 . C h a r g e d - P a r t i c l e React ions at the Tandem 

( i ) T e s t of the DWBA in (d ,p ) R e a c t i o n s 

L. L . L e e , J r . , J . P . Sch i f fe r , B . Z e l d m a n , G. R. Satchler , 
R. H. B a s s e l , * and R. M. D r i s k o * 

The m e a s u r e m e n t s of e l a s t i c d e u t e r o n s c a t t e r i n g f r o m Ca 
40 41 

and the r e a c t i o n Ca ( d , p ) C a a r e be ing u s e d as a t e s t of the D i s t o r t e d -

Wave B o r n - A p p r o x i m a t i o n (DWBA) a n a l y s i s of (d, p) r e a c t i o n s . E x t e n s i v e 

a n a l y s i s of the e l a s t i c s c a t t e r i n g i n d i c a t e s that m a n y d i s c r e t e s e t s of 

op t i ca l p o t e n t i a l s fit the m e a s u r e d d i f f e ren t i a l c r o s s s e c t i o n s (F ig . 1-3-c) . 

F i g . I - 3 - C . C o m p a r i s o n of the 

m e a s u r e d 11 -MeV d e u t e r o n s c a t t e r ­
ing f r o m Ca with five " b e s t f i t" 
s u r f a c e - a b s o r p t i o n p o t e n t i a l s . 
P a r a m e t e r s for t h e p o t e n t i a l s a r e 
l i s t e d in Tab le 1-3-A. 

20 40 60 80 100 120 140 160 180 
^JDeg.) 

In a l l c a s e s the po t en t i a l i s of the Saxon f o r m with s u r f a c e d e r i v a t i v e 

a b s o r p t i o n . The p a r a m e t e r s of the p o t e n t i a l s u s e d in the f igure a r e l i s t e d 

in Tab le I - 3 - A . The m e a s u r e d (d, p) d i f f e ren t i a l c r o s s s e c t i o n s can be 

f i t ted wi th a l l of the p o t e n t i a l s if a r a d i a l cutoff is u s e d in the c a l c u l a t i o n s . 

H o w e v e r , only the d e e p e r p o t e n t i a l s (V > 100 MeV) give s a t i s f a c t o r y fi ts 
40 41 

•without cutoff. S ince Ca i s a doubly m a g i c n u c l e u s , the Ca s t a t e s 

o b s e r v e d s t r o n g l y in the (d, p) r e a c t i o n should be good s i n g l e - n e u t r o n 

s t a t e s for which the s p e c t r o s c o p i c f a c t o r in the (d ,p) r e a c t i o n i s un i ty . 

Oak Ridge Na t iona l L a b o r a t o r y . 
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T A B L E I - 3 - A . P a r a m e t e r s of the o p t i c a l - m o d e l potential 

X -1 / d ^ x ' - 1 
U(r) = - V(e + 1 ) - M ^ - ^ W ^ ^ ^ J (e + 1 ) 

u s e d to ob ta in the t h e o r e t i c a l c u r v e s p lo t t ed in F i g , 1 -3-c . In t h i s e x p r e s s ­
ion , X = (r - r Q A ^ / ' ) / a and x ' = (r - r^ 'A^' ^ ) / a ' . 

P o t e n t i a l 

X 

Y 

Z 

G 

F 

V 

(MeV) 

32, 5 

7 2 . 4 

120 .7 

176. 9 

240, 0 

^ 0 

( F ) 

0. 943 

0. 936 

0. 966 

1. 002 

1. 040 

a 

( F ) 

0. 905 

0 . 9 4 5 

0 . 8 4 6 

0. 769 

0 .707 

W 

(MeV) 

0 

0 

0 

0 

0 

w 
D 

(MeV) 

5 . 6 

11 .8 

1 6 . 4 

2 1 . 0 

2 6 . 4 

^o' 

( F ) 

1.703 

1. 511 

1.479 

1.466 

1.462 

a ' 

( F ) 

0. 691 

0 . 5 4 2 

0 .492 

0 . 4 5 3 

0 . 4 1 5 

40 41 

While t h i s i s not s t r i c t l y the c a s e , t h e Ca ( d , p ) C a r e a c t i o n can be u s e d 

t c t e s t the ab i l i t y of the DWBA a n a l y s i s to e x t r a c t mean ing fu l s p e c t r o s c o p i c 

f a c t o r s f r o m the e x p e r i m e n t a l d a t a . The p r e s e n t r e s u l t s i n d i c a t e t ha t one 

can ob ta in s p e c t r o s c o p i c f a c t o r s by DWBA a n a l y s i s wi th an a c c u r a c y of 

about 30%. 
54 

M e a s u r e m e n t s of e l a s t i c d e u t e r o n s c a t t e r i n g f r o m F e and 
54 55 

t h e r e a c t i o n F e ( d , p ) F e h a v e b e e n m a d e at d e u t e r o n e n e r g i e s of 8 . 0 , 

1 0 . 0 , and 1 2 . 0 MeV. A n a l y s i s of the e l a s t i c s c a t t e r i n g y i e l d s s e t s of 

p o t e n t i a l s s i m i l a r to t h o s e ob ta ined f r o m t h e Ca d a t a . S p e c t r o s c o p i c 

f a c t o r s e x t r a c t e d f r o m DWBA a n a l y s i s a g r e e wi th t h o s e o b t a i n e d e l s e w h e r e 

wi th 1 5 - M e V d e u t e r o n s . 
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(2) E l a s t i c S c a t t e r i n g of P r o t o n s and D e u t e r o n s f r o m I s o t o p e s of Ca 

L . L . L e e , J r . , A. M a r i n o v , and J . P . Schiffer 

The s c a t t e r i n g of i n t e r m e d i a t e - e n e r g y p r o t o n s and d e u t e r o n s 

f r o m nuc l e i i s u s u a l l y i n t e r p r e t e d in t e r m s of an op t i ca l m o d e l in wh ich the 

n u c l e u s i s r e p r e s e n t e d by an a v e r a g e p o t e n t i a l . It is of c o n s i d e r a b l e 

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 a d e p e n d e n c e on the n e u t r o n e x c e s s of the 

t a r g e t should be inc luded in the p o t e n t i a l . We have p r e v i o u s l y r epor ted^ 

an i n v e s t i g a t i o n of the n i c k e l i s o t o p e s in •which the need for such a t e r m 

w a s d e m o n s t r a t e d . To f u r t h e r i n v e s t i g a t e the i m p o r t a n c e of a n e u t r o n -

e x c e s s t e r m in the o p t i c a l p o t e n t i a l , •we have s tud ied the e l a s t i c s c a t t e r i n g 
42 44 48 

of 9 - and 12 -MeV p r o t o n s and d e u t e r o n s by Ca , Ca , and Ca . D e u t e r o n 
40 

s c a t t e r i n g f r o m Ca had a l r e a d y been s tud ied and the exc i t a t i on funct ion for 
40 

p r o t o n s c a t t e r i n g f r o m Ca sho^wed so m u c h f luc tua t ion with p ro ton e n e r g y 

t h a t a n a l y s i s in t e r m s of an op t i ca l p o t e n t i a l does not s e e m r e a s o n a b l e in 
42 44 48 

t h i s e n e r g y r a n g e . A n a l y s i s of the s c a t t e r i n g f r o m Ca , Ca , and Ca 

i s now in p r o g r e s s . 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 the need for a n e u t r o n -

e x c e s s t e r m in the p o t e n t i a l , but the ev idence i s not as s t r i k i n g as it w a s 

for the n i cke l i s o t o p e s . 

L. L . L e e , J r . , and J . P , Sch i f fe r , Phys , Rev . (25 May 1964). 

19 3 20 
(3) The F (He , d)Ne R e a c t i o n 

L . L . L e e , J r , , and R. H. S i e m s s e n 

A n g u l a r d i s t r i b u t i o n s of d e u t e r o n g roups f r o m the r e a c t i o n 
19 3 20 

F (He , d )Ne l e a d i n g to the g round s t a t e and the s ix l owes t exc i t ed s t a t e s 
20 

of Ne h a v e b e e n m e a s u r e d at a b o m b a r d i n g e n e r g y of 10 MeV, The 

t r a n s i t i o n s to the 5, 63-and 5. 80-MeV l e v e l s have been only p a r t l y r e s o l v e d . 

P a r t i c l e s •were iden t i f i ed with the a id of a s o l i d - s t a t e d E / d x c o u n t e r and a 

p u l s e m u l t i p l i e r b a s e d on the m e t h o d of S tokes ,^ 

1 R. H. S t o k e s , Rev , Sc i . I n s t r . 3 1 , 768 ( I960) , 
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T h e a n g u l a r d i s t r i b u t i o n s of the t r a n s i t i o n s to the g r o u n d 
20 

s t a t e and the l e v e l s at 1 .63 , 5 . 8 0 , and 6. 72 MeV in Ne show c l e a r 

s t r i p p i n g p a t t e r n s . The v a l u e s of i for p r o t o n c a p t u r e into t h e s e s t a t e s 

a r e i = 0, 2 , 1, and 0, r e s p e c t i v e l y . 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 

t r a n s i t i o n s to the l e v e l s at 4 . 2 5 and 4 . 9 7 MeV a r e n e a r l y s y m m e t r i c abou t 

90 , S i m i l a r l y the t r a n s i t i o n to the 5. 6 3 - M e V l eve l v e r y p r o b a b l y d o e s 

not showf s t r i p p i n g . T h e s e r e s u l t s a r e in a g r e e m e n t w^ith the p r e d i c t i o n s 

by Ell iot^ f ro in c a l c u l a t i o n s b a s e d on the SU c l a s s i f i c a t i o n s c h e m e . R e ­

d u c e d w id th s h a v e b e e n e x t r a c t e d -with the he lp of d i s to r t ed - -wave 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 g r e e m e n t bet^ween the m e a s u r e d and the 

c a l c u l a t e d a n g u l a r d i s t r i b u t i o n s , h o w e v e r , h a s not b e e n too good so f a r . 

We in t end to s u p p l e m e n t our r e s u l t s wi th a m e a s u r e m e n t of the e l a s t i c 
3 19 

s c a t t e r i n g of He on F at 1 0 MeV to ob ta in the d i s t o r t i n g p o t e n t i a l of 
the e n t r a n c e c h a n n e l for the DWBA c a l c u l a t i o n d i r e c t l y f r o m e x p e r i m e n t . 

^ J . P . E l l i o t , in P r o c e e d i n g s of the R u t h e r f o r d J u b i l e e C o n f e r e n c e , 
ed i t ed by J , B . B i r k s (Heywood and Co . , London , 1961) , p . 248 . 

3 The c a l c u l a t i o n s e m p l o y e d t h e code TSALLY d e v e l o p e d by R. H. B a s s e l , 
R, M. D r i s k o , and G. R, S a t c h l e r , Oak Ridge Na t iona l L a b o r a t o r y R e p o r t 
O R N L - 3 2 4 0 , 

(4) E v i d e n c e for J D e p e n d e n c e of the A n g u l a r D i s t r i b u t i o n f r o m 
(d, p) R e a c t i o n s ( P r o j e c t 1-27) 

L . L . L e e , J r . , and J . P . Schiffer 

A n u m b e r of r e c e n t m e a s u r e m e n t s in t h i s l a b o r a t o r y h a v e 

b e e n d i r e c t e d to^ward d e t e r m i n a t i o n s of the sp ins of lov/ - ly ing s t a t e s f o r m e d 

by i = 1 n e u t r o n t r a n s f e r in (d, p) r e a c t i o n s on m e d i u m - w e i g h t n u c l e i . 

A n o t h e r l ine of i n v e s t i g a t i o n h a s b e e n the c a r e f u l s tudy of (d, p) a n g u l a r 

d i s t r i b u t i o n s on t h e s e n u c l e i . The r e s u l t s of t h e s e s t u d i e s have now l ed 

to t h e d i s c o v e r y of a s y s t e m a t i c d i f f e r e n c e b e t w e e n the i = 1 a n g u l a r 
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3" 1" _ 

d i s t r i b u t i o n s to J = — and J - — f inal s t a t e s . ^ H e r e t o f o r e , m e a s u r e ­

m e n t s of (d ,p ) a n g u l a r d i s t r i b u t i o n s have y ie lded only the o r b i 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 £ but no def ini te a s s i g n m e n t of the to t a l a n g u l a r 

m o m e n t u m J of the final s t a t e . O b s e r v a t i o n of t h i s new effect m a k e s i t 

p o s s i b l e in m a n y c a s e s to a s s i g n J d i r e c t l y f r o m the (d ,p) a n g u l a r d i s t r i ­

but ion r a t h e r than f r o m the m u c h m o r e difficult and lengthy a n g u l a r 

c o r r e l a t i o n o r p o l a r i z a t i o n m e a s u r e m e n t s n e c e s s a r y p r e v i o u s l y . 

The effect o b s e r v e d i s i l l u s t r a t e d in the (d ,p) a n g u l a r d i s -
54 55 

t r i b u t i o n s ( F i g . 1-3-d) f r o m the r e a c t i o n F e (d, p ) F e to two s t a t e s in 

10.0 

5 .0 

2 . 0 

1.0 

^ 0 . 5 

I 0.2 

0.1 

0.05 

1 1 1 1 1 1 

- ^ \ 
\ \ 1 
\ V 

- \ 

I I I I 

S4 SS 
Fe (d,p) Fe 
— g s l = l J = | -

— Ex=0.4l3 MeV 

^ '-' '--^-
\ E(j = 10.0 MeV 

\ /- N 
- V 

-

1 

\ \ 
\ \ 

\ ^"^X 
\ _̂  > 

1 1 , V , 

— 

-

-
-

1 1 r 

Ej= 12.0 MeV 

30° 60° 90° 120° 150° 30 60 90 120 150 30° 60° 90° 120° 150° 

F i g . 1-3-d. 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 at 8, 10, and 12 MeV for the 
r e a c t i o n Fe54(ci, p)Fe5 ^ l ead ing to the J =- | g round s t a t e and the J = y 
f i r s t exc i t ed s t a t e . 

55 
F e for d e u t e r o n e n e r g i e s of 8. 0, 10. 0, and 12. 0 MeV. The a n g u l a r 

d i s t r i b u t i o n for the — final s t a t e shows a s h a r p dip at about 135 at a l l of 
3 " 

the e n e r g i e s u s e d whi le the — g r o u p shows no such effect . This effect h a s 

been i n v e s t i g a t e d for twenty t r a n s i t i o n s in t a r g e t s for which 40 ^ A < 62 

and in which the J of the f inal s t a t e h a s b e e n d e t e r m i n e d in 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 . In al l of t h e s e c a s e s the J = y s t a t e s have 

1 L . L. L e e , J r . , and J . P . Schi f fe r , P h y s . Rev . L e t t e r s 12, 108 (1964). 



T A B L E 1 -3 -B . Spin a s s i g n m e n t s b a s e d on ^ = 1 (d ,p ) a n g u l a r 
d i s t r i b u t i o n s . 

Nuclide 

n 4i Ca 

r- 43 Ca 

^ 45 
Ca 

n 49 Ca 

Ti*' 

T i « 

Ti^' 

Cr=" 

Excitation 
energy 
(MeV) 

1.95 

2.47 

3.95 

2. 03 

1.43 

1. 90 

2. 25 

2. 34 

0 

2. 03 

1.56 

1.80 

2. 58 

3. 31 

3,95 

1. 38 

1.72 

3. 17 

3.26 

0 

1. 16 

2. 13 

0.77 

1.92 

Spin 

J 

3/2^ 

3/2^ 

1/2^ 

3/2 

1/2 

3/2 

3/2 ^ 

3/2 

3/2 

1/2 

3/2 

1/2 

1/2 

3/2 

3/2 

3/2^ 

1/2^ 

1/2 

3/2 

3/2 

1/2 

3/2 

3/2 ^ 

{3/2f 

Nuclide 

Fe 

Fe 

Ni 

Ni 

Ni 

Ni 

r c\ 
59 

59 

61 

63 

65 

Excitation 
energy 
(MeV) 

0 

0.41 

2.49 

3. 56 

3. 80 

0 

0. 73 

1.21 

1.92 

0 

0.47 

0.89 

1. 32 

0 

0. 29 

0 

0. 16 

0. 53 

1. 01 

0. 063 

0. 325 

0.703 

1.42 

Spin 

J 

3/2 

i/2 ̂  

3/2 ^ 

3/2 "" 

(3/2) 

3/2 

3/2 

1/2 

(3/2) 

3/2 

1/2^ 

3/2^ 

1/2^ 

3/2 

1/2^ 

1/2 

3/2 ^ 

3/2^ 

1/2^ 

1/2 

3/2 

3/2 

(1/2) 

C o n f i r m s a s s i g n m e n t b a s e d on e a r l i e r a n g u l a r - c o r r e l a t i o n m e a s u r e m e n t s . 
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3 " 
shown the s h a r p dip in the b a c k w a r d d i r e c t i o n and the J = -J s t a t e s have 

not . T h i s effect can then be u s e d wi th s o m e conf idence as a s p e c t r o s c o p i c 

too l to m e a s u r e the J v a l u e s of s t a t e s f o r m e d in i = 1 t r a n s i t i o n s in (d ,p ) 
n 

r e a c t i o n s ( T a b l e 1 -3-B) . C o n s i d e r a b l e w o r k i s now being done , both a t 

A r g o n n e and e l s e w h e r e , to d e t e r m i n e t h e ex ten t of the J d e p e n d e n c e in 

a n g u l a r d i s t r i b u t i o n s , to u n d e r s t a n d the ef fec t , and t o u s e it a s a s p e c t r o ­

s cop i c t o o l . 

65 
(5) I s o b a r i c Ana logue S ta t e s in Cu 

L . L . L e e , J r . , A. M a r i n o v , and J . P . Schiffer 

In r e c e n t e x p e r i m e n t s on the e l a s t i c p r o t o n s c a t t e r i n g f r o m 

h e a v y n u c l e i , ^ s h a r p r e s o n a n c e s in the e x c i t a t i o n function of the compound 

n u c l e u s (the t a r g e t n u c l e u s T p lus a p ro ton ) have been i n t e r p r e t e d a s c o m ­

pound s t a t e s w h i c h a r e i s o b a r i c a n a l o g u e s of the lo-w-lying s t a t e s in the 

n u c l e u s T+ n e u t r o n . We h a v e o b s e r v e d the e x c i t a t i o n of such i s o b a r i c 
65 64 

a n a l o g u e s t a t e s in Cu f o r m e d in e l a s t i c p r o t o n s c a t t e r i n g f r o m Ni 

The e x c i t a t i o n funct ions ( F i g . 1-3-e) a g r e e •with the expec t ed ana logue 

s t a t e s c a l c u l a t e d for a C o u l o m b - e n e r g y d i f f e r ence of 9 .246 MeV; a l l of 

the e x p e c t e d s t r o n g s t a t e s a r e o b s e r v e d . A n g u l a r m o m e n t a and -widths 

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

we l l wi th p r e d i c t i o n s . It is ev iden t f r o m the r e s u l t s (Tab le I - 3 - C ) tha t 

the i s o b a r i c a n a l o g u e s t a t e s r e t a i n the e n e r g y s e p a r a t i o n and •widths of 

the l o w - l y i n g s t a t e s to a g r e a t e r d e g r e e than p r e v i o u s l y e x p e c t e d in m e d i u m -

•weight n u c l e i . ^ 

^ J . D. F o x , C. F . M o o r e , and D. Robson , P h y s . Rev. L e t t e r s ^ , 198 
( 1 9 6 4 ) . 

^ L. L . L e e , J r . , A. M a r i n o v , and J, P . Schiffer , P h y s . Let ters 8_, 
352 (1964). 



TABLE I - 3 - C . S u m m a r y of data on widths and e n e r g i e s . 

energy 
in Ni^ 5 
(MeV) 

0 

0. 065 

0. 315 

0.699 

1.021 

1.33 

1.417 

1.603 

1.779 

1.919 

2. 153 

Calcula ted c. m . 
proton energy 

in Cu' 5 
(MeV) 

3. 123 

3. 178 

3.428 

3.812 

4 . 138 

4.44* 

4 .530 

4 .716 

4. 892 

5.032 

5.266 

Observed 
c. m. proton 

in Cu ' 5 
(MeV) 

3. 185 

3.47 1 

3.841 

4 .463 

5. 02 

( - 5 . 3 ) 

a 

3 

1 

1 

1 

4 

1 

1 

2 

1 

(2) 

(1) 

(2J + 1)8^ 

1.49 

1.23 

0. 17 

0.62 

8 . 3 

0.02 

0. 14 

0.09 

0.015 

1. 3 

0. 1 

J ^ 

5 / 2 

1/2 

1/2 

6/2 
l 3 / 2 

9 / 2 

1/2 

(3 /2 

5 / 2 

1/2 

5 / 2 

1/2 

S 

0. 25 

0 .62 

0. 08 

0 .31 

0. 16 

0. 83 

0. 017 

0. 07 

0. 035 

0. 015 

0. 008 

0.22 

0. 05 

^P 

Calc . '̂  
(keV) 

0. 06 

4 

1 

6 

3 

0 . 2 

0. 3 

3 

1.4 

0. 3 

0. 3 

5 

3 

Obs. 
(keV) 

5 

1 

(17) 

5" 

3 " 

9 

2.794 5.907 ( - 5 . 9 ) 2 0.74 5/2 0.15 

3.401 6. 514 0 0. 27 1/2 0. 13 10 

Exci tat ion energy , orbi ta l angular momentum i , and reduced width (2J + 1)S, as m e a s u r e d by 
R. H. F u l m e r and A. L. McCar thy , P h y s . Rev. 131, 2133 (1963). 

J is the a s s u m e d total spin. 

c 
Calcula ted from S. 

Obtained f rom the data . 

e 3" 1 1" 
The shape of this r e sonance suggests a — rather than — assignment. 



T a n d e m 51 

^ ^ 
tf> 
E 

>» 
g 

-J5 

< 

z 
o 
o 
llJ 
<n 
</3 
(rt 
O 

o 

j r - i 

3 
—̂ 

Na 

11 
1 

111 1 

t\{ 

1 i ' 4 

V.^ 90° 1 

^•^1 

^ 120° ^""^^--^^ 

yf^ ^^ 

^""-x A ''""^N ' ^ 

v ^ ^ ^̂  
V\j \ A 

1/ ^"^ \ 
\ - ^ ^ 

160° ^ 

~̂̂  1 '^ 

' > V-v 
\l ^"'1 ^ ' 

0 ' \ 

NEUTRONS ^V^^y-^^y^^^ 

1 1 1 1 1 

1 
' l 

_ i 
2 l ' 

1 

1 1 

2 

,,__̂  
\ ' ^ ^ . 

^ ^ ^ " ^ v . - - -
" • ^ 

\ r\ 

\^ 
• • ^ 

A ""~"'~ 
. 

\ -^—\ r\ 1 \ \ 
\| V ^ ^ Wx ^^^"V/-^-_ 

• ^ " > . - ^ " - V \ 4 \ | 
- v ' ' ' ' * ^ - ' " ~ '^ . - - '^ ^ ^ ^ f t -

' ' ' '/^^\l 

1 1 1 1 1 

1 1 

2 

i\ 
. 
^ - - . - / 

n ^ 
. r-~Ljy 

"^ 'V / 

-^yV/x. ^ \ ^ 1 / \ ^ \ j / ^ [ ^ — 

/ A. 
AJV ' \ 

~~-^—v' ^v—-J 

1 
3.0 350 4.0 4.50 5 0 

LABORATORY PROTON ENERGY 

5.50 6.0 

F i g . 1-3-e . M e a s u r e d exc i t a t i on funct ions for e l a s t i c p r o t o n s c a t t e r i n g 
f r o m Ni^'* and for the Ni^'*(p. n)Cu^ "* r e a c t i o n . The v e r t i c a l l i nes at the 
top of the f igure i n d i c a t e the p r e d i c t e d loca t ions of the ana logue s t a t e s . 

(6) (He , a) R e a c t i o n s 

L . M e y e r - S c h i i t z m e i s t e r and T. H. B r a i d 

In t h e s e r e a c t i o n s , s tud ied in the 18- in . s c a t t e r i n g 

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

They a r e thus r e l a t e d to the (d, T) r e a c t i o n s p e r f o r m e d at the c y c l o t r o n . 

We have s t a r t e d to m e a s u r e a n g u l a r d i s t r i b u t i o n s and s p e c t r o s c o p i c f a c t o r s 
54 

in nuc l e i whose If and 2p she l l s a r e be ing f i l led. F i r s t r e s u l t s in F e 

i n d i c a t e tha t s t a t e s a r e exc i t ed -with r e l a t i v e i n t e n s i t i e s quite d i f ferent 

f r o m t h o s e in (d, T) r e a c t i o n s . 
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3 
In add i t i on , t he r e a c t i o n (He , ay) p e r f o r m e d on t a r g e t n u c l e i 

wi th sp in z e r o shou ld offer a n i c e too l for d e t e r m i n i n g sp in s in the f inal 

n u c l e u s , by m e a s u r i n g the a - y c o r r e l a t i o n with the a - p a r t i c l e d e t e c t o r 

kep t f ixed at e i t h e r 0 o r l80 to t h e i n c o m i n g He b e a m . Such t a r g e t s 

as C , Mg , Si , and Ca s e e m to be p r o m i s i n g for th i s r e a c t i o n . 

12 10 
(7) I s o t o p i c - S p i n Se lec t ion Rule in the C (d, a)B R e a c t i o n 

R. G. A l i a s , J . R. E r s k i n e , L . M e y e r - S c h i i t z m e i s t e r , and D. von 
E h r e n s t e i n 

With the A N L t a n d e m , the 18- in . s c a t t e r i n g c h a m b e r , and 

the 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 , -we h a v e m e a s u r e d the a_par t i c l e 
12 10 10 

g r o u p in the C (d, a)B r e a c t i o n which l e a d s to the f i r s t T=:i s t a t e in B 

No s u c h g roup shou ld e x i s t if the i s o t o p i c - s p i n s e l e c t i o n r u l e h o l d s . The 

fact t ha t the c r o s s s e c t i o n a'(T = l) of th i s p a r t i c u l a r a g r o u p is s m a l l , only 

abou t a h u n d r e d t h of t h o s e l e a d i n g to the T = 0 s t a t e s in B , i n d i c a t e s t h a t 

t he i s o t o p i c - s p i n s e l e c t i o n r u l e ho lds at l e a s t p a r t i a l l y . Our s tudy sho-wed 

tha t (j(T = l) d e c r e a s e s by about a f a c t o r of 7 as the d e u t e r o n e n e r g y i n ­

c r e a s e s f r o m 8 to 12 M e V . T h i s s u g g e s t s tha t p o s s i b l y t h e h i g h - e n e r g y 

r e g i o n , in wh ich the i s o t o p i c - s p i n s e l e c t i o n r u l e i s s u p p o s e d to be v a l i d , 

b e g i n s in t h i s e n e r g y r a n g e . In the e n e r g y r e g i o n s t u d i e d , the a n g u l a r d i s ­

t r i b u t i o n of the T - 1 a - p a r t i c l e g r o u p c h a n g e s v e r y l i t t l e a l though the c r o s s 

s e c t i o n v a r i e s a p p r e c i a b l v . 

3 
(8) T h e E l a s t i c S c a t t e r i n g of 12 . 0 - M e V H e b y N u c l e i 

R . H . B a s s e l ( O R N L ) , J . L . Y n t e m a , a n d B . Z e l d m a n 

T h e a n g u l a r d i s t r i b u t i o n s of t h e e l a s t i c s c a t t e r i n g of 1 2 . 0 - M e V 
TT 3 . , , , 24 ^ 4 0 ^ 4 5 _ . 4 6 _ . 4 8 _ . 5 0 _ 54 .58 ^ 6 4 
H e p a r t i c l e s b y M g , C a , Sc , T i , T i , T i , V , F e , N i , Z n , 

90 
and Z r h a v e b e e n m e a s u r e d on the T a n d e m . Th is e x p e r i m e n t -was a l s o 
u s e d as a t e s t of the o p e r a t i o n of the 6 0 - i n . s c a t t e r i n g c h a m b e r . The 
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e x p e r i m e n t u s e d a p r e l i m i n a r y se tup of the c h a m b e r . When c o m p l e t e d , 

t h e c h a m b e r wi l l a c c o m m o d a t e four d e t e c t o r s wi th r e m o t e c o n t r o l of the 

d i s t a n c e to t h e c e n t e r of s c a t t e r i n g and eight t a r g e t s -with r e m o t e c o n t r o l 

of the ang le bet-ween t a r g e t and b e a m d i r e c t i o n . P r o v i s i o n s h a v e been 

m a d e to a c c o m m o d a t e a d e t e c t o r tha t could be m o v e d th roughou t the top 

h e m i s p h e r e . The r e s u l t s , wh ich a r e n e c e s s a r y for the i n t e r p r e t a t i o n of 
3 

( d , H e ) r e a c t i o n s on v a r i o u s nuc l e i s t u d i e d at the 6 0 - i n . c y c l o t r o n , h a v e 

g iven the p a r a m e t e r s for the o p t i c a l - m o d e l po t en t i a l to be u s e d in the 

d i s t o r t ed - -wave t h e o r y . A s ing l e se t of p a r a m e t e r s , with the a p p r o p r i a t e 

d e p e n d e n c e on A and Z , f i ts a l l of the a n g u l a r d i s t r i b u t i o n s excep t the 
24 

ones for Mg . A p a p e r i s b e i n g p r e p a r e d for P h y s i c s L e t t e r s . 

1 - 3 . 5 . R e s e a r c h wi th the Magne t i c S p e c t r o g r a p h 

Since S e p t e m b e r 1963, v/hen the m a g n e t i c s p e c t r o g r a p h 
b e c a m e r e a d y for g e n e r a l u s e at the t a n d e m , v a r i o u s e x p e r i m e n t a l g r o u p s 
h a v e u s e d i t to m a k e a l a r g e n u m b e r of m e a s u r e m e n t s . The m o s t c o m p l e t e 
s t u d i e s a r e r e p o r t e d be low . A n u m b e r of o t h e r r e a c t i o n s a r e a l s o be ing 
s t u d i e d , but not enough p r o g r e s s h a s b e e n m a d e to w a r r a n t d e t a i l e d d i s ­
c u s s i o n . S e v e r a l g r o u p s o u t s i d e the P h y s i c s D iv i s ion have a l s o b e e n 
u s i n g the i n s t r u m e n t . In t h e i r -work t a r g e t s of N^ ^ , Ne^ ° , Mn^ ^ , Fe^ ^ , 
Co^^ , and Pt^ ''^ h a v e b e e n b o m b a r d e d . 

The A r g o n n e m a g n e t i c s p e c t r o g r a p h i s a g e n e r a l - p u r p o s e 
d e v i c e for the s tudy of c h a r g e d - p a r t i c l e r e a c t i o n s . P r o t o n s -with e n e r g i e s 
of 45 MeV or o t h e r c h a r g e d p a r t i c l e s of equ iva len t m a g n e t i c r i g i d i t y can 
be s t u d i e d . P r o t o n s , d e u t e r o n s , t r i t o n s , He^ i o n s , a lpha p a r t i c l e s , and 
O^ ^ ions h a v e b e e n a n a l y z e d to d a t e . The p a r t i c l e s r e c o r d e d at one t i m e 
h a v e e n e r g i e s v a r y i n g o v e r a r a n g e of 2, 4 to 1. The e n e r g y r e s o l u t i o n 
-width and the u n c e r t a i n t y in the e n e r g y c a l i b r a t i o n a r e both l e s s than 0. 1%. 
The u s u a l m e t h o d of d e t e c t i o n i s -with p h o t o g r a p h i c e m u l s i o n s , a s t r i p of 
n u c l e a r e m u l s i o n 1 c m by 125 c m b e i n g exposed at one t i m e . T h i s is 
e q u i v a l e n t to an e l e c t r o n i c p u l s e - h e i g h t a n a l y z e r -which h a s about 2500 
c h a n n e l s . Mos t of the e m u l s i o n s a r e s c a n n e d by an ou t s ide c o n t r a c t o r . 
T h i s a r r a n g e m e n t h a s b e e n qui te s u c c e s s f u l , A p r o g r a m to deve lop an 
a u t o m a t i c p l a t e - r e a d i n g m a c h i n e h a s b e e n s t a r t e d . 
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F i g . I-3-f . The Argonne 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 . Th i s is a 
g e n e r a l - p u r p o s e i n s t r u m e n t for the s tudy of c h a r g e d - p a r t i c l e r e a c t i o n s 
in -which h igh r e s o l u t i o n a n d / o r a c c u r a t e e n e r g y m e a s u r e m e n t s a r e 
e s s e n t i a l . It can be u s e d to s tudy p r o t o n s -with e n e r g i e s up to 45 MeV, 
o r o the r p a r t i c l e s -with equ iva l en t m a g n e t i c r i g i d i t y . The ion t r a j e c ­
t o r i e s have a r a d i u s of c u r v a t u r e of 30 in. in a m a g n e t i c f ie ld of 11 kC . 
The ion op t i c s a r e such tha t the r a t i o of m a x i m u m to m i n i m u m p a r t i c l e 
e n e r g i e s in a s ing le e x p o s u r e i s 2 . 4 : 1. N u c l e a r t r a c k p l a t e s a r e u s e d 
to r e g i s t e r the a n a l y z e d p a r t i c l e s ; l o w - s e n s i t i v i t y e m u l s i o n s o r a b s o r b ­
ing foils enab le the e x p e r i m e n t e r to s tudy p r o t o n s or a lpha p a r t i c l e s 
s e p a r a t e l y -without c o m p e t i t i o n f r o m o the r p a r t i c l e s . Seven s e p a r a t e 
e x p o s u r e s can be t a k e n on one p l a t e . The s p e c t r o g r a p h m o v e s on a 
s e m i c i r c u l a r t r a c k to c o v e r the r a n g e of s c a t t e r i n g a n g l e s f r o m 
0 — 1 5 0 ° . The so l id ang le of the i n s t r u m e n t i s about 3 X lO '^ s r . The 
r e s o l u t i o n width i s l e s s t han 0. 1% in e n e r g y . The e n e r g y , c a l i b r a t e d 
-with r e f e r e n c e to a s t a n d a r d Po^ ^ ° s o u r c e , i s r e p r o d u c i b l e to b e t t e r 
t h a n 0. 1%. 
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(1) R e a c t i o n s o n H e a v y E l e m e n t s 

J . R . E r s k i n e 

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

2 0 8 
n u c l e u s P b s h o u l d b e r e l a t i v e l y e a s y t o i n t e r p r e t b e c a u s e of t h e p r e s e n c e 

208 
of a n i n e r t c o r e . A n u m b e r of r e a c t i o n s l e a d i n g t o n u c l e i n e a r P b h a v e 

b e e n s t u d i e d f o r t h e f i r s t t i m e w i t h e n o u g h r e s o l u t i o n t o o b s e r v e t h e 
2 08 

i n d i v i d u a l e n e r g y l e v e l s . T h e l e v e l s i n B i h a v e b e e n s t u d i e d w i t h t h e 

B i ( d , t ) B i r e a c t i o n . I n t h e n u c l e a r s h e l l m o d e l , B i i s d e s c r i b e d 
2 0 8 

a s a P b c o r e p l u s a p r o t o n a n d a n e u t r o n h o l e . T h e o b s e r v e d l e v e l s 

a g r e e -well -with t h e s h e l l - m o d e l c a l c u l a t i o n s of K i m a n d R a s m u s s e n . 
? n A 7 0^ 

T I ( d e s c r i b e d a s P b p l u s a p r o t o n h o l e a n d a n e u t r o n h o l e ) i s b e i n g 
? 0 5 ? 06 

i n v e s t i g a t e d w i t h t h e T I ( d , p ) T l r e a c t i o n . E a r l y r e s u l t s i n d i c a t e 
208 

t h a t t h e a g r e e m e n t w i t h t h e o r y i s n o t a s g o o d a s f o r Bi . A s t u d y of t h e 

P b ( d , p ) P b r e a c t i o n t o i d e n t i f y t h e s i n g l e - p a r t i c l e s t a t e s a t h i g h 
207 

e x c i t a t i o n s i n P b i s a l s o s t a r t i n g . 

T h e l o - w - l y i n g l e v e l s of h i g h l y d e f o r m e d o d d - A n u c l e i s h o u l d 

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

n u c l e o n . T h e o d d - A t u n g s t e n i s o t o p e s h a v e b e e n e x p l o r e d w i t h ( d , p ) 

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

l e v e l s of W h a v e b e e n o b s e r v e d . M a n y n e w l e v e l s i n W a n d W 

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

n u c l e o n -was f o u n d t o g i v e a s i m p l e i n t e r p r e t a t i o n of t h e o b s e r v e d e n e r g y 
1ft3 1 8 ^ 1ft7 

l e v e l s w i th in 500 keV of t h e g r o u n d s t a t e for W , W , and W 

(2) A Study of the M e c h a n i s m of (d ,p ) R e a c t i o n s on T u n g s t e n 

R. H. S i e m s s e n and J . R. E r s k i n e 

182 183 

A n g u l a r d i s t r i b u t i o n s of the r e a c t i o n W (d ,p )W have 

b e e n m e a s u r e d wi th the m a g n e t i c s p e c t r o g r a p h at a b o m b a r d i n g e n e r g y 

of 12 MeV to s tudy the m e c h a n i s m of a s t r i p p i n g p r o c e s s on a s t r o n g l y 
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d e f o r m e d n u c l e u s . In add i t i on to a m o d i f i c a t i o n of the o p t i c a l - m o d e l 

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

to t a k e a c c o u n t of t -wo-step p r o c e s s e s if the i n i t i a l o r f inal s t a t e is 

e x c i t e d by i n e l a s t i c s c a t t e r i n g b e f o r e or a f t e r the s t r i p p i n g p r o c e s s . 

A m e a s u r e m e n t of the i n t e n s i t y of the t r a n s i t i o n f r o m the g round s t a t e 
183 

to t h e f i r s t e x c i t e d s t a t e of W , wh ich i s v e r y s m a l l for n o r m a l s t r i p p i n g , 

g ives an u p p e r l i m i t for the i m p o r t a n c e of s u c h t 'wo-s tep p r o c e s s e s . In 
1 R 2 18 3 

a d d i t i o n , e l a s t i c s c a t t e r i n g of d e u t e r o n s on the i s o t o p e s W , W , and 

W h a s b e e n m e a s u r e d . The d e f o r m a t i o n i s known to c h a n g e in th i s 

m a s s r e g i o n . It -was t h e r e f o r e hoped tha t the d i f f e r e n c e s in the d e f o r m a ­

t ion m i g h t show up in the o p t i c a l p o t e n t i a l s . The b o m b a r d i n g e n e r g y of 

iZ M e V , ho-wever , a p p e a r e d too lov/ to b r i n g out t h e s e d i f f e r e n c e s s ign i f i ­

c an t l y s i n c e the e l a s t i c s c a t t e r i n g a t th i s e n e r g y i s s t i l l d o m i n a t e d by 

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

48 
(3) R e a c t i o n s on Ca 

J . P . Sch i f f e r , A. M a r i n o v , and J . R. E r s k i n e 

48 
The nuc le i nex t to the doubly m a g i c n u c l e u s Ca a r e be ing 

3 3 3 
s t u d i e d by u s e of the (He , d ) , (He , a ) , (He , p ) , (d, p ) , and (d, a) r e a c t i o n s . 

48 
M o s t of t h e s e r e a c t i o n s on Ca p r o d u c e n u c l e a r e n e r g y l e v e l s wh ich have 

46 
n e v e r b e f o r e b e e n o b s e r v e d . The (d, a) r e a c t i o n l e a d s to K , a n u c l e u s 

48 3 49 
w h i c h in i t s e l f h a s not b e e n o b s e r v e d b e f o r e . The s tudy of the Ca (He , d)Sc 
r e a c t i o n i s n e a r l y c o m p l e t e ; about 2 d o z e n e n e r g y l e v e l s a r e o b s e r v e d . 

T h e s e s t a t e s a r e the s i n g l e - p a r t i c l e p r o t o n s t a t e s and a r e t h e o r e t i c a l l y 
50 

qui te i n t e r e s t i n g . E n e r g y l e v e l s in Sc , 

o b s e r v e d and the da t a a r e be ing a n a l y z e d . 

50 47 49 
qui te i n t e r e s t i n g . E n e r g y l e v e l s in Sc , Ca , and Ca have a l s o b e e n 
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113 114 
(4) The Cd ( d , p ) C d R e a c t i o n 

R. K. S m i t h e r and J . R. E r s k i n e 

Some nuc l e i wh ich h a v e b e e n s tud i ed with the b e n t - c r y s t a l 

s p e c t r o m e t e r at the A r g o n n e C P - 5 r e a c t o r a r e a l s o being e x a m i n e d wi th 

(d ,p ) r e a c t i o n s wi th the s p e c t r o g r a p h . The e x c i t a t i o n e n e r g i e s m e a s u r e d 

by the s p e c t r o g r a p h a r e v a l u a b l e c l u e s i n ident i fying the g a m m a - r a y 

t r a n s i t i o n s -which have b e e n m e a s u r e d wi th v e r y high p r e c i s i o n by the b e n t -
113 114 

c r y s t a l s p e c t r o m e t e r . Data h a v e b e e n t a k e n on the Cd (d, p)Cd 
177 17 8 

r e a c t i o n and p l a n s a r e be ing m a d e to s tudy the Hf (d, p)Hf r e a c t i o n . 

38 
(5) L e v e l S t r u c t u r e of A r Be low 6. 3 MeV 

R. G. A l i a s , L. M e y e r - S c h i l t z m e i s t e r , and D. von E h r e n s t e i n 

38 
The l e v e l s t r u c t u r e of A r w a s i n v e s t i g a t e d wi th the 

K ( p , a ) A r r e a c t i o n at the A r g o n n e t a n d e m a c c e l e r a t o r by m e a n s of a 

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 . Th i s s t r u c t u r e w a s c o m p a r e d wi th 
36 

tha t of A r , w h o s e l e v e l s t r u c t u r e was e a r l i e r shown to be qui te c o m -
38 

p l i c a t e d , wi th s e v e r a l c l o s e l y s p a c e d m u l t i p l e t s . Al though Ar (having 
36 

only t-wo d , p r o t o n h o l e s ) h a s a s i m p l e r m a k e - u p than Ar (with t-wo 

a d d i t i o n a l n e u t r o n h o l e s ) , i t s l e v e l s t r u c t u r e i s equa l ly c o m p l i c a t e d . In 

p a r t i c u l a r , a r a t h e r l o w - l y i n g s ing le l e v e l at 3 . 3 8 1 MeV h a s b e e n s e e n for 

the f i r s t t i m e . Such l o w - l y i n g l e v e l s a r e of s p e c i a l i n t e r e s t for n u c l e a r 

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

(6) A u t o m a t i c P l a t e - R e a d i n g Machine 

R. V o n d e r o h e and J . E r s k i n e 

An a u t o m a t i c p l a t e - r e a d i n g m a c h i n e for s c a n n i n g the n u c l e a r 

t r a c k p l a t e s f r o m the m a g n e t i c s p e c t r o g r a p h is be ing deve loped . It is hoped 

App l i ed M a t h e m a t i c s D iv i s ion . 



tha t th i s new m a c h i n e can be s i m i l a r to the CHLOE f i l m - s c a n n i n g m a c h i n e 

nov/ in o p e r a t i o n at A r g o n n e and can u s e m a n y c o m p o n e n t s a l r e a d y d e ­

s igned . The C H L O E s c a n n e r -was d e s i g n e d to a u t o m a t i c a l l y s c a n s p a r k -

c h a m b e r p h o t o g r a p h s . A n u c l e a r - t r a c k - p l a t e s c a n n e r r e q u i r e s h i g h e r 

r e s o l u t i o n and a m o r e c o m p l i c a t e d l ight ing s y s t e m . H o w e v e r , the p r o b ­

l e m of p a t t e r n r e c o g n i t i o n is s i m p l e r . In i t i a l e s t i m a t e s i n d i c a t e t ha t such 

a m a c h i n e shou ld be ab le to s c a n p l a t e s tv/o o r d e r s of m a g n i t u d e f a s t e r 

t han a h u m a n s c a n n e r . 

1 - 3 . 6 . F l u c t u a t i o n s of the C r o s s Sec t ion for the K (p , a )Ar R e a c t i o n 

R. G. A l i a s , L. M e y e r - S c h i l t z m e i s t e r , and D. von E h r e n s t e i n 

E l e v e n d i f fe ren t f i n a l - s t a t e g roups f r o m the r e a c t i o n 

K (p, a )Ar have b e e n i n v e s t i g a t e d a t the Argonne t a n d e m b e t w e e n 
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F i g . I - 3 - g . A u t o - c o r r e l a t i o n coeff ic ient 
C = (cr^) / (cr)^ - 1 as a funct ion of a n g l e . 
The fact t ha t the g r o u n d - s t a t e t r a n s i t i o n 
p e a k s s t r o n g l y a t s m a l l and l a r g e a n g l e s 
shows the d e c r e a s e in the n u m b e r N of 
d e g r e e s of f r e e d o m by wh ich the r e a c t i o n 
c a n go. Th i s effect i s nnuch s t r o n g e r for 
t h e t r a n s i t i o n to the g round s t a t e (sp in 0) 
w h e r e N i s a l r e a d y s m a l l t han for t h a t to 
t h e f i r s t exc i t ed s t a t e (sp in 2) wh ich h a s a 
l a r g e r N. 

10. 000 and 13. 000 MeV at 8 a n g l e s . We found s t r o n g f luc tua t ions in t h e 

c r o s s s e c t i o n s . I n t e r p r e t a t i o n in t e r m s of the s t a t i s t i c a l n u c l e a r model^ 

s e e m s to be jus t i f i ed ; in p a r t i c u l a r , we compu ted a n g u l a r c r o s s - c o r r e l a ­

t i ons and p r o b a b i l i t y d i s t r i b u t i o n s of the c r o s s s e c t i o n a s a funct ion of the 

I T . E r i c s o n , Ann. P h y s . (N. Y. ) 2 3 , 390 (1963). 
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a n g l e ( F i g . I - 3 - g ) . Such a n a n a l y s i s h a s not b e e n p u b l i s h e d h e r e t o f o r e 

for a c o m p l e t e a n g u l a r d i s t r i b u t i o n . As a b y - p r o d u c t of th i s i n v e s t i g a t i o n , 
36 

a m o r e c o m p l e t e and a c c u r a t e l e v e l s c h e m e of Ar up to 7 MeV h a s b e e n 

e s t a b l i s h e d . 

I - 3 . 7 . R a d i a t i v e - C a p t u r e S tud ies of t h e G ian t -D ipo l e R e s o n a n c e 

R. G. A l i a s , S. S. H a n n a , L . M e y e r - S c h i i t z m e i s t e r , P . P . Singh, 
and R. E . Segel 

We have c o m p l e t e d a s tudy of the g i a n t - d i p o l e r e s o n a n c e s 
12 28 

a s s e e n t h r o u g h r a d i a t i v e c a p t u r e in C and Si . In both c a s e s , the 

p h o t o n u c l e a r g ian t r e s o n a n c e a s we l l a s a g iant r e s o n a n c e bui l t upon the 

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

s i d e r a b l y f r o m c a s e to c a s e : for the g r o u n d - s t a t e g a m m a r a y f r o m 
1 1 

B + p, t he s t r u c t u r e i s v e r y m i l d and the y ie ld i s u s u a l l y m o n o t o n i c o v e r 
11 

r a n g e s of s e v e r a l MeV. F o r B (p^Y.) the p e a k s a r e about 1 MeV a p a r t , 
27 

•while for the g ian t r e s o n a n c e s f r o m Al + p t h e r e i s a g r e a t d e a l of 

s t r u c t u r e wi th p e a k s about e v e r y 100 keV and f luc tua t ions of up to abou t 

2:1 in the c r o s s s e c t i o n . The s t r u c t u r e is u n c o r r e l a t e d b e t w e e n the two 
28 

c a p t u r e g a m m a r a y s in Si . F o r a l l four g a m m a r a y s s t u d i e d , the 
11 

a n g u l a r d i s t r i b u t i o n s v a r y only s l i gh t l y wi th e n e r g y . Both B ( P ^ Y Q ) and 

•^^ (P;Yi) a r e p e a k e d n e a r 90 , wh i l e B (p^Y.) and Al (p> YQ ) -̂"̂ ^ a l m o s t 
11 

i s o t r o p i c . Some for-ward t h r o w is s e e n in a l l four r e a c t i o n s : for B + p 
27 

t h i s f o r w a r d p e a k i n g i n c r e a s e s wi th i n c r e a s i n g e n e r g y , whi le for Al + p 

no e n e r g y t r e n d i s d i s c e r n i b l e . 

Some p r e l i m i n a r y da ta on the c a p t u r e g a m m a r a y s f r o m 
19 F + p i n d i c a t e t h a t t he a n g u l a r d i s t r i b u t i o n s a r e a g a i n c o n s t a n t . In t h i s 

c a s e , Yp i s a p p a r e n t l y p e a k e d a t 90 and y m o r e n e a r l y i s o t r o p i c . 
27 

A s t a t i s t i c a l a n a l y s i s of the Al (p ,y ) r e a c t i o n t r e a t s the 

v a r i a t i o n s in c r o s s s e c t i o n a s E r i c s o n f l u c t u a t i o n s . With t h i s s tudy , it 
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F i g . 1-3-h. A u t o - c o r r e l a t i o n s of 
the 90° y ie ld f r o m the 
Al^ • '(p, y)Si^ ^ r e a c t i o n . Left : y^ 
to the f i r s t exc i t ed s t a t e in Si^ ^ . 
Right : y^ to the g round s t a t e . 
The wid th of the a u t o - c o r r e l a t i o n 
c u r v e s i s rough ly independen t of 
the a v e r a g i n g i n t e r v a l . Thus 
c o n s i s t e n t v a l u e s of the -widths of 
the s t r o n g l y o v e r l a p p i n g s t a t e s 
c o m p o s i n g the giant r e s o n a n c e 
can be e x t r a c t e d . 

h a s b e e n p o s s i b l e to e x t r a c t r e a s o n a b l e and c o n s i s t e n t v a l u e s for the 

wid ths of the s t r o n g l y o v e r l a p p i n g s t a t e s which c o m p r i s e the g iant 

r e s o n a n c e ( F i g . I - 3 - h ) . On the o the r hand , it h a s not been p o s s i b l e to 

e x t r a c t m e a n v a l u e s for the o t h e r p h y s i c a l p a r a m e t e r s tha t a r e u s e d to 

c a l c u l a t e E r i c s o n f l u c t u a t i o n s . T h u s , the p r e s e n t t h e o r y of f luc tua t ions 

i s of u s e in t h i s c a s e but a l s o h a s i m p o r t a n t l i m i t a t i o n s . 

I - 3 . 8 . Spins of E x c i t e d N u c l e a r S ta tes by p - y Angu la r C o r r e l a t i o n s 

D. S. G e m m e l l , L. L. L e e , J r . , A. M a r i n o v , and J . P . Schiffer 

In an effort to d e t e r m i n e the f r a g m e n t a t i o n of the i = 1 
55 ^ 

s i n g l e - p a r t i c l e n e u t r o n s t a t e s in F e , v/e have m e a s u r e d p - y a n g u l a r 

c o r r e l a t i o n s for the p r o m i n e n t I = 1 s t a t e s in the r e a c t i o n 
54 55 ^ 

F e ( d , p y ) F e . Our m e a s u r e m e n t s y i e ld sp in a s s i g n m e n t s as foUo-ws: 

E = 0 . 4 1 MeV, ^ ; 2 .49 MeV, ^ ; 3. 56 MeV, - ; 3. 80 MeV, (- ) . 
X 2 2 2 \ 2 / 

T h e s e r e s u l t s i nd i ca t e a m u c h l a r g e r m i x i n g and s p r e a d of the 2p , and 
1 / ^ 

2p s t r e n g t h s t han e x p e c t e d f r o m s i m p l e s h e l l - m o d e l c o n s i d e r a t i o n s . 
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I - 3 . 9 . Study of ( d , n ) R e a c t i o n s on M e d i u m - W e i g h t Nuc le i 

D. S. G e m m e l l , L. L. L e e , J r . , J . P . Schi f fer , P . P . S ingh, and 
A. B . S m i t h " 

A p r o g r a m h a s b e e n s t a r t e d to s tudy (d, n) r e a c t i o n s on 

t a r g e t n u c l e i wi th 40 ^ A ^ 64 . S tud ies of t h e s e r e a c t i o n s can in p r i n c i p l e 

y i e ld the s a m e -wealth of i n f o r m a t i o n for o d d - p r o t o n nuc le i as s t u d i e s of (d, p) 

r e a c t i o n s have g iven for o d d - n e u t r o n n u c l e i . In add i t i on , one m a y hope to 

o b s e r v e effects of i s o b a r i c - s p i n s p l i t t i n g in the s t a t e s of t h e f inal n u c l e u s . 

The p u l s e d b e a m f r o m the t a n d e m h a s b e e n u s e d in con junc t ion -with a 

1 0 - m fl ight pa th and l a r g e l i qu id s c i n t i l l a t i o n d e t e c t o r s . The o v e r - a l l 

r e s o l u t i o n -width of the s y s t e m i s 0 . 2 n s e c / m . Th is c o r r e s p o n d s to a 

r e s o l u t i o n -width of 180 keV for 1 0 - M e V n e u t r o n s and i s good enough to 

r e s o l v e the lo-w-lying s t a t e s of m a n y med ium- -we igh t n u c l e i . With the 

1 0 - m f l ight p a t h , m e a s u r e m e n t s c a n b e m a d e ove r a n a n g u l a r r a n g e f r o m 

5 to about 150 . 
54 55 

The f i r s t r e a c t i o n c h o s e n for s tudy i s F e ( d , n ) C o . In 

p r e l i m i n a r y m e a s u r e m e n t s o v e r an a n g u l a r r a n g e f r o m 0 to 60 at a 

d e u t e r o n e n e r g y of 7 . 0 MeV, -we h a v e o b s e r v e d n e u t r o n g r o u p s for -which 

-we h a v e a s s i g n e d t h e foUo-wing e x c i t a t i o n e n e r g i e s and o r b i 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 s : g . s . , i = 3 ; E = 2 . 1 5 MeV, i = 1; 2. 55 MeV, 
* ' p x ' p ' 

Jl = 1 ; 2 . 9 2 M e V , i = (1); 3. 55 MeV, i = (3) , 4 . 15 M e V , i = (1 ) . 

R e a c t o r P h y s i c s D iv i s i on . 
I - 3 . 1 0 . P r o p o s a l for C o n s t r u c t i o n of a S o u r c e for the P r o d u c t i o n of 

P o l a r i z e d Ions 

D. von E h r e n s t e i n and D. C. H e s s 

A c o n s i d e r a b l e ef for t i s b e i n g m a d e to deve lop a s o u r c e of 

n e g a t i v e ions of kno-wn p o l a r i z a t i o n , for u s e wi th the t a n d e m Van de Graaff . 



T h e s e ions wi l l be p r o d u c e d by s e p a r a t i n g the d i f fe ren t sp in s t a t e s of a 

b e a m of a t o m s in a m a g n e t i c l e n s . The d e g r e e of p o l a r i z a t i o n can be 

i n c r e a s e d by an rf t r a n s i t i o n . S ince a n rf t r a n s i t i o n is u s e d , the s u b ­

s e q u e n t i o n i z a t i o n by e l e c t r o n b o m b a r d m e n t c a n t a k e p l a c e in a s t r o n g 

m a g n e t i c f ie ld -without d e s t r o y i n g the p o l a r i z a t i o n — in f a c t , a s t r o n g f ield 

i s n e e d e d to m a i n t a i n i t . The h i g h e r c u r r e n t d e n s i t i e s a t t a i n a b l e in a 

s t r o n g m a g n e t i c f ield s h o u l d , in t u r n , l e a d to a h igh i o n i z a t i o n e f f i c i ency . 

Af te r i o n i z a t i o n , the i ons a r e a c c e l e r a t e d , p a s s e d t h r o u g h a m a s s a n a l y z e r 

to e l i m i n a t e t h o s e wh ich m i g h t c o n t r i b u t e u n d e s i r e d b a c k g r o u n d , and then 

m a d e n e g a t i v e by p a s s a g e t h r o u g h an add ing c h a n n e l . The r e q u i r e m e n t of 

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

s t a t e of p o l a r i z a t i o n . The m a s s a n a l y z e r -will c o n s i s t of a Wien f i l t e r . 

T h u s , t he a n g l e t h r o u g h -which the d i r e c t i o n of p o l a r i z a t i o n i s p r e -

c e s s e d can be c h a n g e d by chang ing the m a g n e t i c field -while the de f l ec t i on 

c a u s e d by the m a g n e t i c f ie ld i s c a n c e l e d by a s u i t a b l e c h o i c e of e l e c t r i c 

f i e ld . T h i s g e n e r a l c o n t r o l a s s u m e s t h a t it is p o s s i b l e to p a s s i ons -with 

any d i r e c t i o n of p o l a r i z a t i o n t h r o u g h the c h a r g e - e x c h a n g e c h a n n e l s . If 

t h i s i s not p o s s i b l e , s p e c i a l a d d i t i o n a l de f l ec t i on m a g n e t s -will be r e q u i r e d 

a t t he output of the T a n d e m , 

At p r e s e n t the effect of c h a r g e exchange on p o l a r i z a t i o n i s 

not kno-wn and no p o l a r i z e d ion s o u r c e for u s e -with a t a n d e m Van de Graaf f 

h a s b e e n c o m p l e t e d . 

I - 3 . 11 . U n i v e r s i t y U s e of the A r g o n n e T a n d e m 

In a ne-w p r o g r a m of c o o p e r a t i o n -with M i d v / e s t e r n U n i v e r s i t i e s , 

qua l i f i ed p h y s i c i s t s f r o m the u n i v e r s i t i e s have been i n v i t e d to m a k e u s e of 

the T a n d e m Van de Graaf f a c c e l e r a t o r for about 32 h r of r u n n i n g t i m e 

•weekly. T h i s p r o g r a m s t a r t e d i n f o r m a l l y wi th s e v e r a l i nd iv idua l r e q u e s t s 

for r u n n i n g t i m e . T-wo r e q u e s t s of t h i s k ind -were g r a n t e d in 1963. A m o r e 
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f o r m a l p r o g r a m , in wh ich the a v a i l a b i l i t y of the T a n d e m w a s wide ly 

a n n o u n c e d , w a s i n i t i a t e d on J a n u a r y 1, 1964. In th i s f o r m a l p r o g r a m , a 

c o m m i t t e e c o n s i s t i n g of t h r e e u n i v e r s i t y r e p r e s e n t a t i v e s and t-wo f r o m 

A r g o n n e a l l o c a t e t i m e to u n i v e r s i t y u s e r s . 

The e x p e r i m e n t s tha t h a v e b e e n p r o p o s e d and a c c e p t e d to 

d a t e a r e l i s t e d be low . The f i r s t two e x p e r i m e n t s have b e e n i n p r o g r e s s for 

s o m e m o n t h s and the o t h e r two wi l l soon beg in . 

1. Mul t ip l e C o u l o m b E x c i t a t i o n and the R e o r i e n t a t i o n Effect 

R. P . S c h a r e n b e r g ( C a s e I n s t i t u t e of Technology) 

2. S tud ies of E n e r g y L e v e l s in Light Nuc l e i wi th the Magne t i c S p e c t r o g r a p h 

C. P . Bro-wne ( N o t r e D a m e U n i v e r s i t y ) 

12 16 24* 
3 . A l p h a - G a m m a C o r r e l a t i o n S tud ies of the R e a c t i o n C (O , a)Mg 

W. W. E i d s o n , J . G. C r a m e r , J r . , and R. D. Bent ( Indiana U n i v e r s i t y ) 

3 3 
4 . M a g n e t i c S p e c t r o g r a p h S tud ie s of the R e a c t i o n s (He , g) and (He , d) 

W. P . A l f o r d , L . M. B l a u , D. C l i n e , and J . J . S c h w a r t z ( U n i v e r s i t y 
of R o c h e s t e r ) 



] 

F i g . I - 4 - a . The 6 0 - i n . s c a t t e r i n g c h a m b e r a t the c y c l o t r o n , shov/n -with 
the l id of the v a c u u m box r e m o v e d . The b e a m c o l l i m a t o r (upper left) 
h a s tv/o c i r c u l a r a p e r t u r e s 3 m m m d i a m e t e r and 1 m a p a r t . The t a r ­
get i s m o u n t e d a c c u r a t e l y on the ax i s of r o t a t i o n of the t a b l e . E a c h of 
the five d e t e c t o r un i t s (t-wo shown m the f igure ) i nc l udes an a s s e m b l y 
by which a l u m i n u m a b s o r b e r d i s k s -with a t o t a l t h i c k n e s s up to 
700 m g / c m ^ can be i n s e r t e d m f ront of the d e t e c t o r s m 7 - m g / c m ^ 
s t e p s . The a r m s c a r r y i n g the d e t e c t o r s a r e p r o v i d e d -with s c a l e s so 
tha t t he d i s t a n c e f r o m the def ining a p e r t u r e to the c e n t e r of s c a t t e r i n g 
can be r e a d d i r e c t l y -within about 0. 25 m m . The pos i t ion of the t ab l e 
IS r e a d t h r o u g h a m i c r o s c o p e by m e a n s of a c l o s e d - c i r c u i t t e l e v i s i o n 
s y s t e m . The ang le of s c a t t e r i n g can be r e a d to ±2 m m of a r c . Al l 
c o m p o n e n t s of the s c a t t e r i n g c h a m b e r a r e r e m o t e l y c o n t r o l l e d . 
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I - 4. RESEARCH AT THE 6 0 - I N . C Y C L O T R O N 

The 6 0 - i n . c y c l o t r o n is one of t h e l o w - e n e r g y a c c e l e r a t o r s 
o p e r a t e d by t h e C h e m i s t r y D i v i s i o n . It a c c e l e r a t e s a p a r t i c l e s to 4 3 . 2 MeV;, 
d e u t e r o n s to 2 1.6 M e V , and p r o t o n s to 1 0 . 8 MeV. F o r a l l t h r e e of t h e s e 
p r o j e c t i l e s , i t c a n p r o d u c e e x t e r n a l b e a m s at the s h u t t e r in e x c e s s of 
0. i m a . In a d d i t i o n , it a c c e l e r a t e s Li^ to an e n e r g y of 66 MeV with u s a b l e 
e x t e r n a l b e a m s of the o r d e r of 0 . 0 1 (jta. Modi f ica t ions which a r e now be ing 
m a d e wi l l enab le the m a c h i n e to a c c e l e r a t e He^ to 28 MeV and (p robab ly ) 
Li ' ' —in add i t i on to the n u c l e i now a c c e l e r a t e d . 

T h e b e a m - h a n d l i n g e q u i p m e n t c u r r e n t l y c o n s i s t s of a b e a m 
s q u e e z e r , t h r e e s e t s of q u a d r u p o l e l e n s e s , and two s e t s of l e f t - r i g h t and 
u p - d o w n de f l ec t i on m a g n e t s . A s w i t c h i n g m a g n e t pernri i ts the u s e of five 
d i f f e r en t e x p e r i m e n t a l s t a t i o n s . The e n e r g y of the inc iden t p a r t i c l e s can 
be l o w e r e d by u s e of a r e m o t e l y c o n t r o l l e d foil c h a n g e r at the foca l point 
of the f i r s t s e t of q u a d r u p o l e l e n s e s . 

Now tha t a s e c o n d e x p e r i m e n t a l a r e a h a s b e e n bu i l t , it h a s 
b e c o m e f e a s i b l e to i n s t a l l a b e a m - a n a l y z i n g m a g n e t s y s t e m . It is a n t i ­
c i p a t e d tha t th i s s y s t e m wi l l be r e a d y n e a r the end of 1964 and wi l l p r o v i d e 
a r e s o l u t i o n wid th of 0. 1% or l e s s . The c y c l o t r o n i s in o p e r a t i o n a p p r o x i ­
m a t e l y 80 h r / w e e k . On the a v e r a g e , t h e P h y s i c s Div i s ion u s e s 25 -30% 
of the o p e r a t i o n t i m e of the m a c h i n e . 

I - 4 . 1. The 60-In . Scat ter ing Chamber at the Cyclotron (Projec t 1-22) 

4 
E l a s t i c s c a t t e r i n g of d e u t e r o n s by He a t 2 1 . 0 MeV (H. W. 

4 
B r o e k and J . L . Y n t e m a ) . The e l a s t i c s c a t t e r i n g of d e u t e r o n s by He 

h a s b e e n m e a s u r e d at 2 1 . 0 MeV. The r e s u l t s differ f r o m t h o s e ob ta ined 
4 5 

a t 1 9 . 0 , 20 . 2 , a n d 24. 85 MeV e l s e w h e r e . A few po in t s of the He (d, p)He 

r e a c t i o n to the g r o u n d s t a t e w e r e a l s o m e a s u r e d . 
3 3 

( d , H e ) and (d , t ) r e a c t i o n s (J . L. Y n t e m a ) . The (d, He ) 
r̂  40 ^ 42 ^ 43 „ 44 „ 46 „ . 4 6 47 48 

r e a c t i o n on Ca , Ca , Ca , Ca , Ca , Ti (E ig . I - 4 - b ) , l i , i i , 
49 50 89 90 42 43 ^ 44 

Ti , Ti , Y , and Z r and t h e ( d , t ) r e a c t i o n on Ca , Ca , Ca , 
46 48 

Ca , and Ca h a v e b e e n m e a s u r e d . The r e s u l t s ob ta ined for the t i t a n i u m 
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1.0 
^ v ^ ^ ' 

0 . 0 1 

1 — \ — \ \ 
Trid.He')Sc^^ 
Q=-4.86MeV 

7=2,S=4,L.C.0.=5.IF 

\ ^ i ^3,S=2,LC.0.= 5.IF 
^ \ N,= 2.3 

^̂  - - ^ SUM 

" ^ F i g . I - 4 - b . A n g u l a r d i s t r i b u t i o n 
for the Ti4 6(d ,He3)Sc4 5 r e a c t i o n 
to the r e g i o n n e a r the g round 
s t a t e . The so l id l ine r e p r e s e n t s 
the p r e d i c t i o n f r o m d i s t o r t e d -
wave c a l c u l a t i o n s for the c a p t u r e 
of fy /2 p r o t o n s wi th a s t r e n g t h 
of two . The c a l c u l a t i o n s w e r e 
n o r m a l i z e d by m e a n s of the 
g r o u n d - s t a t e t r a n s i t i o n of 
Ti4 8 (d, He3 )Sc4^ . The e x p e r i -
m e n t a l po in t s a r e c l e a r l y not in 
a g r e e m e n t wi th the p r e d i c t i o n . 
The Ti4 6(d^He3)Sc4 5 g r o u n d -
s t a t e t r a n s i t i o n p r o c e e d s b e t w e e n 
two s t a t e s of known spin and 

p a r i t y and i s not f o rb idden . The e x p e r i m e n t a l poin ts a r e in good a g r e e ­
m e n t wi th d i s t o r t e d - w a v e c a l c u l a t i o n s when the g roup n e a r the g round 
s t a t e of Sc'* 5 i s a s s u m e d to con ta in the t r a n s i t i o n to the \-~ g round s t a t e of 
Sc4 5 and t h e - | ' exc i t ed s t a t e of Sc^ 5 f r o m the ( d j / j )Mf7/2 )^ con f igu ra t i on . 
T h e r e f o r e , the e x i s t e n c e of an i s o m e r i c s t a t e in Sc^ 5 ^t an exc i t a t i on 
e n e r g y of l e s s than 100 keV is p r e d i c t e d . 

± L J L ± 
10° 20° 30° 40° 50° 60° 70° 80° 

6c.m. 

i s o t o p e s have been c o m p a r e d with d i s t o r t e d - w a v e c a l c u l a t i o n s m a d e by 

G. R. S a t c h l e r (ORNL). T h e s e e x p e r i m e n t s p r o v i d e i n f o r m a t i o n on the 

g r o u n d - s t a t e wave funct ions of the t a r g e t nuc l e i a s wel l a s on the nuc leon-

n u c l e o n i n t e r a c t i o n in the n u c l e u s . 

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 a lphas (H. W. B r o e k 

and J . L. Y n t e m a ) . A p a p e r d e s c r i b i n g the s c a t t e r i n g of 4 3 - M e V a l p h a s 
90 91 92 94 

by Z r , Z r , Z r , and Z r and a n o t h e r for the five i s o t o p e s of 

t i t a n i u m a r e in p r e p a r a t i o n . A l e t t e r on the e l a s t i c s c a t t e r i n g and the 

e x c i t a t i o n of the 2 . 4 , and 3 s t a t e s of Ni f r o m 15° to 165° , t o g e t h e r 

wi th the d i s t o r t e d - w a v e a n a l y s i s of t h e s e d a t a , i s be ing p r e p a r e d in 

c o l l a b o r a t i o n with G. R. S a t c h l e r (ORNL). 
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1 - 4 . 2 . S tud ies of P i c k u p R e a c t i o n s 

T . H. B r a i d and B. Z e l d m a n 

The 2 1 . 5 - M e V d e u t e r o n b e a m of the 6 0 - i n . c y c l o t r o n i s 

u s e d in a con t inu ing s tudy of the p i c k u p of n e u t r o n s and p r o t o n s by m e a n s 
3 

of (d , t ) and (d, He ) r e a c t i o n s . The r e a c t i o n s a r e o b s e r v e d in an 1 8 - i n . 

s c a t t e r i n g c h a m b e r wi th s o l i d - s t a t e c o u n t e r s to d e t e c t the r e a c t i o n p r o d u c t s . 

The m e a s u r e m e n t s of (d , t ) r e a c t i o n s on nuc le i in the f - p - s h e l l 

r e g i o n h a v e b e e n i m p r o v e d and e x t e n d e d to nuc l i de s not p r e v i o u s l y c o v e r e d 

in th i s s u r v e y . T h e s e m e a s u r e m e n t s ident i fy the s t a t e s -which a r e f o r m e d 

by p i c k u p of f and p n e u t r o n s . D i s c r e p a n c i e s in the to t a l s t r e n g t h of the 

f , s t a t e s f o r m e d f r o m t a r g e t s wi th 28 n e u t r o n s i nd i ca t e tha t d i s t o r t e d -

•wave c a l c u l a t i o n s a r e n e e d e d for p r o p e r i n t e r p r e t a t i o n of the d a t a . 
3 45 54 

The (d. He ) r e a c t i o n on f_ /-, nuc le i (Sc t h r o u g h F e ) 
' / *-

shows t h e p o s i t i o n s and s t r e n g t h s of s t a t e s due to p ick up of \i , p r o t o n s 

p r i m a r i l y , but a l s o of 2s and Id p r o t o n s . The i n t e n s i t i e s o b s e r v e d a r e in g e n e r a l a g r e e m e n t wi th p r e d i c t i o n s m a d e by L a w s o n on the b a s i s of wave 
40 

func t ions -with m i x e d s e n i o r i t y . With a Ca t a r g e t , -weak g r o u p s n e a r 

5. 8 MeV e x c i t a t i o n a r e o b s e r v e d ; they a r e iden t i f i ed as p ickup of d , 
5 /2 

p r o t o n s . 

I - 4 . 3 . S h o r t - L i v e d F i s s i o n A c t i v i t i e s 

T . H. B r a i d , P . R. F ie lds , ' '~ and A. M. F r i e d m a n " 

We have o b s e r v e d a s p o n t a n e o u s f i s s i o n a c t i v i t y d e c a y i n g 
239 

r a p i d l y a f t e r b o m b a r d m e n t of P u by d e u t e r o n s f r o m the 6 0 - i n . c y c l o ­

t r o n . The t a r g e t is o s c i l l a t e d r a p i d l y t o - a n d - f r o b e t w e e n one p o s i t i o n 

-where it i s e x p o s e d to the c y c l o t r o n b e a m and a n o t h e r -where i t is p l a c e d 

in f ron t of a s o l i d - s t a t e d e t e c t o r . Counts a r e r e c o r d e d only when the 

C h e m i s t r y D i v i s i o n . 



s o u r c e i s in the l a t t e r p o s i t i o n . A p u l s e - h e i g h t d i s c r i m i n a t i o n s e l e c t s 

only f i s s i o n f r a g m e n t s . The f i s s i o n i n g s t a t e (or s t a t e s ) shows a c o m p l e x 

l i f e t i m e -with at l e a s t two c o m p o n e n t s , one of 6—8 m s e c ha l f - l i f e and the 

o t h e r about 70 m s e c . The y i e ld h a s b e e n o b s e r v e d to r i s e by a f a c t o r of 

t e n a s the e n e r g y of the i nc iden t d e u t e r o n s is r a i s e d f r o m 15 to 21 MeV. 

We h a v e not ye t iden t i f i ed the n u c l i d e or the n a t u r e of t h e s t a t e w h i c h i s 

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

m e n t of P u i s o t o p e s by a p a r t i c l e s and d e u t e r o n s . It s e e m s p o s s i b l e tha t 

a n u m b e r of s u c h c a s e s e x i s t in t h i s r e g i o n of the p e r i o d i c t a b l e . 

I - 4 . 4 . D e l a y e d P r o t o n E m i s s i o n 

T . H, B r a i d , R. F i n k , and A. F r i e d m a n 

T h i s e x p e r i m e n t is a s e a r c h for d e l a y e d p r o t o n e m i s s i o n 
17 

folio-wing the p o s i t r o n d e c a y of Ne , -which is a p r o t o n - r i c h n u c l e u s . 

Th i s is a n a l o g o u s to d e l a y e d n e u t r o n e m i s s i o n fol lowing the p d e c a y of 
17 17 

N . The p r o t o n s a r e e x p e c t e d f r o m e x c i t e d s t a t e s of F which a r e 

p o p u l a t e d by the p o s i t r o n d e c a y . The end p r o d u c t is O . A t a r g e t of 
14 . 6 

N i s b o m b a r d e d by a b e a m of Li i ons a c c e l e r a t e d to 66 MeV in the 

c y c l o t r o n . Af te r be ing i r r a d i a t e d for a b r i e f t i m e in the b e a m , the 

s a m p l e i s m o v e d r a p i d l y in f ron t of a s o l i d - s t a t e c o u n t e r to o b s e r v e the 

p r o t o n s p e c t r u m . B e c a u s e of a -weak Li b e a m and b a c k g r o u n d of p o s i t r o n s 

f r o m the (3-act ive p a r e n t and n e u t r o n s f r o m the c y c l o t r o n b e a m , ou r 

o b s e r v a t i o n s on the p r o t o n s p e c t r u m a r e not ye t c o n c l u s i v e . The e x p e r i ­

m e n t i s b e i n g c o n t i n u e d . It h a s b e e n p r e d i c t e d tha t a l a r g e n u m b e r of 

c a s e s of d e l a y e d p r o t o n e m i s s i o n shou ld ex i s t ( s e v e r a l h a v e b e e n s e e n at 

a n o t h e r l a b o r a t o r y ) . S ince the e m i t t e d p a r t i c l e i s c h a r g e d , t h i s effect 

shou ld be m u c h e a s i e r to s tudy than d e l a y e d n e u t r o n e m i s s i o n and shou ld 

p r o v i d e i n f o r m a t i o n about c e r t a i n l e v e l s of nuc le i on the p r o t o n - r i c h s ide 

of the l ine of n u c l e a r s t a b i l i t y . 

C h e m i s t r y Di-vision. 
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OTHER NUCLEAR EXPERIMENTS 

S e v e r a l e x p e r i m e n t a l n u c l e a r i n v e s t i g a t i o n s in the P h y s i c s 
D i v i s i o n a r e not c l o s e l y a s s o c i a t e d wi th any of the m a j o r s o u r c e s of n e u t r o n s 
o r c h a r g e d p a r t i c l e s . T h e s e i n d e p e n d e n t s t u d i e s a r e c o l l e c t e d for c o n v e n ­
i e n c e in t h i s s e c t i o n . 

1 - 5 . 1 . A t o m i c - B e a m R e s e a r c h 

W. J . C h i l d s , L . S. G o o d m a n , and J . D a l m a n 

Since the l a s t a n n u a l r e p o r t , a l a r g e quan t i ty of da ta h a s b e e n 

ob t a ined wi th the M a r k II a t o m i c - b e a m m a g n e t i c - r e s o n a n c e a p p a r a t u s , A 
1 53 

full r e p o r t on the h y p e r f i n e s t r u c t u r e (hfs) of Cr h a s d r a w n i n t e r e s t f r om 

s o l i d - s t a t e p h y s i c i s t s . A p a p e r on the e l e c t r o n i c g f a c t o r s of t h r e e m e t a s -
2 

t a b l e s t a t e s of Sn I and Ge I h a s b e e n a c c e p t e d for p u b l i c a t i o n , and a p a p e r 

on the hfs of t h r e e o d d - Z i s o t o p e s of Sn in two d i f fe ren t m e t a s t a b l e s t a t e s 

h a s b e e n s u b m i t t e d for p u b l i c a t i o n . The ab i l i t y of the m a c h i n e ' s u n i v e r s a l 

d e t e c t o r to do use fu l w o r k on m e t a s t a b l e s t a t e s of the 0. 35% abundan t i s o -
1 1 5 . 

tope Sn e s t a b l i s h e s i t s u n e q u a l l e d s e n s i t i v i t y . T h e s e s t u d i e s have r e ­

v e a l e d i n t e r e s t i n g d e t a i l s of a d m i x t u r e s b e t w e e n the a t o m i c s t a t e s . The 

t h e o r y i s , a t p r e s e n t , unab l e to a c c o u n t for the o b s e r v e d r e s u l t s , a l t h o u g h 

the d i s c r e p a n c i e s a r e thought to be due to c o m p l e x i t i e s of the c a l c u l a t i o n s 

r a t h e r t han to f u n d a m e n t a l f laws in the t h e o r y . 
57 

M o r e da ta have b e e n ob ta ined on the hfs of F e , w h o s e 
5 

a t o m i c g r o u n d - s t a t e m u l t i p l e t i s D , -, - p.' "^^^ m a g n e t i c field a t the 
' * ^ 3 , 2 , 1 , 0 ^ ^ 

i r o n n u c l e u s h a s b e e n m e a s u r e d in bo th the D and D s t a t e s . The 

1 
W. J . C h i l d s , L . S. G o o d m a n , a n d D . von E h r e n s t e i n , P h y s . R e v . 

132 , 2128 (1963) . 
2 

W. J . Ch i lds and L . S. G o o d m a n , P h y s . R e v . 134, A66 (1964). 



c o n t r i b u t i o n s to t h i s m a g n e t i c field a r e f r o m the u s u a l c o m b i n a t i o n of 

e l e c t r o n o r b i t and e l e c t r o n sp in (H ) , and to the effect of p o l a r i z a t i o n of 
Lo 

the e l e c t r o n c o r e (H ), T h e s e two c o n t r i b u t i o n s depend d i f f e r en t ly on 

the t o t a l e l e c t r o n i c a n g u l a r - m o m e n t u m q u a n t u m n u m b e r J; the m e a s u r e m e n t 

of the hfs of two d i f f e ren t J s t a t e s , t h e r e f o r e , a l l ows one to d e t e r m i n e H 
J-iO 

and H a s i n d e p e n d e n t q u a n t i t i e s . H i s of oppos i t e s ign and a l m o s t 
C P ^ C P 

twice the m a g n i t u d e of H in the D s t a t e s . Th i s l a r g e c o n t r i b u t i o n of 
L o 4 

H i s c l o s e to 5 t i m e s a s l a r g e a s the va lue f r o m r e c e n t u n r e s t r i c t e d 
H a r t r e e - F o c k c a l c u l a t i o n s . 

73 
A c o n s i d e r a b l e a m o u n t of da ta on the hfs of Ge in two 

m e t a s t a b l e s t a t e s h a s b e e n o b t a i n e d . The w o r k i s con t inu ing . A va lue for 
197 

the n u c l e a r e l e c t r i c q u a d r u p o l e m o m e n t w i l l be o b t a i n e d . The hfs of Au 
2 -1 

in i t s D m e t a s t a b l e s t a t e a t 9161 c m is be ing e x a m i n e d . Th i s w o r k 
5 / 2 

should l ead to an e v a l u a t i o n of the n u c l e a r e l e c t r i c q u a d r u p o l e m o m e n t of 
197 

Au 

D u r i n g the p a s t y e a r , an a u x i l l i a r y p o t a s s i u m a t o m i c - b e a m 

s o u r c e and d e t e c t o r have b e e n i n s t a l l e d for u s e in p r e c i s i o n c a l i b r a t i o n 

of the h o m o g e n e o u s m a g n e t i c field O t h e r p a r t s of the a p p a r a t u s have a l s o 

b e e n i m p r o v e d , p a r t i c u l a r l y the e l e c t r o n - m u l t i p l i e r d e t e c t o r and t h e o v e n -

loading s y s t e m F u r t h e r i m p r o v e m e n t s a r e in p r o g r e s s . 

The m o s t i m p o r t a n t i m p r o v e m e n t p l anned i s the change f rom 

the p r e s e n t s i n g l e - c h a n n e l s y s t e m of d e t e c t i o n to a m u l t i c h a n n e l m o d e . Th i s 

new count ing sys tena should l ead to b e t t e r a v e r a g i n g - o u t of n o n r a n d o m f luc ­

t u a t i o n s and to i n c r e a s e d s e n s i t i v i t y for d e t e c t i o n . 

The h i g h - p r e c i s i o n a t o m i c - b e a m a p p a r a t u s p lanned for the 

fu tu re i s u n d e r p r e l i m i n a r y i n v e s t i g a t i o n . It i s e x p e c t e d tha t d e s i g n can 

be b e g u n t h i s y e a r . 
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1 - 5 . 2 . D e t e r m i n a t i o n of the P r o p e r t i e s of L o w - L y i n g N u c l e a r S t a t e s 
T h r o u g h the I n v e s t i g a t i o n of R a d i o a c t i v e D e c a y S c h e m e s 

F i g . I - 5 - a . F u l l y a u t o m a t e d suspensxon for the two scxnt iUat ion d e t e c ­
t o r s of the a n g u l a r - c o r r e l a t i o n a p p a r a t u s . The yoke suppor t ing the 
m o v a b l e d e t e c t o r p ivots abou t a v e r t i c a l a x i s . It is drxven by a 
r e v e r s i b l e m o t o r and g e a r t r a m and i s p r e c i s e l y indexed a t p r e - s e t 
p o s i t i o n s by m e a n s of a t a p e r e d p m and s e t of V - b l o c k s c l a m p e d to 
the p r o t r a c t o r p l a t e . The c o m p l e t e s e q u e n c e of o p e r a t i o n s needed to 
loca te the yoke a t any p r e s c r i b e d pos i t i on is i n i t i a t ed by a s ing le pu l se 
on any one of the 21 a d d r e s s l i n e s . Such an a d d r e s s pu lse can be 
p r o v i d e d e i t h e r f r om a sy inbo l on the punched tape m the p r o g r a m m i n g 
uni t o r f rom one of a s e t of bu t t ons on the c o n t r o l conso le of the 
s y s t e m . 



(1) D i r e c t i o n a l - C o r r e l a t i o n A p p a r a t u s 

S. B . B u r s o n , E . B . S h e r a , and T . G e d a y l o o 

One of the m o s t def in i t ive e x p e r i m e n t s to d e t e r m i n e a 

n u c l e a r sp in i s the m e a s u r e m e n t of the d i r e c t i o n a l c o r r e l a t i o n b e t w e e n 

two c a s c a d e d g a m m a r a y s . The a u t o m a t e d d i r e c t i o n a l - c o r r e l a t i o n 

a p p a r a t u s ( F i g . 1-5-a ) h a s b e e n s ign i f i can t ly i m p r o v e d by the add i t ion of 

a 4 0 9 6 - c h a n n e l t w o - p a r a m e t e r a n a l y z e r . T h i s f ac i l i t y a c c u m u l a t e s c o r r ­

e l a t i o n da ta o v e r l a r g e r e g i o n s of the g a m m a - r a y s p e c t r u m s i m u l t a n e o u s l y 

so t h a t a n u m b e r of c o r r e l a t i o n s can be m e a s u r e d a t the s a m e t i m e . The 

a p p a r a t u s exh ib i t s the s a m e a d v a n t a g e s when u s e d in con junc t ion wi th s t a n ­

d a r d g a m m a - g a m m a and b e t a - g a m m a c o i n c i d e n c e e x p e r i m e n t s . A n u m b e r 

of new c o m p u t e r p r o g r a m s have b e e n w r i t t e n to cope wi th the l a r g e a m o u n t s 

of n u m e r i c a l da t a a c c u m u l a t e d and to p e r f o r m the m o r e c o m p l e x a n a l y s e s 

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

129 129 
(2) The D e c a y of C s and the L e v e l s of Xe 

S. B . B u r s o n and E . B S h e r a 

A m o n g o t h e r r e c e n t t h e o r e t i c a l d e v e l o p m e n t s l ead ing t o w a r d 

an i m p r o v e d u n d e r s t a n d i n g of s p h e r i c a l n u c l e i , it h a s b e c o m e p o s s i b l e to 

c a l c u l a t e the p r o p e r t i e s of n u c l e i c o n s i s t i n g of s e v e r a l p a r t i c l e s ou t s i de 
129 

c l o s e d s h e l l s . The e n e r g i e s , s p i n s , and p a r i t i e s of the l e v e l s of Xe 

have b e e n i n v e s t i g a t e d by m e a n s of the t e c h n i q u e s of s c i n t i l l a t i o n s p e c t r o ­

s c o p y . T h e s e m e a s u r e m e n t s have b e e n d i s c u s s e d in the l ight of the r e c e n t 

p a i r i n g - m o d e l c a l c u l a t i o n s of K i s s l i n g e r and S o r e n s e n . 

188 
(3) P r o p e r t i e s of the O d d - O d d N u c l e u s Re 

75 113 
S. B . B u r s o n , E . B . S h e r a , T . Geday loo , and R . G. H e l m e r 

P h i l l i p s P e t r o l e u m C o . , Idaho F a l l s , Idaho, 
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T h e r e a r e few s i g n p o s t s l ead ing to the i n t e r p r e t a t i o n of 

the o b s e r v a b l e p r o p e r t i e s of odd -odd n u c l e i . E x c e p t for s o m e t r e a t m e n t s 

of the g r o u n d s t a t e s , t h e r e i s no c o m p r e h e n s i v e r e v i e w of the a v a i l a b l e 

d a t a and no g e n e r a l a g r e e m e n t r e g a r d i n g the a d e q u a c y of p o s s i b l e n u c l e a r 

m o d e l s . 

The e n e r g i e s , s p i n s , and p a r i t i e s of the g r o u n d s t a t e and 
188 

five e x c i t e d s t a t e s of - - R e have b e e n d e t e r m i n e d t h r o u g h e x p e r i m e n t a l 
188 188 

s t u d i e s of the r a d i o a c t i v e s p e c i e s „ .W ( 6 9 . 4 h r ) , - ^ R e (18 h r ) , and 
/4 to 

1 88m 
Re ( 1 8 . 5 m i n ) . B e t a - r a y and g a m m a - r a y s p e c t r o s c o p y , c o i n c i d e n c e 

75 

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

i n v e s t i g a t i o n s . 

The l e v e l s c h e m e w a s i n t e r p r e t e d in t e r m s of the s p i n - s p i n -

coupl ing m o d e l for odd -odd n u c l e i p r e s e n t e d by G a l l a g h e r and M o s z k o w s k i . 

A l l of the o b s e r v e d l e v e l s can be e x p l a i n e d by v a r i o u s coup l ings of a p r o t o n 
5+ 

in the — [402] N i l s s o n l e v e l to a n e u t r o n in one of t h r e e d i f fe ren t avaxlab le 

n e u t r o n l e v e l s . 

1 - 5 . 3 . L e v e l s Populated by Be ta D e c a y 

H. H. B o l o t i n 

166 116 
(1) Sn L e v e l s P o p u l a t e d by the D e c a y of 1-hr Sb 

The u s e of the p a i r i n g - c o r r e l a t i o n a s s u m p t i o n in s h o r t - r a n g e 

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

n u c l e i in g e n e r a l and in the Sn i s o t o p e s (Z - 50) in p a r t i c u l a r . S ince Sn 

m a y w e l l p r o v i d e the m o s t c o m p r e h e n s i v e t e s t of the t h e o r y for the e v e n - A 
116 116 

Sn i s o t o p e s , the Sn l e v e l s popu la t ed by the d e c a y of Sb w e r e s tud i ed 

in d e t a i l . A v e r s a t i l e count ing s y s t e m hav ing an 8 0 0 - c h a n n e l p u l s e - h e i g h t 

a n a l y z e r a s the k e y e l e m e n t w a s u s e d for g a m m a - g a m m a c o i n c i d e n c e s t u d i e s . 



g a m m a - g a m m a a n g u l a r - c o r r e l a t i o n m e a s u r e m e n t s , and i n t e r n a l - c o n v e r ­

s ion m e a s u r e m e n t s . A c o m p l e t e s e t of s p i n , p a r i t y , and m u l t i p o l a r i t y 

a s s i g n m e n t s w a s ob ta ined ( F i g . I - 5 - b ) . The l i f e t ime of the t h i r d exc i t ed 

116 
Sb 

Ih-

Fig. I-5-b. Proposed decay 
scheme for 1 -hr Sb'- ̂  ̂  . 

Sn"« 

s t a t e ( p r e v i o u s l y u n r e p o r t e d ) w a s d e t e r m i n e d f rom d e l a y e d - c o i n c i d e n c e 
-7 

m e a s u r e m e n t s to be t . = 2. 4 X 10 s e c . In a d d i t i o n , t r i p l e - c o i n c i d e n c e 
i- I c. 

m e a s u r e m e n t s involving a n n i h i l a t i o n r a d i a t i o n d i s c l o s e d the e x i s t e n c e of 

an i m p o r t a n t c r o s s - o v e r t r a n s i t i o n and r e s u l t e d in a d e t e r m i n a t i o n of the 

p o s i t r o n d e c a y e n e r g y f rom m e a s u r e m e n t s of the r a t i o of p o s i t r o n 

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

(2) Sn L e v e l s P o p u l a t e d by the D e c a y of the 5 4 - m i n In 

I s o m e r 

F o r m a n y of the s a m e r e a s o n s tha t m o t i v a t e d the Sb 
116 

s tudy, the Sn l e v e l s popu la t ed by the p d e c a y of the 5 4 - m i n In 
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i s o m e r w e r e i n v e s t i g a t e d . S p i n s , p a r i t i e s , and m u l t i p o l a r i t i e s of the 

m o s t p r o m i n e n t l e v e l s and t r a n s i t i o n s w e r e a s s i g n e d by u s e of t e c h n i q u e s 
116 

s i m i l a r to t h o s e e m p l o y e d in the Sb xnvestxgatxon. Wxth the exceptxon 

of the f i r s t e x c i t e d s t a t e , the l e v e l s popu la t ed a r e d i f f e ren t f r om t h o s e popu-

la ted in the d e c a y of Sb . T h i s i s p r i m a r i l y due to the l a r g e sp in and 

p a r i t y d i f f e r e n c e s of the p a r e n t l e v e l s a n d , to s o m e e x t e n t , to the d e t a i l e d 
116 

m a k e u p of the Sn l e v e l s . 

G a m m a - g a m m a c o i n c i d e n c e m e a s u r e m e n t s d i s c l o s e the p r e ­

s e n c e of a l e v e l a t 1.72 M e V , p r e v i o u s l y s e e n only in the d e c a y of the 1 3 - s e c 

In g r o u n d s t a t e and t e n t a t i v e l y a s s i g n e d a sp in and p a r i t y of 0 . P r e l i m ­

i n a r y r e s u l t s on i n t e r n a l - c o n v e r s i o n e l e c t r o n s , m e a s u r e d by m e a n s of a 

s o l i d - s t a t e d e t e c t o r , s u g g e s t t h a t the t r a n s i t i o n f r o m the 1 . 7 2 - M e V l e v e l to 

the 0 g r o u n d s t a t e p r o c e e d s s o l e l y by i n t e r n a l c o n v e r s i o n . T h i s EO c h a r -
+ 

a c t e r of the t r a n s i t i o n c o r r o b o r a t e s the 0 a s s i g n m e n t of the l e v e l a t 1.72 MeV. 

(The i n v e s t i g a t i o n of the EO t r a n s i t i o n i s being c a r r i e d out wi th E . B . S h e r a . ) 
116 

A c o m p a r i s o n of the r e s u l t s f r om the d e c a y of In wi th t h o s e 

f r o m the d e c a y of Sb and w i th the r e s u l t s of o t h e r w o r k e r s on the d e c a y 

of n e i g h b o r i n g e v e n - A In i s o t o p e s p r o v i d e s a b r o a d e x p e r i m e n t a l b a s e for a 

c o m p a r i s o n wi th t h e o r y . 

A A A A 

(3) Ga L e v e l s P o p u l a t e d by the D e c a y of 2 . 4 - h r Ge 

B y m e a n s of t i m e - t o - p u l s e - h e i g h t c o n v e r s i o n t e c h n i q u e s , the 

l i f e t i m e of the f i r s t e x c i t e d s t a t e in Ge w a s m e a s u r e d to be p , , ^ = 21 ± 2 
1/2 

n s e c . T h i s i s an i - f o r b i d d e n M l t r a n s i t i o n , a type t h a t is of c u r r e n t i n t e r ­

e s t . I n t e r n a l - c o n v e r s i o n m e a s u r e m e n t s have b e e n m a d e and g a m m a - g a m m a 

a n g u l a r - c o r r e l a t i o n s t u d i e s 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 should 

a l low a d e t e r m i n a t i o n of v a r i o u s s p i n s , p a r i t i e s , and m u l t i p o l a r i t i e s . The 

r e s u l t s o b t a i n e d to da t e have shown t h a t for c e r t a i n i m p o r t a n t f e a t u r e s of 

the d e c a y the p r o p o s a l s by p r e v i o u s w o r k e r s a r e in e r r o r . 
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252 
I - 5 , 4 . F i s s i o n of Cf 

T. H. B r a i d and H. D i a m o n d 

252 
In c o i n c i d e n c e s t u d i e s wi th a Cf s o u r c e , we have o b ­

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

a p p e a r s to e x c e e d the t o t a l e n e r g y f r o m b i n a r y f i s s i o n . We b e l i e v e tha t 

t h e s e a r e due to f i s s i o n of the n u c l e u s in to t h r e e f r a g m e n t s of c o m p a r a b l e 

s i z e . We a r e con t inu ing th i s m e a s u r e m e n t and p r e p a r i n g a s i m i l a r m e a s ­

u r e m e n t on o the r s p o n t a n e o u s - f i s s i o n s o u r c e s and on the t h e r m a l f i s s i on 
234 

of U 

I - 5 . 5 . Study of M e s i c X R a y s 

J . A. B j o r k l a n d , S. R a b o y , C. C. T r a i l , R. P o w e r s , ' and 
R E h r l i c h T 

A s e c o n d s e r i e s of m e a s u r e m e n t s of m u o n i c x r a y s w a s 

m a d e a t the F M c y c l o t r o n of the U n i v e r s i t y of C h i c a g o . As in the p r e v i o u s 
1 

e x p e r i m e n t , e x t r e m e c a r e w a s e x e r c i s e d to k e e p the count ing r a t e in the 

p h o t o m u l t i p l i e r of the d e t e c t i o n s y s t e m the s a m e for c a l i b r a t i o n a s for 

m e a s u r e m e n t . In a d d i t i o n , p a r t l y to t a k e a d v a n t a g e of the h igh i n t e n s i t y 

of m u o n s in the |j. c h a n n e l , the e l e c t r o n i c s and the d e t e c t i o n s y s t e m (Nal 

c r y s t a l w i th a n t i c o i n c i d e n c e a n n u l u s ) w e r e i m p r o v e d . The i m p r o v e d e x p e r i ­

m e n t a l s e t u p r e m o v e d t r o u b l e s o m e d r i f t s and e n a b l e d us to m e a s u r e the 

K x r a y s of the i n t e r m e d i a t e r e g i o n (Al , M g , V , F e , Z n , and Ni) to a p r e ­

c i s i o n t h a t w i l l r e d u c e the e r r o r in the n u c l e a r r a d i i to not m o r e t h a n half 

t h a t in the e l e c t r o n - s c a t t e r i n g e x p e r i m e n t s a t S t an fo rd U n i v e r s i t y . 

E l e c t r o n i c s D i v i s i o n . 

' U n i v e r s i t y of C h i c a g o . 
1 

H. L. A n d e r s o n , C. S. J o h n s o n , E . P . H i n c k s , S. R a b o y , and C. C. 
T r a i l , P h y s . L e t t e r s 6 , 261 (1963) . 
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F i g . I - 5 - C . M e s i c x - r a y s p e c t r a for U and P b . Left: K x r a y s . 
Righ t : L x r a y s . The qua l i t a t i ve d i f f e r ence b e t w e e n the s p e c t r a i s 
e x p e c t e d f rom the fac t s tha t the r o t a t i o n a l m o d e l ho lds s o m e w h a t 
for U^^B and tha t P b h a s no l o w - l y i n g n u c l e a r l e v e l s . 

The L X r a y s of V , F e , Z n , Cu , and Ni w e r e m e a s u r e d 

w i th s i m i l a r p r e c i s i o n to r e p l a c e our p r e v i o u s e r r o n e o u s m e a s u r e m e n t s . 

The s l igh t d i f f e r e n c e s b e t w e e n the L x r a y s and the p o i n t - c h a r g e c a l c u ­

l a t ion is a m e a s u r e of the v a c u u m p o l a r i z a t i o n . 
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44 40 
The i s o t o p e shift b e t w e e n Ca and Ca w a s r e m e a s u r e d 

40 44 
u n d e r t h e s e s u p e r i o r c o n d i t i o n s . The f inal r e s u l t w a s K (Ca ) - K (Ca ) 

a a 

= 0. 8 + 0. 3 keV. 

We have i n i t i a t e d a s e r i e s of m e a s u r e m e n t s of [j ,-mesic 

X r a y s f r o m h igh ly d e f o r m e d nuc l e i to wh ich t h e r o t a t i o n a l i node l a p p l i e s . 

T h e s e nuc l e i have l a r g e i n t r i n s i c q u a d r u p o l e m o m e n t s and t h e i r l o w - l y i n g 

l e v e l s h a v e been iden t i f i ed a s r o t a t i o n a l s t a t e s . The f i r s t t a r g e t s s e l e c t e d 
T Q C ^ - ^ f t ? ^ Q 

w e r e U , U , P u , and n a t u r a l T h . The K and L x r a y s show a 

c o m p l e x s p e c t r u m which i s a t t r i b u t e d to t h e q u a d r u p o l e i n t e r a c t i o n b e t w e e n 

the m u o n and the n u c l e u s . We hope tha t the s ign of the i n t r i n s i c q u a d r u p o l e 

m o m e n t of the n u c l e u s can be d e t e r m i n e d f r o m t h e s e e x p e r i m e n t s . The 
238 

q u a l i t a t i v e d i f f e r e n c e b e t w e e n t h e s p e c t r a of P b and U ( F i g . 1-5-c) i s 

e x p e c t e d f r o m the a b s e n c e of l o w - l y i n g n u c l e a r l e v e l s in P b and t h e l a r g e 

d e f o r m a t i o n of U 

S i m i l a r m e a s u r e m e n t s on B i , T a , and Au s u g g e s t s o m e 

q u a d r u p o l e sp l i t t i ng in the m e s i c x r a y s . Th i s would be e x p e c t e d if t he 

e x c i t a t i o n e n e r g i e s of the l o w - l y i n g l e v e l s a r e c o m p a r a b l e to the sp l i t t i ng 

due to t h e q u a d r u p o l e i n t e r a c t i o n . 

1 - 5 . 6 . M o s s b a u e r M e a s u r e m e n t s ( P r o j e c t I -19) 

In the l a s t fe-w y e a r s the M o s s b a u e r effect h a s b e c o m e a 
po-werful too l for the s tudy of m a n y p h e n o m e n a in s o l i d - s t a t e , c h e m i c a l , 
and lo -w-energy n u c l e a r p h y s i c s . The e x p e r i m e n t s a r e a i m e d in t-wo d i r e c t i o n s : 
(a) to y i e l d a c c u r a t e m e a s u r e m e n t s of p r e v i o u s l y u n o b t a i n a b l e n u c l e a r p r o p -
e r t i e s (e . g. , the d e v i a t i o n f r o m r o u n d n e s s of a n u c l e u s w h o s e l i f e t i m e i s 
only a fe-w b i l l i on th s of a s e c o n d ) , and (b) to m a k e a c c u r a t e d e t e r m i n a t i o n s of 
the e n v i r o n m e n t in wh ich a n u c l e u s i s i m m e r s e d (e . g. , to d e t e r m i n e ho-w the 
e l e c t r o n " b o r r o w e d " f r o m t h e p o t a s s i u m a t o m in the c o m p o u n d KI i s s p a t i a l l y 
d i s t r i b u t e d a r o u n d the iod ine n u c l e u s or ho-w the d i f fe ren t a t o m s a r e d i s ­
t r i b u t e d a r o u n d an i r o n a t o m in a so l id so lu t i on of v a n a d i u m and i r o n ) . 
R e c e n t A r g o n n e e x p e r i m e n t s h a v e i n c l u d e d such d i v e r s e n u c l e a r and c h e m i c a l 
s p e c i e s as Fe^"^, Sn^ ^ 9 ^ Xe^ ^g ^ and P ^"^ , and m o r e wi l l be a d d e d . 
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(1) M o s s b a u e r E f f e c t i n a n E x t e r n a l M a g n e t i c F i e l d 

In M o s s b a u e r e x p e r i m e n t s i t i s o f t e n d e s i r a b l e to a p p l y 

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

f i e l d s u p e r c o n d u c t o r s h a s m a d e p o s s i b l e t h e c o n s t r u c t x o n of s u i t a b l e 
1 

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

a p p l i e d t o 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 s ( F i g . 1 - 5 - d ) . 

F i g . I - 5 - d . S u p e r c o n d u c t i n g m a g n e t M 8 w h i c h p r o d u c e s 5 0 . 7 kG a t a 
c u r r e n t of 2 2 . 0 A : (a) c r o s s - s e c t i o n a l d i a g r a m ; (b) p h o t o g r a p h . 

Sn a n d F e M e t a l s ( J . H e b e r l e , M . S c h u l h o f , a n d S . 

S. H a n n a ) . T h e r e h a d b e e n s o m e i n d i c a t i o n s f r o m o t h e r l a b o r a t o r i e s 

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

119 57 
o r d e r t o e x p l o r e thxs q u e s t i o n , t h e n u c l i d e s Sn a n d F e w e r e i n v e s t i ­

g a t e d . In a f i e l d of 48 k G ( a p p l i e d a l o n g t h e d i r e c t i o n of t h e g a m m a r a y s ) . 

1 
J . H e b e r l e , R e v . M o d . P h y s . 3 6 , 4 0 8 ( 1 9 6 4 ) . 

2 

J . H e b e r l e , M . S c h u l h o f , a n d S . S . H a n n a , R e v . M o d . P h y s . 3 6 , 
407 ( 1 9 6 4 ) . 



a foil of whi te t in ( n o n f e r r o m a g n e t i c ) p r o d u c e d a 4 - l i n e a b s o r p t i o n s p e c t r u m , 

a s e x p e c t e d . In the c a s e of i r o n ( f e r r o m a g n e t i c ) , the two i n n e r l i n e s w e r e 

m e a s u r e d in f ie lds of 11 and 48 kG. In n e i t h e r c a s e w a s any s ign i f i can t 

change in the i s o m e r shift d e t e c t e d upon a p p l i c a t i o n of the m a g n e t i c f ie ld . 
3 

M a n g a n e s e - T i n Al loys (S. S. H a n n a , J . H e b e r l e , J . D i a z , 

and R. W. R e n o ) . O t h e r i n v e s t i g a t i o n s have shown t h a t the i n t e r n a l 
119 

m a g n e t i c field a t the Sn n u c l e u s is 40 kOe in Mn Sn and 200 kOe in 

Mn Sn. We have a t t e m p t e d to d e t e r m i n e the s ign of t h e s e i n t e r n a l f ie lds 

by app ly ing a s t r o n g e x t e r n a l f ie ld . In the c a s e of Mn Sn , the l i ne s b r o a d e n — 

for r e a s o n s t h a t a r e not u n d e r s t o o d . The h y p e r f i n e s p e c t r u m of Mn Sn 

c o n t r a c t s upon a p p l i c a t i o n of an e x t e r n a l f ield of 46 k O e . T h i s b e h a v i o u r 

i n d i c a t e s t ha t the i n t e r n a l f ie ld in Mn Sn i s n e g a t i v e , i . e . , i t s d i r e c t i o n i s 

opposed to t h a t of the bulk m a g n e t i z a t i o n . T h i s r e s u l t i s i n t e r e s t i n g b e -
119 

c a u s e , wi th the e x c e p t i o n of Sn in n i c k e l , the i n t e r n a l f ie lds in a l l o the r 

known c a s e s a r e a l s o n e g a t i v e . The s ign of t h e s e i n t e r n a l f ie lds i s not ye t 

fully u n d e r s t o o d t h e o r e t i c a l l y . 

G a d o l i n i u m ( L . M e y e r - S c h u t z m e i s t e r , S. S. H a n n a , J . 
155 

H e b e r l e , J . D i a z , and R. W. R e n o ) , The s e c o n d e x c i t e d s t a t e in Gd 

d e c a y s to the g r o u n d s t a t e by the e m i s s i o n of 87 -keV g a m m a r a y s . The 

M o s s b a u e r effect of t h i s r a d i a t i o n h a s b e e n o b s e r v e d p r e v i o u s l y ; i t h a s now 

b e e n s t u d i e d in GdAl , an i n t e r m e t a l l i c compound wi th a cub ic L a v e s s t r u c -
155 

t u r e . A s o u r c e of E u Al w a s p r e p a r e d by i r r a d i a t i n g u n e n r i c h e d SmAl 

in the A r g o n n e r e s e a r c h r e a c t o r . The r e s o n a n t a b s o r p t i o n of the 87 -keV 

r a d i a t i o n in an a n n e a l e d s a m p l e of GdAl p r o d u c e d a s i ng l e l ine 2 . 2 m m / s e c 

w i d e . F r o m the m e a s u r e d h a l f - l i f e , a n a t u r a l w id th of 0. 63 ± 0. 03 m m / s e c 

3 
S. S. H a n n a , J . H e b e r l e , J . D i a z , and R. W. R e n o , R e v . Mod. P h y s . 

3 6 , 407 (1964) . 

L . M e y e r - S c h u t z m e i s t e r , S. S. H a n n a , J . H e b e r l e , J . D i a z , and 
R . W. R e n o , R e v . Mod. P h y s . 36 , 329 (1964) . 
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i s p r e d i c t e d . If a l l the l ine b r o a d e n i n g i s a t t r i b u t e d to an u n r e s o l v e d 

m a g n e t i c s p l i t t i n g , the o b s e r v e d wid th p l a c e s an uppe r l i m i t of 640 kOe 

on the i n t e r n a l f ield a t the Gd n u c l e u s . M e a s u r e m e n t s wi th the a b s o r b e r 

in a f ield of 46 kG y ie ld the s a m e wid th a s b e f o r e . 

Niobiuna Stannide ( J . H e b e r l e ) . The i n t e r m e t a l l i c 

compound Nb Sn i s we l l known for i t s r e m a r k a b l e s u p e r c o n d u c t i v e p r o ­

p e r t i e s . I t s c r i t i c a l f ield H i s so h igh tha t it h a s not ye t been d e t e r -
5 

m i n e d by e x p e r i m e n t . An e a r l i e r i n v e s t i g a t i o n of the M e i s s n e r effect 

in Nb Sn y i e lded the r e s u l t tha t a t m o s t 25% of the s a m p l e was comipletely 

s h i e l d e d f r o m an e x t e r n a l l y a p p l i e d f ield of 20 kG. Our s u p e r c o n d u c t i n g 

m a g n e t w a s u s e d to app ly a l ong i tud ina l field of 48 kG to an a b s o r b e r of 
119 

Nb Sn e n r i c h e d to 50% in Sn . The sp l i t t ing in the o b s e r v e d 4 - l i n e 
M o s s b a u e r s p e c t r u m c o r r e s p o n d e d to the n u c l e a r Z e e m a n effect of Sn 119 

VELOCITY ( m m / l « ) 

-2 0 

F i g . 1 -5-e . E x p e r i m e n t a l Z e e m a n 
s p e c t r u m of KI^ ^ ^ . The p a r a ­
m e t e r t, i s the r a t i o of the 
Z e e m a n sp l i t t i ng of the 26, 8 -keV 
l eve l to t h a t of the g round s t a t e . 
In the c e n t e r c u r v e , a b e s t fit i s 
ob t a ined for ^ = 1. 506, In the 
b o t t o m c u r v e , the s a m e da ta a r e 
f i t ted wi th ^ = 1 , 4 and 1,6. 

V. V a l i , T. W. N y b a k k e n , and J. G. D a s h , Rev . Mod. P h y s . 36 , 
359 (1964). 



in a f ield of 48 kG. The a b s e n c e of an uns p l i t l ine a t t he c e n t e r of the 

s p e c t r u m p l a c e s an u p p e r l i m i t of 5% on the f r a c t i o n of s a m p l e f r o m 

w h i c h the app l i ed m a g n e t i c field i s e x c l u d e d . T h i s r e s u l t i s in h a r m o n y 

wi th c u r r e n t t h e o r e t i c a l i d e a s abou t h igh - f i e ld s u p e r c o n d u c t i v i t y . 

M a g n e t i c M o m e n t of the 2 6 . 8 - k e V s t a t e in I o d i n e - 129 

( J . H e b e r l e and H. de W a a r d ) . The m a g n e t i c m o m e n t of the - s t a t e a t 

26 . 8 -keV h a s b e e n m e a s u r e d by o b s e r v i n g the M o s s b a u e r s p e c t r u m of a 

K I 
129 a b s o r b e r in f i e lds of 48 and 54 kG ( F i g . 1 -5-e) . The s p e c t r u m con­

s i s t s of 12 o v e r l a p p i n g Z e e m a n c o m p o n e n t s w h o s e r e l a t i v e i n t e n s i t i e s a r e 

known . Of the m a n y p a r a m e t e r s r e q u i r e d to spec i fy the s p e c t r u m , only 

two (the Z e e m a n sp l i t t i ng of the e x c i t e d s t a t e and the a b s o l u t e i n t e n s i t y ) 

a r e unknown. T h e r e f o r e it is p o s s i b l e to d e t e r m i n e t h e s e by the t e c h ­

n ique of c u r v e f i t t ing . A p r e l i m i n a r y a n a l y s i s y i e l d s \± - +2 . 80 ± 0. 18 

n m . 

Knowledge of t h i s m o i n e n t wi l l be u se fu l in a n a l y z i n g the 

r a t h e r c o m p l i c a t e d M o s s b a u e r s p e c t r a ob ta ined wi th f e r r o m a g n e t i c 
129 129 

c o m p o u n d s of t e l l u r i u m . (Te i s the p a r e n t n u c l e u s of I . ) T h i s i s 

t he f i r s t i n s t a n c e in wh ich an e x c l u s i v e l y e x t e r n a l m a g n e t i c f ield w a s 

u s e d to d e t e r m i n e a n u c l e a r m a g n e t i c m o m e n t by m e a n s of the M o s s b a u e r 

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

u s e d to m e a s u r e a n u c l e a r m a g n e t i c m o m e n t . 

(2) S h o r t - R a n g e O r d e r i n g in V - F e A l l oys 

R. S. P r e s t o n , C. W. K i m b a l l , " D. J . L a m m , " " ^ M . Y. N e v i t t , ' ' 
and D . O. Van Ostenburg""" ' 

Sol id S ta te S c i e n c e D i v i s i o n . 

M e t a l l u r g y D i v i s i o n . 
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3 1 

The M o s s b a u e r a b s o r p t i o n by F e in V - F e a l l oys h a s b e e n 
m e a s u r e d to d e t e r m i n e the i s o m e r shift a s a funct ion of i r o n c o n c e n t r a -

1 o 

t i o n . E a c h s a m p l e w a s q u e n c h e d f r o m about 1000 C so tha t a d i s o r d e r e d 

( r a n d o m ) a r r a n g e m e n t of V and F e a t o m s would be f rozen into a r e g u l a r 

b o d y - c e n t e r e d cub ic l a t t i c e . In e a c h c a s e , x - r a y d i f f rac t ion m e a s u r e ­

m e n t s c o n f i r m e d the e x i s t e n c e of b c c s t r u c t u r e wi th no l o n g - r a n g e o r d e r ­

ing of the v a n a d i u m and i r o n wi th in the s t r u c t u r e . M a g n e t i z a t i o n m e a s u r e ­

m e n t s showed no m a g n e t i c o r d e r i n g a t r o o m t e m p e r a t u r e be low about 

34% F e . Above 34%, the m a g n e t i z a t i o n s w e r e m i x t u r e s of s m a l l f e r r o ­

m a g n e t i c p a r t s wi th l a r g e p a r a m a g n e t i c p a r t s . 

The M o s s b a u e r p a t t e r n s w e r e a l l s y m m e t r i c s t r u c t u r e l e s s 

s ing le l i n e s . The wid ths and the i s o m e r shif ts r e l a t i v e to F e in i r o n a r e 

shown in F i g . 1-5-f. C o n t r a r y to e x p e c t a t i o n s of m i n i m u m i n h o m o g e n e o u s 

q u a d r u p o l e b r o a d e n i n g a t 2% F e and a m o n o t o n i c r i s e to m a x i m u m b r o a d ­

ening a t 50% F e , t h e r e i s a b r o a d m a x i m u m a t 25% followed by a s l igh t 

dip and a s h a r p r i s e . A l s o , c o n t r a r y to e x p e c t a t i o n s of c o n s i d e r a b l e 

v a r i a t i o n s in i s o m e r shift wi th c o n c e n t r a t i o n , the i s o m e r shift r e m a i n s 

n e a r l y c o n s t a n t . 

We a t t r i b u t e t h i s b e h a v i o u r to the e x i s t e n c e of a p e c u l i a r 

type of s h o r t - r a n g e o r d e r w h i c h i s i l l u s t r a t e d in F i g . 1-5-g. The f igu re 

shows a b c c l a t t i c e a s two i n t e r l o c k i n g s i m p l e cubic s u b l a t t i c e s . One of the 

s u b l a t t i c e s ( e . g . , t h a t of the b l a c k do t s ) is e n t i r e l y v a n a d i u m for any con­

c e n t r a t i o n of i r o n l e s s t han 50%; the o t h e r s u b l a t t i c e (white do ts ) i s a r a n d o m 

m i x t u r e of v a n a d i u m and i r o n . T h u s e v e r y F e a t o m has only V a t o m s a s 

n e a r e s t n e i g h b o r s , i n d e p e n d e n t of c o n c e n t r a t i o n , and the i s o m e r shift i s 

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

h a s cub ic s y m m e t r y about e v e r y i r o n a t o m , and t h e r e f o r e c o n t r i b u t e s 

_ 
R S. P r e s t o n , C. W. K i m b a l l , D. J . L a m , a n d D . O. Van O s t e n b u r g , 

B u l l . A m . P h y s . Soc . 9 , 112 (1964) . 



8 4 

1.0 

0.8 

0 . 6 

E 0.4 

0.2 

0.0 

WIDTH 

SHIFT 

10 20 30 40 
ATOMIC PERCENT Fe in Fe-V (bcc) 

F i g . I -5-f . M o s s b a u e r l ine 
w id ths and i s o m e r shif ts 
a s funct ions of the i r o n 
c o n c e n t r a t i o n . The i s o ­
m e r shif ts shown a r e r e ­
l a t ive to FeS"^ in i r o n . 

50 

F i g . I - 5 - g . P a r t of a body -
c e n t e r e d cubic l a t t i c e , shown 
a s two i n t e r l o c k i n g s i m p l e 
cubic l a t t i c e s . 

nothing to the q u a d r u p o l e f ie ld a t any i r o n s i t e . Thus the d i s o r d e r e d 

s u b l a t t i c e i s r e s p o n s i b l e for a l l the i n h o m o g e n e o u s q u a d r u p o l e b r o a d e n ­

i n g , which i s t h e r e f o r e m a x i m u m when the s u b l a t t i c e is 50% i r o n . This 

a c c o u n t s for the l oca l m a x i m u m in l ine width a t 25% to t a l c o n c e n t r a t i o n 

of i r o n . 

The e x i s t e n c e of t h i s m i x t u r e of d i s o r d e r and s h o r t - r a n g e 

o r d e r h a s b e e n c o n f i r m e d by add i t i ona l e x p e r i m e n t a l e v i d e n c e . (1) At 

50% F e , the s h o r t - r a n g e o r d e r i n g should be of the C s C l type — one s u b -

l a t t i c e be ing e n t i r e l y v a n a d i u m , the o the r e n t i r e l y i r o n . O r d e r e d 50% 

V - F e does have the C s C l s t r u c t u r e . (2) The l ine wid th should fall off 

a g a i n above 25% i r o n to a m i n i m u m at 50%. A d i s o r d e r e d 50% s a m p l e 

w a s f e r r o m a g n e t i c wi th a wide M o s s b a u e r p a t t e r n . H o w e v e r , a m e a s u r e -
o 

m e n t a t 350 C gave a v a s t l y r e d u c e d l ine width — about the s a m e a s for a 

10% F e s a m p l e . L i k e w i s e , a f t e r a 38% s a m p l e has b e e n a n n e a l e d for 
1 o 

about 2 h r at 600 C , the f e r r o m a g n e t i c componen t of i t s s u s c e p t i b i l i t y 
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w a s g r e a t l y d i m i n i s h e d and the M o s s b a u e r l ine width w a s down to 0 .5 

m n a / s e c ( l e s s t han a t 34% F e ) bu t x - r a y d i f f rac t ion showed tha t i t w a s 

s t i l l d i s o r d e r e d . 

(3) M o s s b a u e r Ef fec t in Xenon Compounds 

G. J . P e r l o w and M. R. P e r l o w 

N u c l e a r Q u a d r u p o l e M o m e n t s . With X e F ^ a s a b s o r b e r and 
n 4 

s i n g l e - l i n e ( p e r i o d a t e ) s o u r c e s , the M o s s b a u e r effect h a s b e e n e m p l o y e d 

to s tudy the t r a n s i t i o n f r o m the f i r s t exc i t ed s t a t e to the g round s t a t e in 
129 131 

Xe and in Xe . The p a r a m e t e r s of the s t a t e s involved a r e i n t e r ­
changed by the change of 2 in the n e u t r o n n u m b e r . It had b e e n e x p e c t e d 

3+ 
t h a t the q u a d r u p o l e m o m e n t s of the — s t a t e s would be n e a r l y the s a m e 

in the two i s o t o p e s ; a s a r e s u l t of our having m a d e th i s a s s u m p t i o n e a r l i e r , 

a p u z z l e had a r i s e n in i n t e r p r e t i n g the e l e c t r o n i c s t r u c t u r e of the xenon 

f l u o r i d e s . The m e a s u r e m e n t s now show tha t the m o m e n t of the f i r s t e x -
129 131 

c i t ed s t a t e in Xe i s 3 .45 ± 0. 09 t i m e s tha t of the g round s t a t e in Xe 

T h e c h e m i c a l p u z z l e i s r e m o v e d by t h i s va lue of the r a t i o , wh ich is 

b e l i e v e d to s i g n a l the o n s e t of a r e g i o n of p e r m a n e n t d e f o r m a t i o n p r e d i c t e d 

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

Xenon C o m p o u n d s F o r m e d by B e t a D e c a y in Iodine C o m ­

pounds^. T h i s e x p e r i m e n t showed tha t a xenon compound is often f o r m e d 

by b e t a d e c a y in an iodine c o m p o u n d . The ev idence thus far i s t ha t the 

x e n o n t a k e s on the c o m p l e t e s e t of iod ine l i g a n d s . The f o r m a t i o n of a 

compound of x e n o n i s i n d i c a t e d by a l a r g e i n c r e a s e in the r e c o i l l e s s f r a c ­

t ion ( r e l a t i v e to the va lue for an u n a t t a c h e d a tom) a n d , in a p p r o p r i a t e c a s e s , 

by a q u a d r u p o l e s p l i t t i n g . The o c c u r r e n c e of t h i s p r o c e s s h a s b e e n c l e a r l y 
129 

d e m o n s t r a t e d by c o m p a r i n g the sp l i t t ing o b s e r v e d -with an I O s o u r c e 
and a s i n g l e - l i n e a b o s r b e r (a c l a t h r a t e c o m p o u n d , in wh ich the xenon i s 

t r a p p e d in a m o l e c u l a r " c a g e " ) w i th t h a t s e e n wi th a s i n g l e - l i n e s o u r c e 



(lO ) and XeO a b s o r b e r . The i d e n t i c a l sp l i t t ing shows t h a t the d e c a y i s , 

a t l e a s t for the m o s t p a r t , c h a r a c t e r i z e d by lO — XeO . By s t a r t i n g wi th 
129 . 

c o m p o u n d s of I , one m a y now m a k e p r e v i o u s l y unknown c h e m i c a l c o m ­

pounds of x e n o n . In the p r e s e n t i n v e s t i g a t i o n , X e C l w a s m a d e in t h i s way 
1 29 

f r o m KI CI • H O . The q u a d r u p o l e sp l i t t i ng e n a b l e s one to c o m p a r e i t s 

s t r u c t u r e wi th t h a t of X e F and (by v i r t u e of the m e a s u r e d r a t i o of q u a d r u ­

pole m o m e n t s r e p o r t e d in the f i r s t p a r a g r a p h ) wi th I C l . . 

Sign of the Q u a d r u p o l e M o m e n t of Xe^*^"'''. Wi th o r i e n t e d 

c r y s t a l s of K I C l . • H O a s s o u r c e and a x e n o n c l a t h r a t e a b s o r b e r , the s ign 

of the q u a d r u p o l e coupl ing in X e C l w a s m e a s u r e d . Le t the fou r - fo ld 

m o l e c u l a r s y m m e t r y a x i s be ca l l ed the z a x i s . The coupl ing i s p o s i t i v e ; 

and wi th only v e r y w e a k a s s u m p t i o n s abou t the bonding in X e C l , the q u a d -
129 

r u p o l e m o m e n t of the f i r s t e x c i t e d s t a t e in Xe i s n e g a t i v e . T h i s i s in 

a g r e e m e n t w i th e x p e c t a t i o n s . The i n t e n s i t y r a t i o of the a b s o r p t i o n d ips 

g i v e s e v i d e n c e t h a t X e C l i s i ndeed the c o m p o u n d be ing f o r m e d and t h a t i t s 

o r i e n t a t i o n i s not shif ted a p p r e c i a b l y f r o m t h a t of the ICl . m o l e c u l a r ion . 

I - 5 . 7 . P a t t e r n R e c o g n i t i o n for N u c l e a r E v e n t s 

D. H. J a c o b s o h n (AMD) and G. R . R ingo 

The m e c h a n i z a t i o n of the p r o c e d u r e for ident i fy ing i n t e r e s t i n g 

e v e n t s i s a p r o b l e m of i n c r e a s i n g i m p o r t a n c e in n u c l e a r and p a r t i c l e p h y s i c s 

It i s p a r t i c u l a r l y c r i t i c a l in the c a s e of e m u l s i o n s in wh ich it i s d e s i r a b l e to 
-8 

s c a n l a r g e v o l u m e s of m a t e r i a l wi th m i c r o s c o p e s showing v o l u m e s of 10 

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

to s i m u l a t e a f o u r - l a y e r r a n d o m - c o n n e c t i o n n e t w o r k s i m i l a r in i t s g e n e r a l 

c h a r a c t e r to the P e r c e p t r o n of F . R o s e n b l a t t . T h i s p r o g r a m is d e s i g n e d 

to s e p a r a t e p a t t e r n s p r e s e n t e d in the f o r m of 8 0 - b i t w o r d s in to w a n t e d and 

unwan ted c l a s s e s a f t e r a l e a r n i n g p h a s e us ing 100 c a s e s of e a c h . The 

a p p r o a c h d i f f e r s f r o m t h a t of the o r i g i n a l P e r c e p t r o n in w h i c h the r a n d o m 



Other Nuc lear E x p e r i m e n t s 

c o n n e c t i o n s w e r e r e i n f o r c e d o r w e a k e n e d on the b a s i s of the l e a r n i n g p e r ­

f o r m a n c e . In the v e r s i o n h e r e , m a n y c o m p l e t e l y d i f fe ren t s e t s of conn­

e c t i o n s a r e t r i e d and the m o s t use fu l (in the l e a r n i n g phase ) k e p t . 

P r e l i m i n a r y r e s u l t s show s ign i f ican t but not ye t use fu l 

d i s c r i m i n a t i o n in a r e a l i s t i c but diff icul t c a s e a p p r o x i m a t e l y equ iva l en t 

to d i s t i n g u i s h i n g X ' s f r o m Y ' s of r a n d o m s i z e , o r i e n t a t i o n , and opening 

a n g l e . 

A t a l l y c o u n t e r , wh ich w i l l p e r m i t 100 t i m e s the p r e v i o u s 

s p e e d of t e s t i n g , i s now be ing b u i l t . With th i s c o u n t e r an 8 X 10 p a t t e r n 

can be t e s t e d in abou t 0. 01 s e c . A t e s t of t h i s g e n e r a l s t r a t e g y on a l a r g e 

enough s c a l e to s e t t l e the q u e s t i o n of i t s u s e f u l n e s s should be u n d e r way 

by the fal l of 1964. 

17 18 15 
I - 5 . 8 . M i c r o s c o p i c L o c a t i o n of O , O , and N 

G. R. R ingo and J . P . Schif fer 

S o m e i m p o r t a n t p r o b l e m s in b i o l o g i c a l r e s e a r c h ca l l for 
17 18 15 

d e v e l o p m e n t of a t e c h n i q u e for finding the loca t ion of O , O , and N 

(used a s t r a c e r s ) w i th a r e s o l u t i o n of 1 |j.m or b e t t e r . It is p r o p o s e d to 

do t h i s by sweep ing a p r o t o n b e a m of abou t 1 |jLm d i a m e t e r o v e r a th in 

s p e c i m e n of i n t e r e s t and u s ing a s e m i c o n d u c t o r c o u n t e r to d e t e c t the a 

f r o m the ( p , a ) r e a c t i o n on the t h r e e i s o t o p e s m e n t i o n e d . The output of 

the c o u n t e r would be fed to a p u l s e - h e i g h t a n a l y z e r ^to s e l e c t a l p h a s f r o m 

a p a r t i c u l a r i s o t o p e ) and t h e n c e to a TV d i s p l a y s y n c h r o n i z e d wi th the 

p r o t o n - b e a m s w e e p . It a p p e a r s t h a t l o w - e n e r g y p r o t o n s i nc iden t on the 

t y p i c a l e l e m e n t s in b i o l o g i c a l m a t e r i a l s would p r o d u c e no o the r n u c l e a r 

r e a c t i o n s tha t would y ie ld confusing p a r t i c l e s . A m a g n e t i c q u a d r u p o l e l en s 

to p r o d u c e an a p p r o p r i a t e p r o t o n b e a m is now being c o n s t r u c t e d . 



II . T H E O R E T I C A L PHYSICS 

The t h e o r e t i c a l g r o u p c o n s i s t s of p e r m a n e n t staff and long-
and s h o r t - t e r m v i s i t o r s . The p r i n c i p a l sub j ec t of i n v e s t i g a t i o n i s n u c l e a r 
s t r u c t u r e , but t h e t h e o r e t i c a l effort i n c l u d e s r e s e a r c h in d i v e r s e a r e a s 
of t h e o r e t i c a l p h y s i c s In p a r t i c u l a r , t h e r e a r e v i g o r o u s p r o g r a m s in 
h i g h - e n e r g y t h e o r e t i c a l p h y s i c s and in the m a t h e m a t i c s of quan tum t h e o r y . 

A c t i v i t i e s of the g r o u p i n c l u d e s e v e r a l r e g u l a r s e m i n a r s . 
The g e n e r a l t h e o r e t i c a l p h y s i c s s e m i n a r d rav / s in t h e o r i s t s f r o m o t h e r 
d i v i s i o n s a t A r g o n n e a n d f r o m n e a r b y u n i v e r s i t i e s . A n u c l e a r p h y s i c s 
s e m i n a r i s s h a r e d -with e x p e r i m e n t a l p h y s i c i s t s a t A r g o n n e , and at 
Nor th -wes t e rn U n i v e r s i t y and the U n i v e r s i t y of C h i c a g o . T h e s e f o r m a l 
p r o g r a m s a r e s u p p l e m e n t e d by a v a r i e t y of i n f o r m a l c o n t a c t s -with the 
a b o v e - m e n t i o n e d g r o u p s , -with m a n y r e s e a r c h c o l l a b o r a t i o n s . M e m b e r s 
of the A r g o n n e t h e o r e t i c a l g r o u p a l s o offer o c c a s i o n a l c o u r s e s a t 
Nor th -wes t e rn U n i v e r s i t y . The t h e o r e t i c a l g roup c o n t i n u e s to a t t r a c t 
l a r g e n u m b e r s of -wel l -qual i f ied a p p l i c a n t s for t e m p o r a r y p o s i t i o n s . 
Only a s m a l l n u m b e r of t h e s e c a n b e a c c e p t e d for y e a r - l o n g v i s i t s . An 
a c t i v e s u m m e r p r o g r a m m a k e s it p o s s i b l e to a c c o m m o d a t e m a n y m o r e 
v i s i t o r s on a s h o r t - t e r m b a s i s . T h e s e a r e s u p p o r t e d by A r g o n n e N a t i o n a l 
L a b o r a t o r y , by A s s o c i a t e d M i d w e s t U n i v e r s i t i e s , and by v a r i o u s o u t s i d e 
a g e n c i e s . 

T h e l a r g e s t s i ng l e t h e o r e t i c a l r e s e a r c h p r o j e c t i s the 
a u t o m a t e d s h e l l - m o d e l p r o g r a m , u s i n g the C D C - 3 6 0 0 c o m p u t e r . T h i s 
p r o j e c t i s now p r o d u c i n g m a n y v a l u a b l e r e s u l t s , s o m e of wh ich a r e 
r e p o r t e d be low. The p r o j e c t h a s a l s o m a d e v a l u a b l e f u n d a m e n t a l c o n ­
t r i b u t i o n s in the a r e a of a u t o m a t e d c o m p u t a t i o n . 

II - 1. T h e o r e t i c a l N u c l e a r S p e c t r o s c o p y 

S. Cohen , D. K u r a t h , R. D. L a w s o n , M. H. M a c f a r l a n e , and M. So 

The n u c l e a r s h e l l m o d e l p r o v i d e s the l ink b e t w e e n t h e o r e t i c 

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

r a t e s m e a s u r e d in e x p e r i m e n t a l l a b o r a t o r i e s . We r e p o r t h e r e on a p r o ­

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

and i t s c o n n e c t i o n wi th the o b s e r v e d n u c l e o n - n u c l e o n s c a t t e r i n g . T h i s 



T h e o r e t i c a l P h y s i c s 

c o n n e c t i o n wi l l be m a d e w h e n t h e o r i e s of n u c l e a r m a t t e r p r o v i d e the self-

c o n s i s t e n t s i n g l e - p a r t i c l e wave func t ions and r e s i d u a l t w o - b o d y i n t e r a c t i o n 

for s h e l l - m o d e l c a l c u l a t i o n s . 

Our p r o g r a m of s h e l l - m o d e l s t u d i e s t h e r e f o r e h a s t h r e e 

p r i n c i p a l f a c e t s : (a) To s tudy t h e t e c h n i q u e s and a p p r o x i m a t i o n s i nvo lved 

in v e r y l a r g e s h e l l - m o d e l c a l c u l a t i o n s . Such w o r k is b a s i c to fu ture 

p r o g r e s s . If an e x t r e m e d e g r e e of t r u n c a t i o n of the b a s i s i s an e s s e n t i a l 

p a r t of any a c c u r a t e s h e l l - m o d e l c a l c u l a t i o n , it wi l l be i m p o s s i b l e to 

ob t a in a m e a n i n g f u l t e s t of the b a s i c p a r a m e t e r s p r e d i c t e d by t h e o r i e s of 

n u c l e a r m a t t e r , (b) To d e t e r m i n e the b e s t p h e n o m e n o l o g i c a l effect ive 

i n t e r a c t i o n d i r e c t l y f r o m e x p e r i m e n t a l da ta in as m a n y s i t ua t i ons a s 

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

l e v e l s t r u c t u r e and t r a n s i t i o n r a t e s . 

A b a s i c s e t of i n t e r l i n k e d F O R T R A N p r o g r a m s for c a r r y i n g 

out s u c h c a l c u l a t i o n s i s now o p e r a t i o n a l on the CDC-3600 c o m p u t e r . The 

s y s t e m i s c o n s t a n t l y be ing a u g m e n t e d and i m p r o v e d . What i s in fac t 

e m e r g i n g i s a l a r g e c o l l e c t i o n of s u b r o u t i n e s , e a c h of which p e r f o r m s one 

of the m a t h e m a t i c a l o p e r a t i o n s which a r i s e in compu t ing the p r o p e r t i e s of 

a s y s t e m of i n t e r a c t i n g f e r m i o n s in a s i n g l e - p a r t i c l e b a s i s . Since the 

n u m b e r of such d i s t i n c t m a t h e m a t i c a l o p e r a t i o n s which can a r i s e i s l i m i t e d 

and s i n c e e a c h h a s b e e n p r o g r a m m e d in a fash ion which m a k e s no r e f e r e n c e 

to the con t ex t in -which it a p p e a r s , it i s c l e a r tha t the p r o g r a m m i n g of new 

c a l c u l a t i o n s i n v o l v e s l e s s and l e s s effor t a s t h e s y s t e m e v o l v e s . In t h i s 

s e n s e the s y s t e m is m o r e v a l u a b l e than any of i t s p a r t i c u l a r a p p l i c a t i o n s . 

The fol lowing is a b r i e f l i s t of the c a l c u l a t i o n s t h a t have 

a l r e a d y b e e n c a r r i e d out and an even b r i e f e r s k e t c h of our p l ans for the 

i m m e d i a t e f u t u r e . 

(1) The effect ive i n t e r a c t i o n in the oxygen i s o t o p e s : 

( Id , 2 s , ) , i d e n t i c a l n u c l e o n s . ^ N e u t r o n s ou t s i de the O c o r e 
5 / 2 1 / 2 

^ S. C o h e n , R. D. L a w s o n , M. H. M a c f a r l a n e , and M. Soga, P h y s . 
L e t t e r s 9^ 180 (1 A p r i l 1964). 



p o p u l a t e t h e Id , and 2s , s i n g l e - p a r t i c l e o r b i t s . The eight p o s s i b l e 
5 / Z 1 / ^ 

T = 1 t w o - b o d y m a t r i x e l e m e n t s a r e t r e a t e d a s i n d e p e n d e n t p a r a m e t e r s 
18 

and d e t e r m i n e d by a l e a s t - s q u a r e s fit to o b s e r v e d e n e r g y l e v e l s of O , 
19 20 

O , and O . The b e s t - f i t t h e o r e t i c a l s p e c t r a a r e c o m p a r e d with 

e x p e r i m e n t in Tab le I I - 1 - A . 

(2) I s o t o p e s of oxygen , f l u o r i n e , and neon : ( i d , , 2 s , ,^) . 
^ £ 16 1 i i— 5 / 2- 1 / 2-— 

The i s o t o p e s of O, F , and Ne a r e t r e a t e d in the f a sh ion d e s c r i b e d in the 

p r e c e d i n g p a r a g r a p h . Since both n e u t r o n s and p r o t o n s a r e i nvo lved , we 

now have 16 i n d e p e n d e n t t w o - b o d y e n e r g i e s , e ight for T = 0 and eight for 

T = 1. T h e s e a r e a g a i 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 fit to o b s e r v e d 

e x c i t a t i o n e n e r g i e s . The fit i s l e s s i m p r e s s i v e than for the O i s o t o p e s 

a l o n e , and f u r t h e r m o r e the F and Ne da ta f o r c e c o n s i d e r a b l e c h a n g e s in 

the T = l m a t r i x e l e m e n t s . C l e a r l y the effects of c o n f i g u r a t i o n s ( such a s 
- m n 

ip , , i d , ) e x c l u d e d f r o m our m o d e l a r e l e a s t c r i t i c a l in s y s t e m s of 

i d e n t i c a l n u c l e o n s . 

(3) I s o t o p e s of Y, Z r , Mo, Nb , and T c : ( i g , 2p ) ^ , 
9 /2 1 /1--

i d e n t i c a l n u c l e o n s . A s tudy of e x a c t l y the s o r t d e s c r i b e d above for the O 
'. . 89 90 91 
i s o t o p e s h a s b e e n c a r r i e d out for the n u c l e i Y , Z r , Nb 

39 40 41 
92 93 

, ^ M o , and , ^ T c in v/hich p r o t o n s popu la t e the 2p , ,^ and ig ,^ l e v e l s . 
42 ^ 43 ^ ^ ^ ^ i / 2 9 /2 

An e x t r e m e l y i n t e r e s t i n g p h y s i c a l r e s u l t e m e r g e s — s e n i o r i t y i s a v e r y 

good quan tum n u m b e r for the g , n e u t r o n c o n f i g u r a t i o n . 

(4) The n u c l e a r i p s h e l l . Work on the ef fec t ive i n t e r a c t i o n 

in the i p s h e l l i s in p r o g r e s s . In p a r t i c u l a r , the v/eal th of t r a n s i t i o n - r a t e 

da t a a v a i l a b l e h e r e shou ld give s o m e in s igh t in to the r e l a t i v e d e g r e e of 

s e n s i t i v i t y wi th -which the i n t e r a c t i o n p a r a m e t e r s d e p e n d on t r a n s i t i o n 

r a t e s and e x c i t a t i o n e n e r g i e s . 

(5) The i s o t o p e s of Ni : ( i f , ^ 2 p , 2p , ) , i d e n t i c a l 

n u c l e o n s . In the Ni i s o t o p e s we c o n s i d e r n e u t r o n s in the if , 2p , 
5 / 2 3/Z 

and 2p , ,_ o r b i t s and a s s u m e a 4 - p a r a m e t e r p o t e n t i a l f o r m for the 
1/2 

e f fec t ive i n t e r a c t i o n ( c e n t r a l t r i p l e t and s i n g l e t , t w o - b o d y s p i n - o r b i t , 
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TABLE II -1-A. Spins and excitation energies of s ta tes in the 
oxygen i so topes . All the s tates of the Id^ u , 2sj /j configuration a r e 
given in Ô  ^ . In Ô  ^ and O^ ° we have a rb i t r a r i l y cut off our theoret ical 
spec t rum at 4. 5 MeV and 5 MeV, respect ive ly . 

N u c l e u s 

o'^ 

o " 

ô " 

E x p e r i m e n t a l da ta 

Spin 

2+ 

4+ 

0+ 

2+ 

3 
2 
i 
2 

2 

4 

2 

0 

E x c i t a t i o n 
e n e r g y 
(MeV) 

1.98 

3 . 5 5 

3 . 63 

3 . 92 

0. 096 

1.469 

1.672 

3 . 5 6 8 

4 . 065 

4 . 4 4 6 

Spin 

2+ 

4+ 

0+ 
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and t e n s o r ) . S e r i o u s d i f f icu l t i es a r e e n c o u n t e r e d h e r e , m o s t of t h e m 

s t e m m i n g f r o m the w e l l - k n o w n t e n d e n c y of po t en t i a l i n t e r a c t i o n s wi th 

h a r m o n i c - o s c i l l a t o r wave funct ions to p r o d u c e v e r y low 0 e x c i t e d s t a 

(6) Ef fec t ive i n t e r a c t i o n p o t e n t i a l . It i s of i n t e r e s t to 

d e t e r m i n e to wha t ex ten t the s h e l l - m o d e l ef fect ive i n t e r a c t i o n can be 

p a r a m e t e r i z e d in t e r m s of a s i m p l e l o c a l p o t e n t i a l , -with c e n t r a l , t w o -

body s p i n - o r b i t , and t e n s o r c o m p o n e n t s . T h e r e a r e two p o s s i b l e p r o ­

c e d u r e s h e r e , (a) A l e a s t - s q u a r e s fit to o b s e r v e d e n e r g y s p e c t r a and 

t r a n s i t i o n r a t e s c a n be c a r r i e d out -with the po t en t i a l p a r a m e t e r s a s i n d e ­

penden t v a r i a b l e s . T h i s h a s b e e n done for v a r i o u s i p - s h e l l n u c l e i , for 

the i s o t o p e s of O and F wi th in the c o n f i g u r a t i o n s ( I d , , 2 s , , i d , ) , 
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and , a s d e s c r i b e d a b o v e , for the i s o t o p e s of Ni (b) A l t e r n a t i v e l y , the 

t w o - b o d y e n e r g i e s can be d e t e r m i n e d f r o m the da ta and a p o t e n t i a l can 

then be ob ta ined by f i t t ing t h e s e t w o - b o d y e n e r g i e s . 

T h i s s e r i e s of s t u d i e s is a s yet i n c o m p l e t e . It i s , h o w e v e r , 

qui te c l e a r t ha t to a s s u m e a l o c a l p o t e n t i a l i n t e r a c t i o n wi th h a r m o n i c -

o s c i l l a t o r r a d i a l wave func t ions i m p o s e s an unduly s e v e r e r e s t r i c t i o n on 

the t w o - b o d y m a t r i x e l e m e n t s . How m u c h of the diff icul ty h e r e s t e m s 

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

p r i a t e n e s s of h a r m o n i c - o s c i l l a t o r w a v e func t ions r e m a i n s to be s e e n . 

(7) BCS a p p r o x i m a t i o n s It h a s b e e n s t r e s s e d t h a t 

a p p r o x i m a t e w a y s of hand l ing s h e l l - m o d e l c a l c u l a t i o n s a r e of g r e a t 

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

a p p l i e d in the l i t e r a t u r e is b a s e d on t h e B a r d e e n - C o o p e r - S c h r i e f f e r (BCS) 

t h e o r y of s u p e r c o n d u c t i v i t y . The p h y s i c a l b a s i s for t h i s type of a p p r o x i ­

m a t i o n i s t he g o o d n e s s of the s e n i o r i t y quantu in n u m b e r fo r i d e n t i c a l 

n u c l e o n s We h a v e a n a l y z e d a s p e c i a l m o d e l , invo lv ing n e u t r o n s in 

i d , , i d , , and 2s , o r b i t s w i th v a r i o u s i n t e r a c t i o n p o t e n t i a l s and 

h a v e c o m p a r e d t h e e x a c t and a p p r o x i m a t e e x c i t a t i o n e n e r g i e s and t r a n s i t i o n 
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r a t e s . P r e l i m i n a r y r e s u l t s have been publ ished^ and a fu l le r a ccoun t i s 

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

(8) P r o j e c t i o n of n u m b e r e i g e n s t a t e s f r o m BCS wave 

f u n c t i o n s . BCS wave func t ions for n u c l e a r g round s t a t e s and exc i t ed s t a t e s 

a r e s u p e r p o s i t i o n s of s t a t e s c o r r e s p o n d i n g to d i f fe ren t e i g e n v a l u e s of the 

p a r t i c l e n u m b e r o p e r a t o r N. S i m p l e exp l i c i t e x p r e s s i o n s have been 

o b t a i n e d for the t r u e - N com.ponents of BCS wave funct ions for the g round 

s t a t e and e x c i t e d s t a t e s , and a l s o for the e n e r g y nna t r ix e l e m e n t s b e t w e e n 

t h o s e s t a t e s . T h e s e e x p r e s s i o n s a r e be ing u s e d , f i r s t in a n a l y z i n g the 

s i m p l e m o d e l ou t l ined in (7) a b o v e , a n d then in s tudying i s o t o p e s of Sn 

and P b . 

F u r t h e r d e v e l o p m e n t s in the i m m e d i a t e fu tu re wil l go in two 

d i r e c t i o n s : t he f i r s t i s to add ne-w t y p e s of p r o g r a m s to the s y s t e m , the 

s e c o n d c o n c e r n s the n a t u r e of t h e s y s t e m i t se l f . The a p p r o x i m a t e m e t h o d s 

b a s e d on the BCS t h e o r y of s u p e r c o n d u c t i v i t y have one i m p o r t a n t l i m i t a ­

t i o n — t h e y a r e s t r i c t l y a p p l i c a b l e only to s y s t e m s of i d e n t i c a l n u c l e o n s . 

We p l an to s tudy a p p r o x i m a t i o n m e t h o d s which a r e f r ee of th i s l i m i t a t i o n . 

One such m e t h o d i n v o l v e s t r e a t i n g n e u t r o n s and p r o t o n s a s s e p a r a t e 

e n t i t i e s ; t h e T=i p a r t of the i n t e r a c t i o n i s d i a g o n a l i z e d f i r s t and the 

s e p a r a t e n e u t r o n and p r o t o n s y s t e m s a r e coup led by the np i n t e r a c t i o n . 

T h e a p p r o x i m a t i o n i nvo lved i s t h a t of s e p a r a t e l y t r u n c a t i n g the c o m p l e t e 

m a n i f o l d s of n e u t r o n and p r o t o n s t a t e s , t h e m a i n q u e s t i o n be ing how 

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

A n o t h e r p r o m i s i n g a p p r o x i m a t i o n m e t h o d i s tha t of p r o j e c t i n g a n g u l a r -

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

e i g e n f u n c t i o n s . Both m e t h o d s shou ld be su i t ab l e for d i s c u s s i o n of Ne 

^ S. C o h e n , R. D. L a w s o n , M. H. M a c f a r l a n e , and M. Soga, P h y s . 
L e t t e r s 9, 180 (1 A p r i l 1964), 
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with in {^d . ,Zs . , i d . ) . Since th i s p r o b l e m can a l s o be hand l ed 
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e x a c t l y , o u r f i r s t s t e p wi l l be to s tudy the p r o p o s e d a p p r o x i m a t i o n 

m e t h o d s in de t a i l for th i s s p e c i a l c a s e . F i n a l l y , the s y s t e m of p r o g r a m s 

i s con t inua l ly be ing i m p r o v e d a s a r e s e a r c h too l . Idea l ly s u c h a s y s t e m 

shou ld p e r f o r m a l l the d r u d g e r y invo lved in a g iven se t of c a l c u l a t i o n s 

whi le offer ing i m m e d i a t e a c c e s s to any n u m e r i c a l i n f o r m a t i o n which we 

d e s i r e to e x a m i n e . C o n s i d e r a b l e effor t i s be ing i n v e s t e d in s tudy ing how 

o n - l i n e d i s p l a y of da ta on an o s c i l l o s c o p e (F ig . I I - 1 - a ) can be u s e d to 

f u r t h e r t h e s e a i m s . 

3.0 

0 0 
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F i g . I I - 1 - a . T y p i c a l o s c i l l o s c o p e 
d i sp l ay u s e d to m o n i t o r the c a l ­
cu la t ion in p r o g r e s s on the c o m ­
p u t e r . Th i s p a r t i c u l a r d i s p l a y 
o c c u r r e d d u r i n g the p r o c e s s of 
obta in ing a b e s t fit to the e n e r g y 
s p e c t r a of the i s o t o p e s of oxygen , 
f l u o r i n e , and n e o n . 

II - 2 . I n t e r p r e t a t i o n of I n e l a s t i c E l e c t r o n S c a t t e r i n g 

D i e t e r K u r a t h 

N u c l e a r exc i t a t i on by i n e l a s t i c s c a t t e r i n g of e l e c t r o n s p r o ­

v ides a r i c h s o u r c e of i n f o r m a t i o n about n u c l e a r s t r u c t u r e . In add i t ion to 

m e a s u r i n g exc i t a t i on p r o b a b i l i t i e s for v a r i o u s t r a n s i t i o n s , one can s tudy 

the d e p e n d e n c e of t r a n s i t i o n p r o b a b i l i t y on m o m e n t u m t r a n s f e r . Such 

f o r m - f a c t o r 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 r a d i a l 
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d i s t r i b u t i o n of n u c l e o n s in the n u c l e u s . In p a r t i c u l a r , m a g n e t i c - d i p o l e 

t r a n s i t i o n s r e f l e c t t h i s r a d i a l d e p e n d e n c e for the nuc l eons in the ou t e r 

s h e l l s v/ith l a r g e r o r b i t a l a n g u l a r m o m e n t u m . An i n t e r p r e t a t i o n of e x p e r i -
6 12 

m e n t s on Li and C i s c o n t a i n e d in an a r t i c l e , s u b m i t t e d to the P h y s i c a l 

R e v i e w , en t i t l ed " F o r m F a c t o r s fo r M a g n e t i c - D i p o l e E l e c t r o n S c a t t e r i n g . ' 

Such s t u d i e s wi l l be con t inued for m o r e c o m p l i c a t e d n u c l e i , 

with the a id of the s h e l l - m o d e l p r o g r a m s deve loped for the CDC -3600 

c o m p u t e r . 

II - 3 . Ef fec t ive Interact ions and Nuc lear Coupling S c h e m e s in the Is Od 
Shel l 

S. P . P a n d y a 

The n a t u r e of the e f fec t ive n u c l e a r i n t e r a c t i o n and i t s 

r e l a t i o n s h i p to coupl ing s c h e m e s in n u c l e i h a s b e e n i n v e s t i g a t e d , p a r t i c u l a r 

a t t e n t i o n be ing pa id to the r e g i o n of the i s Od she l l in v iew of the o c c u r r e n c e 

of a d i s t i n c t i v e r o t a t i o n a l type of s p e c t r a e a r l y in the s h e l l . A r a t h e r 

s i m p l e m o d e l for the ef fec t ive i n t e r a c t i o n h a s b e e n c o n s i d e r e d ; it a s s u m e s 

the n u c l e a r f o r c e s to o p e r a t e only in i =0 s t a t e s of r e l a t i v e o r b i t a l a n g u l a r 

m o m e n t u m of the two n u c l e o n s . It h a s b e e n shown tha t the SU coupl ing 

s c h e m e and a coup l ing s c h e m e hav ing t h e m a j o r f e a t u r e s of the p a i r i n g 

f o r c e s ' e m e r g e a s s p e c i a l e x t r e m e c a s e s of t h i s s - s t a t e i n t e r a c t i o n 

m o d e l . It i s f u r t h e r sho-wn tha t t he r e p u l s i v e c o r e in the i n t e r a c t i o n p l a y s 

the i m p o r t a n t r o l e of enhanc ing the c o m p o n e n t of the i n t e r a c t i o n which 

l e a d s to t h e SU coupl ing s c h e m e , and is thus r e l a t e d to the a p p e a r a n c e of 

n u c l e a r d e f o r m a t i o n s and r o t a t i o n a l s p e c t r a . De t a i l ed c a l c u l a t i o n s in the 
, 18 18 20 

f rame-work of t h i s s i m p l e m o d e l gave l e v e l s c h e m e s of O , F , O , 
20 

and Ne tha t w e r e in f a i r l y good a g r e e m e n t -with the o b s e r v e d l eve l 

1 S, P , P a n d y a , P h y s . L e t t e r s 7 , 342 (1963) . 



s c h e m e s if t he p a r a m e t e r s of t h e i n t e r a c t i o n w e r e su i t ab ly c h o s e n . T h e s e 

v a l u e s of the p a r a m e t e r s a g r e e -well -with the v a l u e s one would expec t 

f r o m the r e a l i s t i c i n t e r a c t i o n wh ich e x p l a i n s -well the r e s u l t s of 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 e x p e r i m e n t s ( such as G a m m e l - T h a l e r o r 

H a m a d a - J o h n s t o n p o t e n t i a l s ) . 

Mos t of t h i s -work i s c a r r i e d out in c o l l a b o r a t i o n -with 

I. M. G r e e n of t h e U n i v e r s i t y of C a l i f o r n i a at Los A n g e l e s . 

II - 4 On the Theory of Stripping React ions 

David R. Ing l i s 

S t r i p p i n g r e a c t i o n s , such a s (d, p) r e a c t i o n s , h a v e b e e n 

e x t e n s i v e l y u s e d s i n c e 1950 to ident i fy the p a r t i c l e a n g u l a r m o m e n t a 

invo lved in n u c l e a r s t a t e s , and the t e c h n i q u e s of i n t e r p r e t a t i o n in t e r m s 

of the dis tor ted--^vave B o r n a p p r o x i m a t i o n have b e e n h ighly d e v e l o p e d 

and e x t e n s i v e l y a p p l i e d . Ho-wever, t h e f u n d a m e n t a l u n d e r s t a n d i n g of why 

the a p p r o x i m a t i o n s s u c c e e d h a s no t kep t p a c e wi th the i m p o r t a n c e of the 

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

m a d e by i n v e s t i g a t i n g t h e i r c o n s e q u e n c e s in s i m p l e c a s e s -wherein d e t a i l s 

of the r e l a t i o n s h i p bet-ween s e m i c l a s s i c a l c o n c e p t s and w a v e - m e c h a n i c a l 

p r o c e d u r e s c a n be exh ib i t ed . W h e r e a s the u s u a l t h e o r y e m p h a s i z e s a n 

i n t e g r a t i o n o v e r the v o l u m e of the n u c l e u s , a s though the d e u t e r o n shou ld 

con t inue to d i s i n t e g r a t e -while c r o s s i n g t h e r e g i o n of the f l a t - b o t t o m 

p o t e n t i a l -well, t h i s s tudy s u g g e s t s t h a t g r e a t i m p o r t a n c e shou ld be 

a t t r i b u t e d in the c a l c u l a t i o n s to the d i s i n t e g r a t i o n of the d e u t e r o n on e n ­

c o u n t e r i n g the p o t e n t i a l g r a d i e n t a t t he edge of the n u c l e u s . S o m e g e n e r a l 

f e a t u r e s of s t r i p p i n g r e a c t i o n s can be u n d e r s t o o d in t e r m s of s e m i c l a s s i c a l 

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

d i r e c t i o n can be m a d e in the f u t u r e . 
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II - 5. Ro ta t ion of G a n n m a - R a y S y m m e t r y P a t t e r n A c c o m p a n y i n g the 
I n e l a s t i c S c a t t e r i n g of A l p h a s 

David R. Ing l i s 

A good e x a m p l e of the way d i r e c t l y v i s u a l i z a b l e p h y s i c a l 

c o n c e p t s c a n b r i n g out the o t h e r w i s e h i d d e n m e a n i n g of e x t e n s i v e but 

some-what o b s c u r e c o m p u t a t i o n s i s found in an exp lana t ion of a s t r i k i n g 

p h e n o m e n o n o c c u r r i n g in (a , a 'y) r e a c t i o n s . As the ang le of the i n e l a s t i c a l l y 

s c a t t e r e d a l p h a , a ' , i s v a r i e d f r o m one of the c h a r a c t e r i s t i c m a x i m a of 

the s c a t t e r i n g p a t t e r n to the n e x t , the s y m m e t r y p a t t e r n of the e m i t t e d 

gamnna r a y s in s o m e c a s e s r o t a t e s r a p i d l y in the r e v e r s e d i r e c t i o n . 

The 0 -* 2 e x c i t a t i o n of a d e f o r m e d n u c l e u s f o r m s a s u p e r p o s i t i o n of 

s t a t e s wi th m = ±2 , and t h e s e t o g e t h e r f o r m a p a t t e r n of c h a r g e d i s t r i b u t i o n 

hav ing the s y m m e t r y of a f lower wi th four p e t a l s o r a g e a r wi th four t e e t h . 

The r e l a t i v e p h a s e s of the tw^o s t a t e s (and h e n c e the o r i e n t a t i o n of the 

p a t t e r n of y r a y s e m i t t e d by the c h a r g e d i s t r i b u t i o n ) depend on the c o n ­

d i t ions of e x c i t a t i o n , -which a r e d e t e r m i n e d by i n t e r f e r e n c e of the i nc iden t 

and s c a t t e r e d -waves. 

When the i n c i d e n t b e a m a i m p i n g e s on a n u c l e u s h o r i z o n t a l l y 

t o w a r d the r i gh t and t h e s c a t t e r e d b e a m a' e m e r g e s u p w a r d t o w a r d the 

r i g h t , s a y , one m a y focus a t t e n t i o n on t h e i n t e r f e r e n c e of the t-wo w a v e s 

a s t hey bend a r o u n d the b o t t o m edge of t h e n u c l e u s , for e x a m p l e . The 

s u p e r p o s i t i o n of t h e s e two -waves, of s l i gh t l y d i f fe ren t w a v e l e n g t h , p r o ­

d u c e s a " b e a t w a v e " of c o n s i d e r a b l y l o n g e r w a v e l e n g t h . As the ang le 

of the b e a m a' i s i n c r e a s e d ( m o r e s t e e p l y up-ward t o w a r d the r i g h t ) , t h e 

l o n g e r -waves of a' a t t he b o t t o m edge a r e p u l l e d to-ward the r i gh t r e l a t i v e 

to the s h o r t e r -waves of a. It i s e a s i l y s e e n t h a t , when the longer wave i s 

pu l l ed t o w a r d the r i g h t , t he " b e a t w a v e " m o v e s r a p i d l y t o w a r d the lef t . 

The b e a t -wave m o v i n g r a p i d l y p a s t the l o w e r edge of the n u c l e u s p r o v i d e s 

the e x c i t a t i o n which d e t e r m i n e s the p h a s e s of the e x c i t e d s t a t e s and the 

o r i e n t a t i o n of the c h a r g e d i s t r i b u t i o n and s u b s e q u e n t g a m m a r a y s . I t s 



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

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

g e a r a r r a n g e m e n t , 

II - 6. 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 a r S t a t e s , T r a n s i t i o n s , and C r o s s 
Sec t ions 

N. Rosenz-weig 

G e n e r a l l y s p e a k i n g , t he p u r p o s e of t h e s e s t u d i e s is to h e l p in 

the c l a s s i f i c a t i o n of n u c l e a r p r o p e r t i e s a c c o r d i n g to the s e n s i t i v i t y wi th 

-which t h e s e depend upon the d e t a i l s of the u n d e r l y i n g s t r u c t u r e . M o r e 

s p e c i f i c a l l y , the p r e s e n t w o r k h a s l a r g e l y c o n s i s t e d of i s o l a t i n g and 

t r e a t i n g t h o s e p h e n o m e n a -which depend only upon g r o s s 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 and upon g e n e r a l s y m m e t r y p r i n c i p l e s . The b e s t known p r o p ­

e r t i e s in t ha t c l a s s a r e the d i s t r i b u t i o n of e n e r g y l e v e l s , the t r a n s i t i o n 

p r o b a b i l i t i e s , and the r e a c t i o n c r o s s s e c t i o n s . 

T h e o r e t i c a l s t u d i e s d u r i n g the p a s t y e a r ^ ' ^ h a v e shown 

tha t v i r t u a l l y a l l of the above f luc tua t ion p h e n o m e n a (-which o c c u r in a n 

e n e r g y r a n g e which is s m a l l c o m p a r e d wi th the e n e r g y of exc i t a t ion ) m a y 

be d e r i v e d f r o m a s i n g l e s t a t i s t i c a l h y p o t h e s i s such a s the m i c r o -

c a n o n i c a l e n s e m b l e of m a t r i c e s i n t r o d u c e d by the w r i t e r in 1962. T h u s , 

i t -was sho-wn tha t both the o b s e r v e d e n e r g y - l e v e l s t a t i s t i c s (as o b t a i n e d 

in n e u t r o n r e s o n a n c e e x p e r i m e n t s ) and the jo in t d i s t r i b u t i o n of two or 

m o r e r e a c t i o n -widths fo l low f r o m the a b o v e m a t r i x e n s e m b l e w^ithout 

f u r t h e r a s s u m p t i o n , ^ In p a r t i c u l a r , the d i s t r i b u t i o n of a s u m of p a r t i a l 

g a n n m a - r a y wid ths cou ld be d i s c u s s e d on the b a s i s of the i n v a r i a n t m i c r o -

c a n o n i c a l e n s e m b l e , ^ 

1 N. R o s e n z w e i g , 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 C o n f e r e n c e on 
N u c l e a r P h y s i c s wi th R e a c t o r N e u t r o n s , Oc tobe r 1963, A r g o n n e Na t iona l 
L a b o r a t o r y R e p o r t A N L - 6 7 9 7 , p , 302, 

^ N , R o s e n z w e i g , P h y s . L e t t e r s 6, 123 (1963). 
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It is c l e a r tha t t he E r i c s o n f luc tua t ions of r e a c t i o n c r o s s 

s e c t i o n s a l s o follow wi thout f u r t h e r s t a t i s t i c a l a s s u m p t i o n s f r o m the 

a b o v e - m e n t i o n e d e n s e m b l e t h e o r y . W o r k which a i m s to sho-w th i s in 

a p a r t i c u l a r l y d i r e c t f a sh ion is now u n d e r way . 

II - 7. The Effect of L o n g - R a n g e P e r t u r b a t i o n s i n Scatter ing 

J . E . Monahan and A. J . E lwyn 

T h e t r e a t m e n t of a l o n g - r a n g e -weak i n t e r a c t i o n in the 

p r e s e n c e of a s t r o n g s h o r t - r a n g e f o r c e s e e m s not to have r e c e i v e d m u c h 

c o n s i d e r a t i o n . S e v e r a l p r o b l e m s a r i s e . F o r e x a m p l e , the c a l c u l a t i o n of 

s c a t t e r i n g f r o m a s h o r t - r a n g e p o t e n t i a l i s conven ien t ly c a r r i e d out in 

t e r m s of a pa r t i a l - -wave e x p a n s i o n . Ho-wever, such an expans ion does 

not c o n v e r g e r a p i d l y enough to be p r a c t i c a l for a l o n g - r a n g e p o t e n t i a l . 

F u r t h e r , a s a r e s u l t of the l o n g - r a n g e i n t e r a c t i o n , t h e r a d i u s a t which 

the a s s o c i a t e d -wave funct ion can be c o n s i d e r e d to be that for n o n i n t e r a c t i n g 

p a r t i c l e s m a y be i n c r e a s e d by o r d e r s of m a g n i t u d e . Thus the diff icul ty 

of a p u r e l y n u m e r i c a l so lu t i on i s i n c r e a s e d c o n s i d e r a b l y by the p r e s e n c e 

of p o t e n t i a l s of -widely d i f fe ren t r a n g e s . 

We have b e e n a b l e to avo id t h e s e d i f f icu l t ies a s fo l lows . 

In the i n t e r m e d i a t e r e g i o n -where the s h o r t - r a n g e f o r c e v a n i s h e s but the 

l o n g - r a n g e i n t e r a c t i o n i s no t ye t n e g l i g i b l e , the wave funct ion for the 

s y s t e m is c a l c u l a t e d to f i r s t o r d e r in the s t r e n g t h of the weak i n t e r a c t i o n . 

Th i s funct ion i s t hen u s e d a s an i n t e r p o l a t i o n f o r m u l a to con t inue the 

n u m e r i c a l so lu t ion f r o m the r e g i o n w h e r e the s h o r t - r a n g e po t en t i a l is 

f in i te in to the a s y m p t o t i c r e g i o n . Since the h i g h - o r d e r pa r t i a l - -wave 

p h a s e shi f t s a p p r o a c h the c o r r e s p o n d i n g p h a s e shi f t s of the p l a n e - w a v e 

B o r n a p p r o x i m a t i o n for the l o n g - r a n g e f o r c e , the c o n t r i b u t i o n (to any 

o b s e r v a b l e ) f r o m t h e s e p h a s e shi f t s can be s u m m e d a n a l y t i c a l l y in th i s 

f o r m u l a t i o n . Thus the a b o v e - m e n t i o n e d c o n v e r g e n c e d i f f icul t ies a r e 

a v o i d e d . 



T h i s m e t h o d h a s been u s e d to c a l c u l a t e the p o l a r i z a t i o n of 

n e u t r o n s s c a t t e r e d f r o m an o p t i c a l - m o d e l p o t e n t i a l ( inc luding a s p i n - o r b i t 

i n t e r a c t i o n ) p lus a l o n g - r a n g e p o t e n t i a l of e l e c t r o m a g n e t i c o r i g i n . T h i s 

a d d i t i o n a l p o t e n t i a l a r i s e s f r o m the i n t e r a c t i o n b e t w e e n the e l e c t r i c f ie ld 

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

r e s u l t s of t h i s c a l c u l a t i o n a r e c o m p a r e d wi th m e a s u r e d p o l a r i z a t i o n s in 

Sec . I - 2 . 2 ( 3 ) . 

II - 8. Ana ly t i c C r i t e r i a for Se l ec t ing an O p t i m u m Set of M e a s u r e m e n t s 

J . E . Monahan and A. L a n g s d o r f , J r . 

The p u r p o s e of t h i s w o r k i s to f o r m u l a t e t r a c t a b l e c r i t e r i a 

for the s e l e c t i o n of a se t of po in t s at wh ich a d i s t r i b u t i o n f(x, a) shou ld 

be m e a s u r e d to e n s u r e t h a t the r e s u l t i n g s e t of m e a s u r e d v a l u e s wil l 

d e t e r m i n e the p a r a m e t e r s a of the d i s t r i b u t i o n -with m i n i m u m u n c e r t a i n t y 

(for a g iven to ta l e x p e n d i t u r e of effor t o r c o s t ) . F o r e x a m p l e , the funct ion 

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

s o m e t a r g e t a s a funct ion of x, the c o s i n e of the a n g l e of s c a t t e r The 

" c h o i c e of m e a s u r e m e n t s " i m p l i e s s e l e c t i n g t h e po in t s x a t which the 

d i s t r i b u t i o n shou ld be m e a s u r e d and a l s o the r e l a t i v e s t a t i s t i c a l 

a c c u r a c i e s of the i nd iv idua l i n e a s u r e m e n t s . Th i s a d v a n c e p l ann ing i s 

in c o n t r a s t to the s t a n d a r d s t a t i s t i c a l t e c h n i q u e s , such a s l e a s t s q u a r e s 

and m a x i m u m l i k e l i h o o d , which can be a p p l i e d to d e d u c e a se t of " b e s t 

e s t i m a t e s " of the m independen t p a r a m e t e r s a of a d i s t r i b u t i o n m e a s u r e d 

at an a r b i t r a r y s e t of n d i s t i n c t po in t s (n > m) but wh ich offer no exp l i c i t 

g u i d a n c e in t ak ing da ta e f f ic ien t ly . 

Such c r i t e r i a h a v e b e e n o b t a i n e d for m e a s u r e m e n t s of 

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

w h i c h a r e e a s i l y coded for a d ig i t a l c o m p u t e r , wou ld , for e x a m p l e , e n a b l e 

the c o m p u t e r to m a k e r o u t i n e d e c i s i o n s on q u e s t i o n s of the follov/ing k ind . 
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Suppose tha t a d i s t r i b u t i o n h a s b e e n m e a s u r e d at n po in t s (i . e . , at n 

v a l u e s of x ) . At what point shou ld the (n + l ) s t m e a s u r e m e n t be m a d e 

in o r d e r to ob ta in the m o s t a c c u r a t e e s t i m a t e of the p a r a m e t e r s a f r o m 

the c o m p l e t e s e t of (n + 1) m e a s u r e m e n t s ? T r a d i t i o n a l l y th i s " c h o i c e 

of m e a s u r e m e n t s " h a s b e e n b a s e d l a r g e l y on the in tu i t ion of the e x p e r i ­

m e n t e r ; but the i n c r e a s i n g ef f ic iency of c o m p u t e r s m a k e s the u s e of 

m a t h e m a t i c a l c r i t e r i a p r a c t i c a l or even n e c e s s a r y for the m o r e c o m p l e x 

o r c o s t l y e x p e r i m e n t s . A p a p e r i s be ing p r e p a r e d for p u b l i c a t i o n . 

The e x t e n s i o n of t h e s e r e s u l t s to the c a s e of a m u l t i v a r i a b l e 

p o l y n o m i a l d i s t r i b u t i o n f(x, Y; ' ' ' '>^) would be of i n t e r e s t s i n c e v a r i o u s 

c o r r e l a t i o n and c o i n c i d e n c e e x p e r i m e n t s could then be c o n s i d e r e d . 

II - 9. F o u n d a t i o n s of Quan tum M e c h a n i c s 

Me lv in H a c k 

The b r a n c h of r e s e a r c h in quan tum t h e o r y tha t i s n o t a b l e 

for the r a n g e of v i ewpo in t s to -which it h a s g iven r i s e i s the quan tum 

t h e o r y of m e a s u r e m e n t . Not un l ike the s i t ua t ion in s o m e o t h e r b r a n c h e s 

of p h y s i c s , the p r o b l e m s c o n n e c t e d wi th the founda t iona l a s p e c t s w e r e noted 

a l m o s t i m m e d i a t e l y a f te r the t h e o r y ' s i n c e p t i o n , and the d i s c u s s i o n s 

g e n e r a t e d by t h e m h a v e c o n t i n u e d up to the p r e s e n t . In the l a s t y e a r o r 

s o , the r e n e w a l of i n t e r e s t in t h i s f ie ld h a s u n d e r g o n e a q u a n t u m j u m p . 

In the a b s e n c e a t the p r e s e n t t i m e of a g e n e r a l l y a c k n o w l e d g e d d e s c r i p t i o n 

of the m e a s u r i n g p r o c e s s , t he q u e s t i o n n a t u r a l l y s u g g e s t s i t se l f : Does 

t h e r e e x i s t an a c c e p t a b l e f o r m u l a t i o n of m e a s u r e m e n t wi th in the f r a m e ­

w o r k of p r e s e n t q u a n t u m t h e o r y ? Work on th i s p r o b l e m i s be ing con t inued . 



1 1 - 1 0 . O b s e r v a b l e s in R e l a t i v i s t i c Quan tum M e c h a n i c s ( P r o j e c t V-44) 

H. E k s t e i n and W. C. Davidon 

T h e c o n v e n t i o n a l s t a t e m e n t of s t a t i s t i c a l d e t e r m i n i s m is 

t ha t " t h e e x p e c t a t i o n v a l u e s of a l l ( H e i s e n b e r g ) o b s e r v a b l e s a r e d e t e r m i n e d 

by the e x p e c t a t i o n v a l u e s of the o b s e r v a b l e s at one t i m e . " T h i s r e q u i r e s 

tha t a full a l g e b r a of s e l f - a d j o i n t o p e r a t o r s be in o n e - t o - o n e c o r r e s p o n d e n c e 

with m e a s u r e m e n t p r o c e d u r e s p e r f o r m e d at one t i m e ; but no s u c h p r o ­

c e d u r e i s known. The c o n t r a s t b e t w e e n the p o s i t i v e a s s e r t i o n of the e x i s t ­

ence of c e r t a i n l a b o r a t o r y p r o c e d u r e s and the inab i l i t y to d e s c r i b e t h e m 

c o n s t i t u t e s p e r h a p s the v / eakes t point of q u a n t u m m e c h a n i c s . 

In the p r e s e n t i n v e s t i g a t i o n , it w a s shown tha t the c o n v e n ­

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

The a l t e r n a t i v e p r o p o s e d i s a w e a k e r f o r m of c a u s a l i t y which (1) i s 

r e s t r i c t e d to s t a t e s tha t a r e v a c u u m - l i k e ou t s i de a f in i te s p a c e - v o l u m e and 

(2) u s e s m e a s u r e m e n t s m a d e wi th in a t r u n c a t e d l igh t cone r a t h e r than at 

one t i m e for p r e d i c t i v e p u r p o s e s . F a i l u r e of the c o n v e n t i o n a l c a u s a l i t y 

s t a t e m e n t i m p l i e s tha t the s e t of q u a s i - l o c a l o b s e r v a b l e s i s not n e c e s s a r i l y 

l i n e a r ( i . e, , if A and B a r e in a s e t , A + B i s not n e c e s s a r i l y in i t ) . Th i s 

r e m a r k m a y open the v/ay to a s y s t e m a t i c i n q u i r y in to the p rob l enns of 

a s s o c i a t i n g l a b o r a t o r y p r o c e d u r e s to s e l f - ad jo in t o p e r a t o r s . 

H a v e r f o r d C o l l e g e , H a v e r f o r d , P e n n s y l v a n i a . 

II - 11. R e l a t i v i s t i c Theory of M u l t i p a r t i c l e Scatter ing 

F . C o e s t e r 

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

a l t e r n a t i v e to q u a n t u m f ie ld t h e o r y on one hand and a n a l y t i c S - m a t r i x t h e o r y 

on the o t h e r . The b a s i c d i f f i cu l t i e s wh ich s t a n d in the way of such an 

a p p r o a c h have b e e n o v e r c o m e . 
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T h e s c a t t e r i n g t h e o r y for one o r s e v e r a l t w o - p a r t i c l e 

c h a n n e l s can be f o r m u l a t e d in the r e s t f r a m e of the c e n t e r of m a s s a long 

t h e s a m e l i n e s a s t h e n o n r e l a t i v i s t i c t h e o r y . The e x i s t e n c e and c o m ­

p l e t e n e s s of the s c a t t e r i n g s t a t e s and t h e i r a s y m p t o t i c p r o p e r t i e s a s we l l 

a s the L o r e n t z i n v a r i a n c e of the S o p e r a t o r follow f r o m known m a t h e m a t i c a l 

t h e o r e m s . N u m e r i c a l m e t h o d s a p p r o p r i a t e to the n o n r e l a t i v i s t i c d i f f e r en t i a l 

S c h r o d i n g e r equa t i on cannot be ex t ended ; but we can u s e a l g e b r a i c m e t h o d s 

wh ich w e r e f i r s t deve loped for the s y s t e m a t i c a p p r o x i m a t i o n of n o n r e l a t i v i s ­

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

To be c o n s i s t e n t , m i u l t i - p a r t i c l e t h e o r y m u s t sa t i s fy the 

fo l lowing r e q u i r e m e n t s . The i n t e r a c t i o n of two p a r t i c l e s should be the 

s a m e when they a r e a lone as when o t h e r p a r t i c l e s a r e p r e s e n t at a l a r g e 

d i s t a n c e . A p a r t i c l e s y s t e m m a y b r e a k up into two or m o r e n o n i n t e r a c t i n g 

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

t a in the c o r r e c t L o r e n t z - i n v a r i a n t d e s c r i p t i o n of e a c h of the c l u s t e r s . 

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

i p . C o e s t e r , P h y s . Rev . 133, B 1 5 i 6 (1964) . 

II - 12. Structure of E l e m e n t a r y P a r t i c l e s (Project V-47) 

K. Hi lda 

P s e u d o s c a l a r c h a r g e d e n s i t y of s p i n - j p a r t i c l e s . When 

i n t e r a c t i o n s a r e r e n o r m a l i z a b l e and a r e i n v a r i a n t u n d e r t i m e r e v e r s a l 

but not u n d e r s p a c e r e f l e c t i o n , t hen u n d e r the r e q u i r e m e n t tha t the S 

m a t r i x i s f r ee f r o m d i v e r g e n c e s a f t e r t he r e n o r m a l i z a t i o n it -was sho-wn 

tha t any spin--|- p a r t i c l e wi th n o n v a n i s h i n g m a s s should have p s e u d o s c a l a r 

c h a r g e d e n s i t y in add i t ion to the u s u a l s c a l a r c h a r g e dens i ty . ^ To show 

i R . H i l d a , P h y s . R e v . 134, B 1 7 4 ( 1 9 6 4 ) . 



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

in f luence of the p s e u d o s c a l a r c h a r g e d e n s i t y on the sp in o r i e n t a t i o n of a 

c h a r g e d s p i n - - p a r t i c l e in t i m e - i n d e p e n d e n t e l e c t r i c and m a g n e t i c f ie lds 

w a s c o n s i d e r e d . ^ In a l ong i tud ina l e l e c t r i c f ie ld , t h e i n t e r a c t i o n of the 

p s e u d o s c a l a r c h a r g e d e n s i t y wi th the f ie ld c a u s e s t h e sp in to r o t a t e about 

the a x i s 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 p r o p a g a t i o n and the sp in 

o r i e n t a t i o n . In a t r a n s v e r s e e l e c t r i c f ie ld , the i n t e r a c t i o n of the p s e u d o -

s c a l a r c h a r g e d e n s i t y wi th t h e f ie ld c a u s e s the sp in to r o t a t e about the 

ax i s p e r p e n d i c u l a r to the sp in and t h e d i r e c t i o n of t h e f ie ld , w h e r e a s the 

i n t e r a c t i o n of the u s u a l s c a l a r c h a r g e d e n s i t y ^vith t h e f ie ld c a u s e s the 

sp in to r o t a t e about the a x i s 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 p r o p a g a t i o n 

and t h e d i r e c t i o n of the f ie ld; a t v e r y low e n e r g i e s , the sp in can be r o t a t e d 

t h r o u g h a l a r g e r ang le in the f o r m e r c a s e t han in the l a t t e r . T h e r e i s no 

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

T h e o r y of spin--|- p a r t i c l e s wi th p a r i t y - n o n c o n s e r v i n g 

i n t e r a c t i o n s . 2 It w a s sho-wn tha t -when i n t e r a c t i o n s a r e not i n v a r i a n t u n d e r 

p a r i t y con juga t i on , both the s e l f - m a s s t e rnn and the t e r m (-aijjY y • 9L[;/9x ) 

a r e i n d u c e d by the self i n t e r a c t i o n of any s p i n - | - p a r t i c l e -with n o n v a n i s h i n g 

m a s s (T i n v a r i a n c e be ing a s s u m e d for s i m p l i c i t y ) . To avoid p r o p a g a t i o n 

in a v a c u u m at a s p e e d g r e a t e r t han tha t of l ight and to avo id ghos t s t a t e s , 
2 

i t foUo-ws t h a t a ^ 1 / 3 . Al though a h a s no p h y s i c a l m e a n i n g for f r e e 

p a r t i c l e s , i t i s shown tha t i t h a s a p h y s i c a l m e a n i n g -when a c h a r g e d p a r t i c l e 

is i n t e r a c t i n g -with an e x t e r n a l e l e c t r o m a g n e t i c f ie ld . 

2 K . H i l d a , P h y s . Rev . (May 1964). 

3K . H i l d a , P h y s . R e v . 132, 1239 (1963) . 
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II - 13 . Geonne t r i c P r o p e r t i e s of Angular Distr ibut ions of Decay P r o d u c t s 
( P r o j e c t V-5) 

M. P e s h k i n ^ -* ' 

A m a x i m u m - c o m p l e x i t y t e s t h a s b e e n found for the spin 

and p a r i t y of an u n s t a b l e p a r t i c l e o r s t a t e X, wh ich i s p r o d u c e d in a 

r e a c t i o n A + B -^ C + X and d e c a y s a c c o r d i n g to X -»- D + E. Th is new t e s t 

a p p l i e s only when A , B , C, and D have spin z e r o and X i s e i t h e r a s p i n l e s s 

p a r t i c l e or a g a m m a r a y . 

The a n g u l a r d i s t r i b u t i o n of the d e c a y i s w r i t t e n in the f o r m 

2j 

I (0) - Z ^T (6) P T ( ^ ° ^ ^)^ 
* L=0 ^ ^ 

w h e r e j i s the sp in of s t a t e X, a n g l e 6 i s the p r o d u c t i o n a n g l e , and 9 i s the 

ang le b e t w e e n the m o m e n t u m d i r e c t i o n of E and t h e n o r m a l to the p r o d u c t i o n 

p l a n e , in the r e s t f r a m e of X. T h e n it i s shown tha t a (s) canno t v a n i s h , 

but l i e s b e t w e e n bounds wh ich depend upon j . M o r e o v e r , the s ign of a 

d e t e r m i n e s the p a r i t y of s t a t e X. 

T h i s t e s t h a s s e v e r a l u n u s u a l a d v a n t a g e s : F i r s t , the bounds 

of A^ (6) a r e i n d e p e n d e n t of 5 . T h e r e f o r e , it i s p e r m i s s i b l e to a v e r a g e 
2j 

I (0) o v e r p r o d u c t i o n a n g l e s 5 to get an a v e r a g e a be fo re p e r f o r m i n g the 
6 2j 

t e s t . Th i s f e a t u r e m a k e s the m e t h o d a p p l i c a b l e to u n u s u a l l y s m a l l s a m p l e s . 

Second , the l a r g e s t L in 1(0) is u n a m b i g u o u s l y iden t i f i ed by the bounds of 

a ., if the s t a t i s t i c a l a c c u r a c y i s good enough . The u s u a l t r o u b l e , t h a t a 
2j 

good fit can a l w a y s be i m p r o v e d by add ing h i g h e r L v a l u e s , i s a v e r t e d . 

T h i r d , the h y p o t h e s i s tha t X h a s sp in j and def in i te p a r i t y i s t e s t e d by a 

s i ng l e quan t i ty w h o s e s t a t i s t i c a l a c c u r a c y is e a s i l y e s t i m a t e d . F o u r t h , 

a l though t h e m a x i m u m - c o m p l e x i t y t e s t a p p l i e s only to a r e s t r i c t e d c l a s s 

of e x p e r i m e n t s , t h i s c l a s s c o m p r i s e s j u s t the c a s e s for which the u s u a l 

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



II - 14. A Model for t h e L o w - E n e r g y -n + N -* N''' + IT R e a c t i o n 

K. I t a b a s h i 

F o r the l o w - e n e r g y TT + N ^ N''̂  + TT r e a c t i o n , it is shown tha t 

the e x c h a n g e of a t-wo-pion s y s t e m (or the s y s t e m of even G p a r i t y ) -with 

i s o t o p i c sp in 2 and a n g u l a r m o m e n t u m 0 h a s a good c h a n c e to b e c o m e 

d o m i n a n t . If th i s i s a c t u a l l y the c a s e , t h e n the r e a c t i o n o c c u r s p r e d o m ­

inan t l y f r o m the T = j , d , s t a t e of the i n i t i a l TTN s y s t e m . T h e r e f o r e , in 
3 /2 

c o n n e c t i o n wi th the p r o b l e m of the s e c o n d TTN r e s o n a n c e , t h i s p o s s i b i l i t y 

i s v e r y i n t e r e s t i n g . It -would p lay a v e r y i m p o r t a n t r o l e in p r o d u c i n g the 

s e c o n d r e s o n a n c e , even t hough i t could not be the so l e c a u s e of the 

r e s o n a n c e . Some p o s s i b l e e x p e r i m e n t a l t e s t s of th i s p o s s i b i l i t y a r e 

s u g g e s t e d . 

Il - 15. M e s o n - N u c l e o n I n t e r a c t i o n 

K. T a n a k a and K. I t a b a s h i 

In o r d e r to e x a m i n e the v a l i d i t y of the s y m m e t r y of the 

u n i t a t y u n i m o d u l a r g r o u p in SU in t h r e e d i m e n s i o n s , o b s e r v a b l e c o n ­

s e q u e n c e s of the d e c a y s of the v e c t o r m e s o n ( such a s t ha t in to t-wo p s e u d o -

s c a l a r m e s o n s and N pho tons o r i n to a p s e u d o s c a l a r m e s o n and N pho tons ) 

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

When 2 o c t e t s (8 r e p r e s e n t a t i o n s of the g r o u p SU ) t r a n s f o r m 

in to 2 o c t e t s , t h e r e a r e o r d i n a r i l y e ight c h a n n e l a m p l i t u d e s o r r e d u c e d 

m a t r i x e l e m e n t s . I n v a r i a n c e p r o p e r t i e s of the t h e o r y l ead to v a r i o u s 

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

r e l a t i o n bet-ween c h a n n e l a m p l i t u d e s , the n u m b e r of i n d e p e n d e n t channe l 

a m p l i t u d e s , and sp in s e l e c t i o n r u l e s a r e s y s t e m a t i c a l l y o b t a i n e d . 

T h e r e l a t i o n s a m o n g the a m p l i t u d e s for n u c l e o n - a n t i n u c l e o n 

a n n i h i l a t i o n in to two m e s o n s ( p s e u d o s c a l a r o r v e c t o r ) and a l s o t h o s e into a 

b a r y o n - a n t i b a r y o n p a i r a r e o b t a i n e d on the b a s i s of SU i n v a r i a n c e . 
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It is of i n t e r e s t to a t t e m p t to ver i fy the va l id i ty of the SU 

s y m m e t r y in o r d e r to u n d e r s t a n d the n a t u r e of e l e m e n t a r y p a r t i c l e p h y s i c s . 

II - 16. U n i t a r y S y m m e t r y and the K -* 2TT Decay 

K. I t a b a s h i 

It is p r o v e d t h a t , in the l i m i t of s t r i c t SU s y m m e t r y of 

s t r o n g i n t e r a c t i o n s , a l l the K -*• 2Tr d e c a y s a r e fo rb idden p r o v i d e d only tha t 

the non lep ton ic d e c a y L a g r a n g i a n b e l o n g s to the C P - i n v a r i a n t r e p r e s e n t a ­

t ions (the i r r e d u c i b l e r e p r e s e n t a t i o n s -whose Q = 0, Y = 0 m e m b e r s a r e 

C P i n v a r i a n t ) . F o r the c a s e in -which the d e c a y L a g r a n g i a n be longs to an 

o c t e t , the t h e o r e m h a s r e c e n t l y b e e n p r o v e d by o t h e r s ; but the p r e s e n t 

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

The proof does not app ly -when the s y m m e t r y - b r e a k i n g 

i n t e r a c t i o n s a r e t aken into a c c o u n t , and thus a l l the K -• 2Tr d e c a y s should 

be a t t r i b u t e d to the s y m m e t r y - b r e a k i n g ( a n d / o r e l e c t r o m a g n e t i c ) c o r r e c t i o n s . 

It is a l s o a r g u e d t h a t , in connec t i on -with the (K -»-2-n-)-(K -*2TT) 

p u z z l e , the oc t e t h y p o t h e s i s of a non lep ton i c d e c a y L a g r a n g i a n i s v e r y 

a t t r a c t i v e . 

In the c o m i n g y e a r , the o t h e r non lep ton ic d e c a y s and t h e 

n a t u r e of the s y m m e t r y - b r e a k i n g i n t e r a c t i o n s wil l be i n v e s t i g a t e d . 

II - 17. I n t e r n a l S y m m e t r y and L o r e n t z I n v a r i a n c e 

F . C o e s t e r , M. H a m e r m e s h , and W. D. McGlinn 

The kno-wn m e s o n s , b a r y o n s , and t h e i r r e s o n a n c e s have been 

s u c c e s s f u l l y iden t i f i ed wi th i r r e d u c i b l e r e p r e s e n t a t i o n s o f the g roup SU even 

though the s y m m e t r y i s bad ly b r o k e n — b r o k e n in the s e n s e tha t the m e m b e r s 

of the s a m e SU m u l t i p l e t s h a v e l a r g e m a s s d i f f e r e n c e s . In fac t , one of the 

g r e a t s u c c e s s e s of SU s y m m e t r y h a s b e e n the m a s s f o r m u l a of G e l l - M a n n 



and Okubo, -which r e l a t e s the m a s s e s of the m e m b e i s of the s a m e SU 

m u l t i p l e t . 

R e c e n t d i s c u s s i o n s h a v e led to a t t e m p t s to exp la in such 

m a s s f o r m u l a s and b r o k e n s y m m e t r i e s by s e a r c h i n g for an o v e r - a l l 

s y r a m e t r y g r o u p tha t con t a in s SU and the L o r e n t z g r o u p a s s u b - g r o u p s 

but not a s a d i r e c t p r o d u c t . If i t o c c u r r e d as a d i r e c t p r o d u c t , t h e n 

-within the i r r e d u c i b l e r e p r e s e n t a t i o n of the o v e r - a l l s y m m e t r y g r o u p 

the m u l t i p l e t s of SU could have t h e s a m e m a s s . In p a r t i c u l a r , to ob ta in 

m a s s s p l i t t i n g s the g e n e r a t o r s of SU cannot in g e n e r a l c o m m u t e wi th the 

t r a n s l a t i o n s . 

We sho-w tha t t h e r e a r e s e v e r e r e s t r i c t i o n s on s u c h o v e r - a l l 

s y m m e t r y g r o u p s . T h e s e r e s t r i c t i o n s a r e c o n t a i n e d in the foUo-wing two 

t h e o r e m s , in e a c h of -which we a s s u m e tha t the g e n e r a t o r s of the o v e r - a l l 

s y m m e t r y g r o u p G a r e t h o s e of the i n h o m o g e n e o u s L o r e n t z g r o u p L and 

an i n t e r n a l s y m m e t r y g r o u p I -which i s t a k e n to be s e m i - s i m p l e . T h e o r e m I: 

If the i n t e r n a l s y m m e t r y g e n e r a t o r s c o m r a u t e -with the h o m o g e n e o u s 

L o r e n t z g r o u p , t h e n G = I X L and t h u s no m a s s s p l i t t i n g s r e s u l t . 

T h e o r e m I I : If t he c o m p l e t e s e t of c o m m u t i n g g e n e r a t o r s of I a r e L o r e n t z 

i n v a r i a n t t h e n G = I X L and t h e r e f o r e t h e r e can be no m a s s s p l i t t i n g s . 

In p a r t i c u l a r , if t he i n t e r n a l s y m m e t r y i s SU and if T and 
3 z 

Y a r e L o r e n t z i n v a r i a n t , then G ~ SU X L. In f ac t , for the c a s e of SU , 

j u s t t he a s s u m p t i o n tha t T i s L o r e n t z i n v a r i a n t i m p l i e s G = I X L . Thus 

i t i s s e e n t h a t if one w i s h e s to ob t a in a n o v e r - a l l s y m m e t r y g r o u p t h a t 

c o n t a i n s bo th I and L and if one w i s h e s to m a i n t a i n the cond i t ion of e i t h e r 

T h e o r e m I or II , t hen one m u s t i n t r o d u c e g e n e r a t o r s o t h e r t han t h o s e of 

I and L. 
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II - 18. A s s i g n m e n t s of the d , Oc te t 

A r t h u r W. M a r t i n 

The u n i t a r y - s y m m e t r y m o d e l of the 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 h a s enjoyed qui te r e m a r k a b l e s u c c e s s in e s t a b l i s h i n g o r d e r 

a m o n g t h e s e p a r t i c l e s . In p a r t i c u l a r t h e b a r y o n i c s t a t e s , both bound 

s t a t e s and r e s o n a n c e s , h a v e been s u c c e s s f u l l y g rouped in to m u l t i p l e t s 

a s s o c i a t e d wi th i r r e d u c i b l e r e p r e s e n t a t i o n s of the g roup SU(3). This 

m u l t i p l e t s t r u c t u r e h a s p r o v i d e d a power fu l t h e o r e t i c a l tool for the p r e ­

d i c t i on of new p a r t i c l e s ; ye t a t the s a m e t i m e it can be m i s c h i e v o u s l y 

m i s l e a d i n g . Th i s wi l l h a p p e n when the q u a n t u m n u m b e r s of a given p a r ­

t i c l e a l low i t s a s s i g n m e n t to any of s e v e r a l i r r e d u c i b l e r e p r e s e n t a t i o n s . 

In s u c h a c a s e it i s n e c e s s a r y to employ m o r e sub t le a r g u m e n t s in o r d e r 

to s t r a i g h t e n out the c l a s s i f i c a t i o n s c h e m e . 

The c a s e in point i s the a s s i g n m e n t of the 1520-MeV YQ 

r e s o n a n c e , p r e v i o u s l y a s s u m e d to be a m e m b e r of a d , oc t e t . A r g u ­

m e n t s b a s e d on t-wo independen t c o n s i d e r a t i o n s have been p r e s e n t e d to the 

effect tha t t h i s r e s o n a n c e is not a m e m b e r of an oc te t but is i n s t e a d a 

u n i t a r y s i n g l e t . The f i r s t c o n s i d e r a t i o n is t ha t an a n a l y s i s of the r e d u c e d 

r e s o n a n c e wid ths p e r m i t s a c o m p a r i s o n -with the c o u p l i n g - s t r e n g t h p r e ­

d i c t i ons of the u n i t a r y - s y m m e t r y m o d e l . The second is b a s e d upon an 

"e f fec t ive t h r e s h o l d " m o d e l for the m a s s sp l i t t i ngs b e t w e e n m e m b e r s of a 

b a r y o n i c m u l t i p l e t (F ig . I I - 1 8 - a ) . The i m p o r t a n t c o n s e q u e n c e s of the 

F i g . I I - i 8 - a . M a s s s p l i t t i n g s of a 
b a r y o n i c oc te t in the "e f fec t ive 
t h r e s h o l d " m o d e l . 
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a r g u m e n t a r e the p r e d i c t i o n of a new Yp ' r e s o n a n c e , i t s l o c a t i o n and wid th , 

and t h e l o c a t i o n and width of a p r e v i o u s l y u n o b s e r v e d c a s c a d e - p i o n r e s o n ­

a n c e tha t had b e e n p r e d i c t e d (at the w r o n g loca t ion) by e a r l i e r t h e o r e t i c a l 

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

both of t h e s e p r e d i c t i o n s h a s b e e n o b t a i n e d . 

II - 19. A p p r o x i m a t e B o o t s t r a p T e c h n i q u e 

A r t h u r W. M a r t i n 

T h e not ion tha t t h e e x i s t e n c e of the 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 i s a d y n a m i c a l c o n s e q u e n c e of t h e i r m u t u a l i n t e r a c t i o n s , t ha t 

i s , tha t they " b o o t s t r a p " e a c h o t h e r in to b e i n g , i s the sub j ec t of i n t e n s i v e 

i n v e s t i g a t i o n by t h e o r e t i c a l p h y s i c i s t s . One t e c h n i q u e of i n v e s t i g a t i o n i s 

t he N / D m e t h o d , which l e a d s to the f o r m u l a t i o n of the d y n a m i c a l equa t i ons 

g o v e r n i n g the b a s i c i n t e r a c t i o n s a s i n t e g r a l equa t i ons of the F r e d h o l m 

t y p e . T h e s e i n t e g r a l e q u a t i o n s , e s p e c i a l l y in the c a s e of coup led c h a n n e l s , 

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

f r e q u e n t l y e m p l o y e d in o r d e r to obta in s o l u t i o n s . The m o s t c o m m o n 

a p p r o x i m a t i o n t e c h n i q u e , the f i r s t - o r d e r " d e t e r m i n a n t a i " m e t h o d , h a s 

s e v e r e s h o r t c o m i n g s ; for one t h i n g , i t s a p p r o x i m a t e so lu t i ons g e n e r a l l y 

v i o l a t e t i m e - r e v e r s a l i n v a r i a n c e . 

An a l t e r n a t i v e m e t h o d , the " d e g e n e r a t e k e r n e l " a p p r o x i m a ­

t i o n , is s u g g e s t e d for the s tudy of the " b o o t s t r a p " i n t e g r a l e q u a t i o n s . The 

a p p r o x i m a t i o n r e d u c e s the so lu t i on of the i n t e g r a l equa t i ons to an a l g e b r a i c 

p r o b l e m . It f u r t h e r a v o i d s the m a n y dra-wbacks of the " d e t e r m i n a n t a i " 

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

p r o b l e i n , wi th the s e l f - c o n s i s t e n t s o l u t i o n s ob t a ined by m e a n s of A r g o n n e ' s 

I B M - 7 0 4 c o m p u t e r . The r e s u l t s i n d i c a t e f e a t u r e s of the b o o t s t r a p not ion 

t h a t w e r e o b s c u r e d by the e a r l i e r a p p r o x i m a t i o n t e c h n i q u e s . The " d e g e n e r a t e 

k e r n e l " m e t h o d i s p r e s e n t l y be ing a p p l i e d to the p r o b l e m of b o o t s t r a p p i n g the 
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n o n d e g e n e r a t e v e c t o r - m e s o n octet in the unitary s-ymmetry mode l of t he 

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 . 

II - 20 . M e s o n - B a r y o n R e s o n a n c e s in the Octet Model 

A. W. M a r t i n and K. C. Wal l 

We h a v e e x a m i n e d the c o n s e q u e n c e s of the " b o o t s t r a p 

h y p o t h e s i s " for m e s o n - b a r y o n s t a t e s -within the f r a m e w o r k of the u n i t a r y 

s y m m e t r y , o r oc t e t m o d e l . Beginn ing -with the r e q u i r e m e n t tha t a l l 

b a r y o n i c s t a t e s i n t r o d u c e d in to the d r i v i n g f o r c e s (the " p o t e n t i a l " ) m u s t 

e m e r g e as d y n a m i c a l c o n s e q u e n c e s of t h o s e f o r c e s , we i n v e s t i g a t e d the 

q u e s t i o n of what o t h e r r e s o n a n c e s would be p r e d i c t e d in a m o d e l in which 

the b a r y o n oc te t and the d e c u p l e t of r e s o n a n c e s -were m u t u a l l y self-

s u p p o r t i n g . It w a s found tha t t h i s r e q u i r e m e n t l ed to the p r e d i c t i o n of two 
P I ' . P 3" . 

a d d i t i o n a l b a r y o n s t a t e s , a J = — u n i t a r y s ing le t and a J = — u n i t a r y 

s i n g l e t . 

T h e s e p r e d i c t e d s t a t e s w e r e iden t i f i ed wi th the 1405-MeV 

YQ and the i 5 2 0 - M e V Y^ , r e s p e c t i v e l y , and w e r e r e i n s e r t e d into the 

d r i v i n g f o r c e s . The s e a r c h for r e s o n a n c e s -was t hen r e p e a t e d -with the 

new d r i v i n g f o r c e s . It w a s found t h a t , -within the l i m i t a t i o n s of our 

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

a c l o s e d and c o n s i s t e n t s y s t e m ; t hey -were m u t u a l l y s e l f - s u p p o r t i n g . An 

i m m e d i a t e c o n s e q u e n c e of the m o d e l i s t he p r e d i c t i o n tha t the Y u k a w a -

coupl ing m i x i n g p a r a m e t e r , the p a r a m e t e r which d e t e r m i n e s the b a r y o n -

p s e u d o s c a l a r - m e s o n c o u p l i n g s , shou ld h a v e the va lue f = 0 . 3 9 . This 

p r e d i c t i o n , a s we l l a s o the r p r e d i c t i o n s c o n c e r n i n g the s t r e n g t h of i n t e r ­

a c t i o n m v a r i o u s p a r t i a l - w a v e c h a n n e l s , a p p e a r s to be in a g r e e m e n t wi th 

the e x p e r i m e n t a l da ta now a v a i l a b l e . 



II - 2 1 . P i o n - P i o n S c a t t e r i n g 

J a c k L. U r e t s k y , K. Smi th (AMD), and A. M. S a p e r s t e i n 

Th i s is a con t inu ing a t t e m p t to i n c o r p o r a t e r e l a t i v i s t i c 

p e r t u r b a t i o n t h e o r y into a s e n s i b l e t h e o r y of the p i o n - p i o n i n t e r a c t i o n . 

The e s s e n c e of the idea i s to c a l c u l a t e a " g e n e r a l i z e d p o t e n t i a l " f r o m 

p e r t u r b a t i o n t h e o r y and then to u s e d i s p e r s i o n - t h e o r e t i c t e c h n i q u e s to 

ob t a in the s c a t t e r i n g i nduced by the p o t e n t i a l . Thus far the s e c o n d - and 

t h i r d - o r d e r c a l c u l a t i o n s h a v e b e e n conapleted^ and i t is b e l i e v e d tha t 

t h e s e have g iven a c o n s i s t e n t m o d e l of s--wave s c a t t e r i n g up to m o d e r a t e 

e n e r g i e s and of p--wave s c a t t e r i n g at lo-w e n e r g i e s i n t e r m s of a s ing le 

u n d e t e r m i n e d p a r a m e t e r \ ( the " c o u p l i n g c o n s t a n t " ) . The f o u r t h - o r d e r 

c a l c u l a t i o n (no-w be ing p r o s e c u t e d -with W. McGl inn a n d A . S a p e r s t e i n ) , if 

it p r e d i c t s the known p - w a v e r e s o n a n c e a t 750 MeV, wi l l t h e n d e t e r m i n e \ . 

i K . S m i t h and J . L. U r e t s k y , P h y s . R e v . 131, 861 (1963); A. M. 
S a p e r s t e i n and J . L, U r e t s k y , P h y s , R e v . 133, B1340 (1964) . 

II - 22 , P i o n - N u c l e o n S c a t t e r i n g 

J a c k L. U r e t s k y and A r t h u r M a r t i n 

The i m p l i c a t i o n s of the s o - c a l l e d "one n u c l e o n exchange 

f o r c e " for p i o n - n u c l e o n s c a t t e r i n g h a v e b e e n i n v e s t i g a t e d . If th i s f o r c e 

a c t u a l l y d e s c r i b e s the l o n g - r a n g e p a r t of the p i o n - n u c l e o n i n t e r a c t i o n , then 

it shou ld p r o v i d e an a d e q u a t e d e s c r i p t i o n of the o b s e r v e d h igh p a r t i a l w a v e s . 

It i s a l s o r e p u t e d to be r e s p o n s i b l e for the w e l l - k n o w n T = 3 / 2 , J = 3 /2 

p i o n - n u c l e o n r e s o n a n c e . In fac t^our c a l c u l a t i o n s c o n f i r i n e d n e i t h e r of the 

e x p e c t a t i o n s . In the f i r s t p l a c e we l e a r n e d tha t wi th in the d i s p e r s i o n -

t h e o r e t i c c o m p u t a t i o n a l f r a m e w o r k i t is not p o s s i b l e to give an u n a m b i g u o u s 

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

f o r m u l a t i o n s , h o w e v e r , i t t u r n e d out t ha t the o n e - n u c l e o n e x c h a n g e f o r c e 
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-was m u c h too s t r o n g to give a r e a s o n a b l e d e s c r i p t i o n of " p h y s i c s . " A 

p a p e r d e s c r i b i n g th i s -work has b e e n s u b m i t t e d to the P h y s i c a l R e v i e w . 

II - 2 3 . H y p e r n u c l e i and AA H y p e r n u c l e i 

A. R. B o d m e r 

H y p e r n u c l e i a r e be ing s t u d i e d wi th the a i m of e l u c i d a t i n g 

t h e i r s t r u c t u r e , of ob ta in ing kno-wledge about the A - N i n t e r a c t i o n , and 

a l s o of i n v e s t i g a t i n g t h e A p a r t i c l e in the r o l e of a n u c l e a r p r o b e . A 

s tudy of the h y p e r t r i t o n u s i n g m e s o n t h e o r e t i c a l p o t e n t i a l s -with a h a r d 

c o r e i s be ing c o n s i d e r e d -with the a id of a ne-w power fu l and f lex ib le 

v a r i a t i o n a l m e t h o d for t h r e e - b o d y s y s t e m s d e s c r i b e d in a p a p e r with 

S. Al i j to a p p e a r in N u c l e a r P h y s i c s . A n o t h e r p r o b l e m unde r c o n s i d e r a ­

t ion i s the m o d i f i c a t i o n of the A - N 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 . 

A s tudy of A A - h y p e r n u c l e i i s in p r o g r e s s . H a r d - c o r e 

p o t e n t i a l s , and in p a r t i c u l a r m e s o n - t h e o r e t i c a l p o t e n t i a l s , a r e be ing con­

s i d e r e d for the A - A i n t e r a c t i o n . The t h r e e - b o d y m e t h o d r e f e r r e d to i s 

a l s o be ing u s e d h e r e . The effect of d i s t o r t i o n of the c o r e n u c l e u s by the 

A p a r t i c l e s i s be ing s tud i ed 

t h i s to be qui te a p p r e c i a b l e . 

A p a r t i c l e s i s be ing s tud i ed and p r o v i s i o n a l e s t i m a t e s for . ,Be show 
AA 



III . E X T R A N U C L E A R P R O P E R T I E S O F M A T T E R 

The l a r g e s t p r o g r a m in E x t r a n u c l e a r P r o p e r t i e s of 
M a t t e r i s the m a s s s p e c t r o m e t r i c s t u d i e s . In a d d i t i o n , a m o d e s t 
e f for t in p l a s m a p h y s i c s c o n c e r n s i t s e l f m a i n l y w i th the p r o p e r t i e s 
of r f p l a s m a s and the c o n t a i n m e n t of p l a s m a s in rf cav i ty f i e l d s . 

I l l - 1. MASS S P E C T R O M E T R I C INVESTIGATIONS 

The 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 involve s e v e n 
i n s t r u m e n t s , e a c h d e s i g n e d for a spec i f i ed t a s k ; and a n o t h e r (MA-24) 
i s n e a r i n g c o m p l e t i o n . T h e y inc lude M A - 1 5 B , u s e d p r i m a r i l y for the 
s tudy of the m o l e c u l a r c o m p o s i t i o n of h i g h - t e m p e r a t u r e v a p o r s and the 
k i n e t i c s of g a s - p h a s e r e a c t i o n s ; two s p e c t r o m e t e r s d e s i g n e d for i s o ­
t o p i c a n a l y s i s app l i ed to g e o c h r o n o m e t r y (MA-16B employ ing s u r f a c e 
i o n i z a t i o n of so l id s a m p l e s , and M A - 1 8 us ing e l e c t r o n - b o m b a r d m e n t 
i o n i z a t i o n for g a s e o u s s a m p l e s ) ; M A - 1 7 , wh ich i n c o r p o r a t e s an e n e r g y 
a n a l y z e r and i s u s e d for d e t e r m i n i n g the k i n e t i c e n e r g y of f r a g m e n t i o n s ; 
M A - 2 3 , hav ing a h i g h - s p e e d pumping s y s t e m n e c e s s a r y for the s tudy 
of h i g h e r p r e s s u r e p h e n o m e n a , such a s c o n s e c u t i v e i o n - m o l e c u l e r e a c ­
t i ons and ion ic f r a g m e n t s p r o d u c e d by n u c l e a r d e c a y ; and a p o r t a b l e 
m a s s s p e c t r o m e t e r (MA-27) wh ich can be u s e d in con junc t ion wi th p a r ­
t i c l e a c c e l e r a t o r s for the s tudy of i o n i z a t i o n in g a s e s and s p u t t e r i n g of 
s o l i d s by h i g h - e n e r g y p a r t i c l e s . In a d d i t i o n , an A t l a s W e r k e m a s s 
s p e c t r o m e t e r h a s b e e n a d a p t e d so t h a t i n t e r a c t i o n s b e t w e e n ions or 
a t o m s and a m e t a l s u r f a c e can be s tud ied by p u l s e d - b e a m t e c h n i q u e s , 
and i s a l s o u s e d for s tudying the diffusion of s a l t s t h r o u g h m e t a l s . 

In add i t i on to the b a s i c i n f o r m a t i o n tha t t h e s e s t u d i e s 
p r o v i d e a,bout the f u n d a m e n t a l a t o m i c and m o l e c u l a r p r o p e r t i e s of 
m a t t e r ( i . e . , m o l e c u l a r s t r u c t u r e , and the t h e r m o d y n a m i c s and k i n e t i c s 
of r e a c t i o n s ) , the r e s u l t s of t h e s e i n v e s t i g a t i o n s can be d i r e c t l y app l i ed 
to the so lu t ion of p r o b l e m s invo lv ing r o c k e t p r o p u l s i o n , n u c l e a r r e a c t o r 
t e c h n o l o g y , r a d i a t i o n c h e m i s t r y , r a d i a t i o n d a m a g e to s p a c e v e h i c l e s , 
a n d r e - e n t r y b e h a v i o r . 
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III - 1 . 1 . H i g h - T e m p e r a t u r e Studies of Equi l ibr ia and Chemica l Kinet ics 

(1) G a s - P h a s e Chemica l K i n e t i c s (Projec t 11-28) 

W. A. Chupka 

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

cu l a t e the k i n e t i c e n e r g y r e l e a s e d in the f r a g m e n t a t i o n of p o l y a t o m i c 

m o l e c u l a r ions p r o d u c e d by e l e c t r o n i m p a c t . In m o s t c a s e s the r e s u l t s 

a r e in a g r e e m e n t wi th e x p e r i m e n t a l v a l u e s and p r o v i d e s u p p o r t for the 

s t a t i s t i c a l m o d e l u s e d to exp la in t h e s e d e c o m p o s i t i o n s . R e s u m p t i o n of 

e x p e r i m e n t a l w o r k on the u n i m o l e c u l a r d e c o m p o s i t i o n of exc i t ed m o l e c u l a r 

ions a w a i t s the c o m p l e t i o n of the new m a s s s p e c t r o m e t e r MA—24 t o g e t h e r 

wi th t h 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 s s o c i a t e d pho to ion iza t ion 

a p p a r a t u s . 

(2) H i g h - T e m p e r a t u r e S tud ie s ( P r o j e c t 11-29) 

J . B e r k o w i t z , W. A . C h u p k a , and F . E . Stafford 

We have u s e d a m a s s - s p e c t r o m e t r i c t e chn ique to s tudy 

the r e a c t i o n of B a O (so l id) wi th w a t e r v a p o r and have i n t e r p r e t e d the 
J. 

o b s e r v e d BaOH ion p e a k a s o r i g i n a t i n g f rom n e u t r a l BaOH and Ba(OH) 

m o l e c u l e s . F r o m a t h e r m o d y n a m i c a n a l y s i s of the d a t a , the Ba — OH 

bond e n e r g y w a s shown to be m u c h l a r g e r than had b e e n b e l i e v e d . The 

l a r g e r (~ 100 k c a l / m o l e vs ~ 60 k c a l / m o l e ) bond e n e r g y i m p l i e s t h a t 
1 

the c o n c e n t r a t i o n of B a O H in the s p e c t r a l e x p e r i m e n t s of Sugden et a l . 
5 ~ 

w e r e a r o u n d 10 t i m e s what had b e e n though t . H e n c e , the " k i n e t i c " 

c h e m i l u m i n e s c e n c e p o s t u l a t e d by t h e s e w o r k e r s need not be invoked; 

-

T. M. Sugden , in A n n u a l Reviews of P h y s i c a l C h e m i s t r y (Annual 
R e v i e w s , I n c . , P a l o A l t o , C a l i f o r n i a , 1962) , Vol . 1 3 , p . 381 . 
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" e q u i l i b r i u m " c h e m i l u m i n e s c e n c e i s the m o s t p r o b a b l e i n t e r p r e t a t i o n . 

The s y s t e m s c u r r e n t l y be ing s tud i ed i nc lude s o m e h y d r o x i d e s 

and i n t e r m e t a l l i c c o m p o u n d s — s y s t e m s w h o s e bond e n e r g i e s a r e p o o r l y 

u n d e r s t o o d . 

F . E . Stafford and J . B e r k o w i t z , J . C h e m . P h y s . (May 1964). 

1 
(3) V a p o r i z a t i o n P h e n o m e n a Involv ing Sulfur 

J . B e r k o w i t z and W. A . Chupka 

In p r e v i o u s s t u d i e s a t t h i s l a b o r a t o r y , sul fur v a p o r w a s 

i n v e s t i g a t e d u n d e r e q u i l i b r i u m cond i t i ons and the bond e n e r g i e s of a l l 

s p e c i e s f rom S^ to S, „ w e r e d e t e r m i n e d . M a x i m u m s t a b i l i t y w a s found for 
2 10 ' 

the S m o l e c u l e , in a g r e e m e n t w i th the p r e d i c t i o n of P a u l i n g . 
8 

D u r i n g the c o u r s e of the above s t u d y , v a r i o u s a n o m a l i e s 

a p p e a r e d in e x p e r i m e n t s on s a t u r a t e d sulfur v a p o r . T h e y w e r e shown to 

be due to l ack of e q u i l i b r i u m , a c i r c u m s t a n c e r a t h e r r a r e in h i g h - t e m ­

p e r a t u r e r e s e a r c h and due in t h i s c a s e to the r e l a t i v e l y low t e m p e r a t u r e 

of the e x p e r i m e n t and r e l a t i v e l y h igh s t a b i l i t y of the S—S bond ( ca . 2 . 6 eV) . 

It w a s found t h a t the m o l e c u l a r c o m p o s i t i o n of v a p o r e v a p o r a t i n g f r o m 

so l id sul fur w a s s t r o n g l y d e p e n d e n t on the f o r m and p a s t h i s t o r y of the 

s a m p l e and t h a t , fo r e x a m p l e , a t l e a s t 200 000 c o U i s o n s of S m o l e c u l e s 
8 

w i th r h o m b i c su l fu r s u r f a c e s a r e n e c e s s a r y for the a t t a i n m e n t of 

e q u i l i b r i u m . A v e r y ef f ic ient c a t a l y s t (Al O ) for e q u i l i b r i u m w a s 

found and i t s p r o b a b l e m e c h a n i s m e s t a b l i s h e d . T h e s e f indings r e c o n c i l e 

a l a r g e a m o u n t of d i s c o r d a n t da t a of e a r l i e r w o r k e r s . 

1 
J . B e r k o w i t z and W. A. Chupka, J. Chem. P h y s . 4 0 , 287 -295 

(15 J a n u a r y 1964). 
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(4) N o r m a l - M o d e V i b r a t i o n s of the S^ M o l e c u l e 
D •—" 

J . B e r k o w i t z and W. A. Chupka 

Al though the p r e p a r a t i o n of p u r e but v e r y u n s t a b l e S in 

c r y s t a l s and so lu t i on h a s long b e e n k n o w n , no s u c c e s s f u l i n f r a r e d or 

R a m a n s tudy of t h i s m o l e c u l e h a s b e e n m a d e . A c o m p a r i s o n of the 

fo rce c o n s t a n t s of S^ wi th t h o s e of the s t ab l e and o f t - i n v e s t i g a t e d S 
6 8 

would be a v a l u a b l e a d d i t i o n to the c o m p a r i s o n of bond e n e r g i e s of S 
6 

and S ob ta ined in e a r l i e r t h e r m o d y n a m i c s t u d i e s . A n o r m a l - c o o r d i n a t e 
8 

a n a l y s i s of S w a s m a d e and the fo rce c o n s t a n t s of S w e r e u s e d to p r e d i c t 
6 8 

the n o r m a l - m o d e f r e q u e n c i e s of S . I n f r a r e d i n v e s t i g a t i o n s (with e q u i p m e n t 
6 

of t h e C h e m i s t r y D i v i s i o n ) led to the o b s e r v a t i o n of two of the t h r e e i n f r a r e d -

a c t i v e f r e q u e n c i e s w h i c h 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 . 

A t t e m p t s to ob ta in a R a m a n s p e c t r u m fa i led b e c a u s e the c o m m e r c i a l 

R a m a n a p p a r a t u s a v a i l a b l e u s e s a m e r c u r y l ine wh ich is s t r o n g l y a b s o r b e d 

by S . T e n t a t i v e p l ans have b e e n m a d e to u s e a l a s e r l ight s o u r c e for 

fu ture R a m a n w o r k on S . 
6 

1 
(5) V a p o r E j e c t e d by L a s e r L igh t F o c u s e d on V a r i o u s Sol ids 

J . B e r k o w i t z and W. A. Chupka 

One of the g o a l s of t h i s r e s e a r c h h a s b e e n to d e t e r m i n e 

w h e t h e r the m o l e c u l a r c o m p o s i t i o n of e j e c t e d v a p o r c o r r e s p o n d s to c h e m i c a l 

e q u i l i b r i u m a t t e m p e r a t u r e s diff icul t to a t t a i n in the s t e a d y s t a t e . The 

e x p e r i m e n t a l t e c h n i q u e invo lves pu l s ing a r u b y l a s e r , and focus ing the 

e m i t t e d l ight on a t a r g e t l oca t ed i n s i d e a m a s s s p e c t r o m e t e r . The n e u t r a l 

s p e c i e s e j e c t e d a r e t h e n ion ized by e l e c t r o n i m p a c t , m a s s a n a l y z e d , a n d 

d e t e c t e d by p h o t o g r a p h i n g an o s c i l l o s c o p e t r a c e . With the two m a t e r i a l s 

1 
J . B e r k o w i t z and W. A. C h u p k a , J . C h e m . P h y s . (May 1964). 
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s tud i ed t h u s far ( g r a p h i t e and b o r o n ) , the ev idence s u g g e s t s t ha t a m o l e c u l a r 

c o m p o s i t i o n c h a r a c t e r i s t i c of the s a t u r a t e d v a p o r a t ca . 4000 K would 

exp la in the r e s u l t s o b t a i n e d . With g r a p h i t e , m o l e c u l e s a s l a r g e a s C 

w e r e d e t e c t e d ; wi th b o r o n t a r g e t s , B w a s o b s e r v e d . If f u r t h e r s t u d i e s 
5 

c o n f i r m the e x i s t e n c e of c h e m i c a l e q u i l i b r i u m in the j e t , t h i s r e p r e s e n t s 

a m a j o r e x t e n s i o n of the r a n g e of p r e s s u r e and t e m p e r a t u r e o v e r wh ich the 

h i g h - t e m p e r a t u r e g a s - p h a s e b e h a v i o r of m a t t e r can be s t u d i e d . 

(6) O p t i c a l S p e c t r a of L a s e r - E j e c t e d J e t s 

J . B e r k o w i t z and W. A . Chupka 

In an a t t e m p t to u n d e r s t a n d the p h e n o m e n a o c c u r r i n g in the 

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

s t u d i e d p h o t o g r a p h i c a l l y and s p e c t r o g r a p h i c a l l y a s a funct ion of the a m b i e n t 

g a s . A g r a p h i t e j e t e j e c t e d in an e n v i r o n m e n t of a r g o n a t one a t m o s p h e r e 

w a s found to p r o d u c e c a . 100 t i m e s a s i n t e n s e an e m i s s i o n a s tha t in h e l i u m . 

The s p e c t r u n a c o n s i s t e d of the C Swan b a n d s and the 4050 A p s e u d o c o n t i n u u m 
o 

of C , wi th a n o t h e r c o n t i n u u m c e n t e r e d a r o u n d 5 900 A. Of the v a r i o u s 

h y p o t h e s e s of fe red to e x p l a i n t h i s d i s p a r i t y in l ight e m i s s i o n , the m o s t 

p l a u s i b l e a t the m o m e n t i n v o l v e s the p r e f e r e n t i a l cool ing of v i b r a t i o n a l 

e x c i t a t i o n in c a r b o n s p e c i e s by h e l i u m , r e l a t i v e to a r g o n . The unquenched 

m o l e c u l e s can then c o n v e r t v i b r a t i o n a l e x c i t a t i o n to e l e c t r o n i c e x c i t a t i o n in 

c o l l i s i o n ; t h i s r e s u l t s in a h i g h e r a p p a r e n t e x c i t a t i o n in an a r g o n e n v i r o n m e n t . 

An e a r l i e r s p e c t r o g r a p h i c o b s e r v a t i o n of the g r a p h i t e j e t in 

a i r r e v e a l e d the p r e s e n c e of i n t e n s e CN b a n d s . R e c e n t w o r k a t t h i s l a b o r a ­

t o r y h a s shown (surpr is ingly) t h a t oxygen i s a n e c e s s a r y i n g r e d i e n t for the 

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

a s a too l for p r o d u c t i o n of c e r t a i n s p e c t r a and p o s s i b l y for the s tudy of s o m e 

h i g h - t e m p e r a t u r e c h e m i c a l r e a c t i o n s . 
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III - 1 .2 . A t o m i c and Ionic Impact Phenomena on Metal Surfaces 

M. K a m i n s k y 

(1) Channe l ing of E n e r g e t i c R e c o i l A t o m s in fee M o n o c r y s t a l s 

The e x i s t e n c e of p r e f e r r e d e j ec t i on d i r e c t i o n s m the b a c k -

s p u t t e r i n g of t a r g e t p a r t i c l e s f r o m m o n o c r y s t a l s u n d e r ion i m p a c t in the 
1 

R u t h e r f o r d c o l l i s i o n r e g i o n ( r e p o r t e d t e n t a t i v e l y e a r l i e r ) has been fully 

e s t a b l i s h e d . Such s t u d i e s in the R u t h e r f o r d c o l l i s i o n r e g i o n a l low the 

f i r s t s ign i f i can t check on the d i f f e ren t s u g g e s t e d t y p e s of a t o m i c co l l i s i on 

s e q u e n c e s ( e . g . , h a r d - s p h e r e c o l l i s i o n c h a i n , l en s f o c u s i n g , channe l ing) 

s i n c e the m e a n f r ee pa th X for the p r o d u c t i o n of the f i r s t p r i m a r y k n o c k -

on b e c o m e s c o m p a r a b l e to o r even l a r g e r than the e s t i m a t e d r a n g e s of 

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

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

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

f rom the (100) and (111) p l a n e s of c o p p e r and s i l v e r m o n o c r y s t a l s unde r 

b o m b a r d m e n t by 0. 1—2-MeV d e u t e r o n s a t v a r i o u s a n g l e s of i n c i d e n c e r e v e a l 

a p a t t e r n of spo t s a long the [ 1 1 0 ] , [ 1 0 0 ] , and [112 ] d i r e c t i o n s ( F i g . I l l - 1 - a ) , 

the d e n s i t i e s of the d e p o s i t s d e c r e a s i n g in t ha t o r d e r (in c o n t r a s t to low-

e n e r g y s p u t t e r i n g ) . T h e s e r e s u l t s a g r e e wi th the t h e o r e t i c a l l y e x p e c t e d 

d e c r e a s e in the e f f e c t i v e n e s s of channe l ing of e n e r g e t i c r e c o i l a t o m s in fee 

m e t a l s and i n d i c a t e t h a t the l e n s - f o c u s i n g m e c h a n i s m and the h a r d - s p h e r e 
2 

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

1 
M. K a m i n s k y , P h y s . R e v . 126 , 1267 (1962) . 

2 

M. K a m i n s k y , A t o m i c and Ionic I m p a c t P h e n o m e n a on M e t a l S u r f a c e s , 
M o n o g r a p h 25 in the s e r i e s " S t r u k t u r und E i g e n s c h a f t e n d e r M a t e r i e , " 
( S p r i n g e r , V e r l a g , H e i d e l b e r g , B e r l i n ) , in p r e s s . 
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F i g . I l l - l - a . P a t t e r n s of p r e f e r e n t i a l e j e c t i o n for s p u t t e r e d p a r t i c l e s : 
l e f t , for a (100) p lane of Cu b o m b a r d e d by 125-keV d e u t e r o n s i n c i d e n t 
a t 4 5 ° f r o m the n o r m a l ; r i g h t , for a ( H I ) p lane of Ag b o m b a r d e d by 
125-keV d e u t e r o n s i n c i d e n t a t 3 0 ° . In the p h o t o g r a p h s of the d e p o s i t s , 
the p a t t e r n s t o the left of the do t t ed l i n e s a r e due to bo th ions and 
n e u t r a l s ; t h o s e to the r i g h t a r e due to n e u t r a l p a r t i c l e s only . The 
n u m b e r s in b r a c k e t s i n d i c a t e the c r y s t a l l o g r a p h i c d i r e c t i o n s a long 
which the p a r t i c l e s a r e e j e c t e d . The o the r spo t s i n d i c a t e d in the 
s t e r e o g r a p h i c p r o j e c t i o n s a r e faint bu t can be s e e n on the o r i g i n a l 
n e g a t i v e . 

T h e s e e x p e r i m e n t s wi l l be ex tended to o the r fee and b c c 

m e t a l s for v a r i o u s t y p e s of i n c i d e n t ions to e s t a b l i s h the r e l a t i v e i m p o r ­

t a n c e of the v a r i o u s t ypes of a t o m i c co l l i s i on s e q u e n c e s . A l s o , the 

s t u d i e s wi l l be ex tended to t r a n s m i s s i o n - s p u t t e r i n g e x p e r i m e n t s of e v a ­

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

(2) S tud ies of the S p u t t e r i n g R a t i o and the Ionic E t c h i n g of M o n o -
c r y s t a l s by Ion I m p a c t 

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

ion e n e r g y ( F i g . I l l - l - b ) , the ang le of i n c i d e n c e , and the c r y s t a l s t r u c t u r e 

of the t a r g e t h a s b e e n i n v e s t i g a t e d in the R u t h e r f o r d co l l i s i on r e g i o n wi th 

an e x p e r i m e n t a l t e chn ique d e s c r i b e d e a r l i e r . T h e s e e x p e r i m e n t s p r o ­

v ide the f i r s t a d e q u a t e t e s t of v a r i o u s t h e o r e t i c a l m o d e l s to exp la in back 

s p u t t e r i n g in th i s e n e r g y r e g i o n . 

E l e c t r o n m i c r o s c o p e s tudies of the target s u r f a c e s after 
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F i g . l l l - l - b . C o m p a r i s o n of the 
c a l c u l a t e d s p u t t e r i n g r a t i o s 
wi th t h o s e d e t e r m i n e d e x p e r i ­
m e n t a l l y by b o m b a r d i n g the 
(100) p l a n e s of Cu and Ag m o n o -
c r y s t a l s -with d e u t e r o n s at n o r ­
m a l i n c i d e n c e and -with e n e r g i e s 
in the R u t h e r f o r d c o l l i s i o n 
r e g i o n . The e x p e r i m e n t a l 
po in ts a r e c o n n e c t e d by d a s h e d 
l i n e s ; the so l id l i n e s r e p r e s e n t 
v a r i o u s t h e o r e t i c a l p r e d i c t i o n s . 

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

p i t s and showed tha t the ionic a t t a c k i s g r e a t e r in c l o s e - p a c k e d c r y s t a l 

p l a n e s . 

With the a id of the newly i n s t a l l e d 2-MeV Van de Graaf f , 

the s tudy of the s p u t t e r i n g r a t i o wi l l be ex t ended ove r the e n e r g y r e g i o n 

150 < E < 500 k e V , w h e r e t h e r e is now a gap in the d a t a . 

(3) S p e c i e s of P a r t i c l e s Leav ing a M o n o c r y s t a l l i n e T a r g e t in a 
C h a r g e d o r U n c h a r g e d S ta te u n d e r H i g h - E n e r g y Ion B o m -
b a r d m e n t 

A p o r t a b l e m a s s s p e c t r o m e t e r (MA-27) h a s b e e n u s e d in 

conjunct ion wi th a 4 . 5 -MeV Van de Graa f f a c c e l e r a t o r and a Cockro f t -

Wal ton g e n e r a t o r to d e t e r m i n e the s p e c i e s of p a r t i c l e s l eav ing the (110) 

and (100) p l a n e s of m o n o c r y s t a l s of coppe r and s i l v e r u n d e r the i m p a c t 

of p r o t o n s , d e u t e r o n s , and He ions in the e n e r g y r a n g e f r o m 0. 1—0.25 

MeV and f r o m 0. 7 to 2. 0 MeV. The i n t e n s i t y of v a r i o u s n e u t r a l m o l e ­

c u l a r s p e c i e s ( s u c h a s Cu and CuO) h a s b e e n d e t e r m i n e d r e l a t i v e to 

the a t o m i c s p e c i e s . In a d d i t i o n , s i n g l y - c h a r g e d Cu ions have been 

o b s e r v e d , b u t no m u l t i p l y - c h a r g e d ions could be d e t e c t e d . The r a t i o of 

p a r t i c l e s s p u t t e r e d a s pos i t i ve ions to t h o s e a s n e u t r a l s w a s d e t e r m i n e d 

E(MeV) 



(1) m a s s s p e c t r o m e t r i c a l l y , (2) by a u t o r a d i o g r a p h i c c o m p a r i s o n , and (3) 

f r o m a d d i t i o n a l m e a s u r e m e n t s of the e m i t t e d s e c o n d a r y ions and t h e i r 

d i s t r i b u t i o n s in ang le and e n e r g y . The r e s u l t s w e r e i n t e i p r e t e d in t e r m s 

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

s t a t i o n a r y l a t t i c e a t o m s . 

(4) S e c o n d a r y - E l e c t r o n and S e c o n d a r y - I o n E m i s s i o n f r o m M e t a l 
M o n o c r y s t a l P l a n e s u n d e r Ion I m p a c t in the R u t h e r f o r d C o l l i s i o n 
R e g i o n 

Bo th the s e c o n d a r y - e l e c t r o n yie ld y and the s e c o n d a r y - i o n 

y i e ld g for the (100) p l a n e s of c o p p e r and s i l v e r m o n o c r y s t a l s b o m b a r d e d 

by p r o t o n s and d e u t e r o n s have b e e n m e a s u r e d a s a funct ion of the ang le of 

i n c i d e n c e a and of the bonnbard ing e n e r g y in the r a n g e 0. 10 — 0. 15 MeV and 

0. 5 — 2. 0 M e V . In t h e s e e n e r g y r e g i o n s the y ie ld y d e c r e a s e s wi th i n c r e a s i n g 

e n e r g y of the i n c i d e n t ion . The da ta i nd i ca t e a c lo se r e l a t i o n s h i p b e t w e e n 

"Y(V) and cr. (v ) , w h e r e v i s the v e l o c i t y of the i n c i d e n t ion and a. i s the c r o s s 

s e c t i o n for ion iz ing a l a t t i c e a t o m . The funct ion y(a) a p p e a r s to have m i n i m a 

a t t he a n g l e s for w h i c h channe l ing of the i n c i d e n t b e a m is m o s t e f fec t ive 

and m a x i m a a t a n g l e s a t w h i c h t h e r e i s m a x i m u m d e n s i t y of l a t t i c e po in t s 

p r o j e c t e d onto the s u r f a c e p l a n e . P r e l i m i n a r y e x p e r i m e n t s i n d i c a t e a 

s i m i l a r a n g u l a r d e p e n d e n c e for the ion y ie ld g(a,). The s t u d i e s of the func­

t i o n s y ( E , a ) and g ( E , a ) wi l l be con t inued wi th an i m p r o v e d c o l l e c t o r s y s t e m 

whict i wi l l a l s o a l low a b e t t e r d e t e r m i n a t i o n of the a n g u l a r d i s t r i b u t i o n of 

s e c o n d a r y e l e c t r o n s and s e c o n d a r y i o n s . 

(5) S tud i e s wi th a P u l s e d - M o l e c u l a r - B e a m M a s s S p e c t r o m e t e r 

In t h e s e e x p e r i m e n t s modu].ated a t o m i c b e a m s c o n s i s t i n g p r e ­

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

wi th t h e r m a l e n e r g i e s on h e a t e d a t o m i c a l l y - c l e a n s u r f a c e s of po lyc rys i : a l l ine 
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1 
and m o n o c r y s t a l l i n e t u n g s t e n . The e x p e r i m e n t a l a r r a n g e m e n t a l l ows the 

d i r e c t d e t e r m i n a t i o n of the d e s o r p t i o n p r o b a b i l i t i e s ( i n v e r s e of the m e a n 

a b s o r p t i o n l i f e t ime) of the r u b i d i u m a t o m s and ions f r o m the t u n g s t e n s u r f a c e 

and the m e a s u r e m e n t of the i o n i z a t i o n d e g r e e . The e x p e r i m e n t s a r e p e r ­

f o r m e d for v a r i o u s s u r f a c e t e m p e r a t u r e s to a l low the d e t e r m i n a t i o n of the 

d e s o r p t i o n e n e r g i e s for the a t o m s and i o n s , which in t u r n lead to a d e t e r ­

m i n a t i o n of the a c t i v a t i o n e n e r g y for the c h a r g e - t r a n s f e r p r o c e s s b e t w e e n 
2 

a d a t o m and s u r f a c e . F o r e a c h b e a m t e m p e r a t u r e u s e d , the i n t e n s i t y of 
12 , 1 6 . , , 

the i n c i d e n t b e a m is v a r i e d b e t w e e n a p p r o x i m a t e l y 10 and 10 p a r t i c l e s / 

c m to s t u d y how the s u r f a c e c o v e r a g e by the b e a m m a t e r i a l i t s e l f a f fec t s 

the d e s o r p t i o n p r o b a b i l i t i e s . B o t h the c o m p o s i t i o n of the i nc iden t b e a m and 

a l s o the a t o m i c and m o l e c u l a r s p e c i e s of p a r t i c l e s d e s o r b i n g f r o m the t a r ­

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

1 
M. K a m i n s k y , P h y s . V e r h a n d l u n g 1-2 , 60 (1962) . 

2 
M. K a m i n s k y , A d v a n c e d E n e r g y C o n v e r s i o n 3 , 255 (1963). 

Ill - 1 .3 . I n s t a l l a t i o n and Mod i f i ca t i on of a 2 -MeV Van de Graaff and an 
A s s o c i a t e d B e a m - H a n d l i n g S y s t e m 

M. K a m i n s k y and J . R. W a l l a c e 

An e l e c t r o n a c c e l e r a t o r sh ipped f r o m N o t r e D a m e U n i v e r s i t y 

in the s u m m e r of 1963 h a s b e e n c o n v e r t e d in to a p o s i t i v e - i o n m a c h i n e in 

o r d e r to a id in ou r s t u d i e s of i m p a c t p h e n o m e n a of e n e r g e t i c ions and n e u ­

t r a l a t o m s (af ter c h a r g e e x c h a n g e ) on s o l i d s and of r a d i a t i o n d a m a g e effects 

in s o l i d s . The new m a c h i n e f i l l s the e n e r g y gap b e t w e e n the C o c k c r o f t -

Wal ton g e n e r a t o r s and the Van de G r a a f f a c c e l e r a t o r s a l r e a d y in o p e r a t i o n 

a t A r g o n n e . J . R. W a l l a c e , W. F . E v a n s , and G. Schu l t z have bu i l t an rf ion 

s o u r c e for the m a c h i n e . A p o s i t i v e - i o n tube w a s i n s t a l l e d , the focus ing 

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



roomis w e r e c o n s t r u c t e d . P r e l i m i n a r y t e s t s in M a r c h 1964 i n d i c a t e d 

tha t a 70-p.A m a s s - a n a l y z e d p r o t o n b e a m could be d e l i v e r e d o v e r the 

e n e r g y r a n g e f r o m 0. 175 to 1. 5 MeV; a b e t t e r t u n e - u p i s e x p e c t e d to 

give c o n s i d e r a b l y h i g h e r t a r g e t c u r r e n t s . F o r e x p e r i m e n t s on back 

s p u t t e r i n g and t r a n s m i s s i o n s p u t t e r i n g , the p lanned c o n s t r u c t i o n of a 

s u r f a c e - i o n i z a t i o n s o u r c e to p r o d u c e a lka l i and a l k a l i n e e a r t h ions -will 

allo-w the i n c i d e n t ions to be v a r i e d o v e r a -wide r a n g e of m a s s and 

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

A t e m p o r a r y b e a m - h a n d l i n g s y s t e m (F ig . I I I - l - c ) is being 

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

F i g . I I I - l - c . The 2 -MeV Van de Graaff with the t emporary b e a m -
hand l ing s y s t e m . 
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by m a s s - a n a l y z e d d e u t e r o n s . B e a m c u r r e n t s up to 22 pA a t e n e r g i e s a s 

low a s 150 keV have b e e n focused on a t a r g e t spo t 1.5 m m in d i a m e t e r . 

A b e a m - h a n d l i n g s y s t e m p u r c h a s e d f r o m the High Vol t age E n g i n e e r i n g 

C o r p . is to be d e l i v e r e d in M a y . It c o n s i s t s of a d o u b l e - f o c u s i n g a n a ­

lyz ing m a g n e t , two m a g n e t i c a l t e r n a t i n g - g r a d i e n t l e n s e s , an e l e c t r o ­

s t a t i c b e a m - s t e e r i n g s y s t e m , and the a s s o c i a t e d s l i t s y s t e m s , v i e w e r s , 

p o w e r s u p p l i e s , and c o n t r o l s . It i s d e s i g n e d to handle b e a m s ove r the 

r a n g e f r o m 150-keV p r o t o n s to 1-MeV Cs ions -with a m a s s r e s o l u t i o n 

M / ^ M = 200 a t 10% of the peak he igh t and to focus the b e a m on a spot 

abou t 2 m m in d i a m e t e r . A p p r o x i m a t e l y 90% of the b e a m p a s s i n g the 
2 

e n t r a n c e s l i t i s to be focused on an a r e a of about 3. 1 m m on the t a r g e t . 

To i n c r e a s e the t r a n s m i s s i o n of the ion b e a m , i t i s p l anned to i n s t a l l a 

q u a d r u p o l e l ens b e t w e e n the ex i t p o r t of the Van de Graa f f and the e n t r a n c e 

s l i t of the a n a l y z i n g m a g n e t , and the a c c e l e r a t i o n tube m a y have to be 

m o d i f i e d o r r e p l a c e d for the h e a v y - i o n a c c e l e r a t i o n . 

I l l - 1 .4 . F r a g m e n t a t i o n of H y d r o c a r b o n s ( P r o j e c t 11-40) 

H. E . S tan ton and J . E . Monahan 

E x i s t i n g t h e o r i e s c o n c e r n e d with the f r a g m e n t a t i o n of o r g a n i c 

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

p a r t e d by the e l e c t r o n s a m o n g the v a r i o u s m o d e s of e x c i t a t i o n of the 

m o l e c u l e . The e n e r g y t h e n b e c o m e s r a n d o m i z e d in the m o l e c u l e and t h e 

p r o b l e m m a y be t r e a t e d a s a s y s t e m in e q u i l i b r i u m . 

It a p p e a r s t ha t so rae of t h e b a s i c c o n c e p t s m a y r e q u i r e 

s o m e r e v i s i o n a s a r e s u l t of s t u d i e s of m o l e c u l a r f r a g m e n t a t i o n with 

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

c a r b o n m o l e c u l e s -was m e a s u r e d for e n e r g i e s of b o m b a r d i n g e l e c t r o n s 

f r o m abou t 150 eV to o v e r 2000 eV and the v a r i o u s f r a g m e n t y i e l d s w e r e 

e x a m i n e d a s a func t ion of t h i s e n e r g y . It w a s found t h a t t-wo c l a s s e s of 



f r a g m e n t s w e r e def ined by th i s e n e r g y d e p e n d e n c e of t h e i r y i e l d s . One 

c l a s s , -which w a s m o r e n u m e r o u s and c o n t a i n e d f r a g m e n t s -with o r d i n a r i l y 

l a r g e r y i e l d s , d e c r e a s e d l e s s r a p i d l y -with e l e c t r o n e n e r g y than the o the r 

•which c o m p r i s e d the ions wi th s m a l l e r y i e l d s . The f o r m e r c l a s s c o r r e s ­

ponded to f r a g m e n t s f o r m e d in t r a n s i t i o n s c h a r a c t e r i z e d by d ipo le coup l ing 

bet-ween the i n i t i a l and f inal s t a t e s -whereas the c o r r e s p o n d i n g m a t r i x 

e l e m e n t for the o t h e r s w a s z e r o . If t h i s i n t e r p r e t a t i o n i s c o r r e c t , the 

i n i t i a l m o l e c u l e - i o n m a y be f o r m e d in e i t h e r one of t-wo p o s s i b l e c l a s s e s 

of n o n i n t e r a c t i n g e x c i t e d s t a t e s . C o m p l e t e i n t e r c h a n g e of e n e r g y bet-ween 

t h e s e two s e t s of s t a t e s wou ld , t h e r e f o r e , be i n h i b i t e d . 
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111 - 2. H I G H - F R E Q U E N C Y PLASMAS 

The c e n t r a l p u r p o s e of t h i s r e s e a r c h i s to a d v a n c e the 
u n d e r s t a n d i n g of the b a s i c p r o p e r t i e s of l o w - p r e s s u r e g a s e o u s d i s c h a r g e s 
and p l a s m a s p r o d u c e d by h i g h - f r e q u e n c y f i e l d s . The d y n a m i c p r o p e r t i e s 
of a l l p l a s m a s — i r r e s p e c t i v e of the m e a n s of e x c i t a t i o n — a r e m a n i f e s t e d 
by s e v e r a l r e s o n a n t and cutoff f r e q u e n c i e s in the m e g a c y c l e and g i g a c y c l e 
r a n g e . Al though the u n u s u a l c o o p e r a t i v e p h e n o m e n a in h i g h - f r e q u e n c y 
p l a s m a s wi l l have t e c h n o l o g i c a l a p p l i c a t i o n s invo lv ing e x c i t a t i o n , h e a t i n g , 
and c o n t a i n m e n t , t h e p r i m i t i v e s t a t e of p r e s e n t knowledge of t h e s e 
p h e n o m e n a d e m a n d s tha t c u r r e n t e m p h a s i s be p l a c e d m a i n l y on the b a s i c 
d y n a m i c a l p r o c e s s e s p e r s e . 

The tv/o l i ne s a long which the p l a s m a r e s e a r c h a t A r g o n n e 
is p r o c e e d i n g a r e (1) t h e 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 tudy of p l a s m a s 
p r o d u c e d in the a p p r o x i m a t e l y u n i f o r m e l e c t r i c f ield bet-ween p lane p a r a l l e l 
e l e c t r o d e s , and (Z) 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 s tudy of p l a s m a s 
p r o d u c e d in the n o n u n i f o r m s t a n d i n g - w a v e e l e c t r o m a g n e t i c f ie lds in 
r e s o n a n t c a v i t i e s . The d y n a m i c p r o p e r t i e s of u n d e r l y i n g i n t e r e s t in the 
p r e s e n t w o r k a r e the L a n g m u i r - T o n k s f r e q u e n c y for c o o p e r a t i v e l ong i tud ina l 
e l e c t r o n p l a s m a o s c i l l a t i o n s , and the a s s o c i a t e d cutoff e l e c t r o n d e n s i t y 
a b o v e •which f ie ld p e n e t r a t i o n in to the p l a s m a i s h igh ly a t t e n u a t e d . All of 
the e x p e r i m e n t a l -work is p e r f o r m e d in a ne-wly i n s t a l l e d r f - s h i e l d e d r o o m 
16 ft X 24 ft X 8 ft h i g h . 

I l l - 2. 1. P l a s m a s in U n i f o r m E l e c t r i c F i e l d s 

A. J . H a t c h , R. J . F r e i b e r g , and S. V. P a r a n j a p e 

Th i s i s a c o m p r e h e n s i v e c o m p a r a t i v e s tudy of the e ight 

kno-wn t y p e s of d i s c h a r g e s a n d p l a s m a s o b s e r v e d to o c c u r -within a 6 - d e c a d e 

p r e s s u r e r a n g e tha t i n c l u d e s the c o l l i s i o n - f r e q u e n c y t r a n s i t i o n ( i . e . , the 

p r e s s u r e a t w h i c h the c o l l i s i o n f r e q u e n c y e q u a l s the r a d i a n f r e q u e n c y of 

the a p p l i e d f i e ld ) . The p lasmias a r e p r o d u c e d in a i r bet-ween p l ane p a r a l l e l 

m e t a l e l e c t r o d e s 25 c m in d i a m e t e r and 15 c m a p a r t at a f r e q u e n c y of 

15 M c / s e c . A r e c e n t r e s u l t sho-wn in F i g . I I I - 2 - a is the f i r s t m e a s u r e ­

m e n t of the c o m p l e x a d m i t t a n c e of the v a r i o u s t y p e s of d i s c h a r g e , a l l a t 

a p p r o x i m a t e l y c o n s t a n t input rf p o w e r . Of m a j o r i n t e r e s t h e r e a r e the 
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F i g . I I I - 2 - a . A d m i t t a n c e c o m p o n e n t s of h i g h - f r e q u e n c y d i s c h a r g e s and 
p l a s m a s , n o r m a l i z e d to s u s c e p t a n c e of e l e c t r o d e s wi thout p l a s m a . 
C o n d u c t a n c e i n d i c a t e d by open c i r c l e s ; s u s c e p t a n c e i nd i ca t ed by 
c r o s s e s . 

l a r g e p o s i t i v e v a l u e s of s u s c e p t a n c e and the a s s o c i a t e d l a r g e v a l u e s of 
-4 

ef fect ive d i e l e c t r i c c o n s t a n t K a t p r e s s u r e s above 2 X 1 0 T o r r . The 

s ign i f i c ance of th i s r e s u l t is tha t it h e l p s to c l a r i fy a 4 0 - y e a r c o n t r o v e r s y 

tha t i s no-w s e e n to h inge m a i n l y on the h i t h e r t o u n a p p r e c i a t e d d i s t i nc t i on 

bet-ween the i n t r i n s i c /c ̂  1 of a f r ee e l e c t r o n p l a s m a and the effect ive 

K > 1 of a q u a s i - b o u n d e l e c t r o n p l a s m a . The m e c h a n i s m involved a p p e a r s 

to be the f o r c e d c o o p e r a t i v e a x i a l o s c i l l a t i o n s of e l e c t r o n s bound to the 

c e n t r a l p l a s m a by s p a c e c h a r g e in the s u r r o u n d i n g s h e a t h r e g i o n s . 

O the r p h a s e s of the r e s e a r c h in p r e l i m i n a r y s t a g e s inc lude 

(a) p h o t o g r a p h i c s t u d i e s of the v i s i b l e s t r u c t u r e of the d i s c h a r g e s a s 
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r e l a t e d to i n t e r n a l p r o p e r t i e s , ^ and (b) dc and rf p r o b e s t u d i e s of e l e c t r i c 

f i e ld s , ^ e l e c t r o n t e m p e r a t u r e s , and e l e c t r o n and ion d e n s i t i e s . In add i t i on , 

a t h e o r e t i c a l s tudy begun d u r i n g the p a s t y e a r h a s as i t s goal t h e m a c h i n e 

c o m p u t a t i o n of admi i t t ance for f r e e e l e c t r o n s and for q u a s i - b o u n d e l e c t r o n s , 

both a s a funct ion of a wide r a n g e of the s ign i f i can t p a r a m e t e r s of e l e c t r o n 

d e n s i t y and c o l l i s i o n f r e q u e n c y . A new u l t r a - h i g h - v a c u u m s y s t e m now 

n e a r i n g c o m p l e t i o n wi l l p e r m i t m e a s u r e m e n t s to be m a d e in p u r e g a s e s 

r a t h e r t h a n in a i r . 

I l l - 2 . 2 . P l a s n a a s in N o n u n i f o r m (Cavi ty) E l e c t r o m a g n e t i c F i e l d s 

A. J . H a t c h 

A new fac i l i t y for the s tudy of d i s c h a r g e s and p l a s m a s in 

the n o n u n i f o r m s t a n d i n g - w a v e f i e lds of r e s o n a n t c a v i t i e s is e x p e c t e d to 

c o m e in to o p e r a t i o n by m i d - 1 9 6 4 . Th i s f ac i l i ty i n c l u d e s a tunab le 

2 -kW CW 4 - c a v i t y k l y s t r o n p o w e r a m p l i f i e r wh ich wi l l exc i t e p l a s m a s 

in c o p p e r - l i n e d c y l i n d r i c a l c a v i t i e s in t h e U H F f r e q u e n c y r a n g e f r o m 

610 to 985 M c / s e c . The f i r s t o b s e r v a t i o n s wi l l be t h e s y s t e m a t i c 

e x p l o r a t i o n and m a p p i n g of t h e d o m a i n s of v i s i b l y d i s t i n g u i s h a b l e p l a s m a 

p h e n o m e n a a s a funct ion of input rf p o w e r and gas p r e s s u r e , and the 

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

Spec i a l a t t e n t i o n wi l l be g iven to c o h e r e n t r a d i a t i o n p r e s s u r e c a u s e d by 

g r a d i e n t s in t h e s t a n d i n g - w a v e e l e c t r o m a g n e t i c f ie lds and to i n d i c a t i o n s 

of p l a s m a c o n t a i n m e n t n e a r the c e n t r a l noda l po in t s in q u a d r u p o l e m o d e s . ^ 

The p o t e n t i a l - w e l l t h e o r y of r a d i a t i o n p r e s s u r e c o n t a i n m e n t 

of d e n s e p l a s m a s h a s r e c e n t l y b e e n app l i ed to the r e l a t e d p r o b l e m of 

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

^A. J . H a t c h , P r o c e e d i n g s of the F i f th I n t e r n a t i o n a l C o n f e r e n c e on 
I o n i z a t i o n P h e n o m e n a in G a s e s (Nor th Hol land P u b l i s h i n g Co. , A m s t e r d a m , 
1962) , Vol . I , p . 748 . 

^ A . J . H a t c h , U . S . P a t e n t No . 3 , 1 2 0 , 4 7 7 , F e b r u a r y , 1964. 
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IV. P U B L I C A T I O N S F R O M 1 A P R I L 1963 THROUGH 31 MARCH 1964 

The p a p e r s l i s t e d h e r e a r e t h o s e -whose p u b l i c a t i o n -was no ted 
by the r e p o r t i n g uni t of the L a b o r a t o r y in the 1 -yea r p e r i o d s t a t e d a b o v e . The 
d a t e s on the j o u r n a l s t h e r e f o r e a r e often e a r l i e r . The l i s t of p a p e r s and 
books i n c l u d e s l e t t e r s and n o t e s , t he l i s t of a b s t r a c t s i n c l u d e s a l l p a p e r s 
p r e s e n t e d at m e e t i n g s — e v e n in c a s e s in which the c o m p l e t e text w a s 
p u b l i s h e d in a volunne of p r o c e e d i n g s . 

IV - 1. P U B L I S H E D P A P E R S AND BOOKS 

1. DISTRIBUTION O F P A R T I A L RADIATION WIDTHS 
L M, B o l l i n g e r , R. E . C o t e , R. T. C a r p e n t e r , and J . P . M a r i o n 

P h y s . R e v . 132, 1640-1662 (15 N o v e m b e r 1963). 

2. S L O W - N E U T R O N C A P T U R E GAMMA RAYS IN Hg^oo 
R E . S e g e l , R. K. Smii ther , and R. T . C a r p e n t e r 

P h y s . R e v . 131' B 5 8 3 - B 5 9 0 (10 F e b r u a r y 1964). 

3. D O U B L E ISOMERISM IN As' '3 
H. H. Bo lo t in 

P h y s . R e v . 1 3 1 , 774-777 (15 Ju ly 1963). 

4 . P R O P E R T I E S O F C A P T U R E GAMMA-RAY S P E C T R A O F s -WAVE 
AND p - W A V E R E S O N A N C E S IN Z r , Nb , AND Mo 

H. E . J a c k s o n 
P h y s . R e v . n j ^ , 2153 -2162 (1 S e p t e m b e r 1963). 

5. T O T A L RADIATION WIDTHS F O R s - W A V E AND p - W A V E N E U T R O N 
C A P T U R E IN Nb9 3 

H. E . J a c k s o n 
P h y s . R e v . L e t t e r s n_, 378-380 (15 O c t o b e r 1963). 
E R R A T U M : P h y s . R e v , L e t t e r s n_, 488 (15 N o v e m b e r 1963). 

6. ON THE L I F E T I M E OF T H E O D D - P A R I T Y L E V E L IN ^^^Nd 
P . R i c e - E v a n s 

P r o c . P h y s . Soc . (London) 82 , 914-917 (1 D e c e m b e r 1963). 

7. N O N L O C A L O P T I C A L - M O D E L ANALYSIS O F N E U T R O N S C A T T E R I N G 
F R O M N U C L E I NEAR A = 100 AT E N E R G I E S BELOW 1 MEV 

A. J El-wyn, R . O. L a n e , A. L a n g s d o r f , J r . , and J . E . Monahan 
P h y s . R e v . 133 , B 8 0 - B 9 3 (13 J a n u a r y 1964). 
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8. P O L A R I Z A T I O N AND D I F F E R E N T I A L CROSS SECTION O F N E U T R O N S 
S C A T T E R E D F R O M Be^: P A R I T I E S OF THE 7 . 3 7 - AND 7 . 5 4 - M E V 
S T A T E S IN Beio 

R. O. L a n e , A. J . E l w y n , and A . Langsdo r f , J r . 
P h y s . R e v . 133, B 4 0 9 - B 4 1 9 (27 J a n u a r y 1964). 

9, N U C L E A R L E V E L S OF F^ o 
C. T. Hibdon 

P h y s . R e v . 133 , B 3 5 3 - B 3 6 9 (27 J a n u a r y 1964). 

10. ( n ,2n ) R E A C T I O N CROSS SECTIONS F R O M 12 TO 19 .6 MEV 
L. A. R a y b u r n 

P h y s . R e v . 130, 7 3 1 - 7 3 4 (15 A p r i l 1963). 

11 . 3. 8 6 - M E V L E V E L IN p i •̂  
R. E . Sege l , P . P . S ingh, R. G. A l i a s , and S. S. Hanna 

P h y s . R e v . L e t t e r s j ^ , 345-347 (15 A p r i l 1963). 

12. T E C H N I Q U E S F O R T H E STUDY O F RADIATIVE A L P H A - C A P T U R E 
R E A C T I O N S 

J . A. W e i n m a n 
N u c l . I n s t r . M e t h o d s 2A, 390 -394 (Oc tobe r 1963). 

13. THE EFFECT OF TARGET THICKNESS AND BEAM STRAGGLING ON 
THE MAGNITUDE OF RESONANCES IN ELASTIC SCATTERING EX­
PERIMENTS 

J. A. Weinman 
N u c l . I n s t r . M e t h o d s 21_, 1 8 1 - 1 8 2 ( 1 9 6 3 ) . 

14. S T A T E S IN Si^ 8 WITH 12 .7 < E < 13. 7 MEV BY (a, y) AND (a, a) 
R E A C T I O N S ON Mg2 ^ ^ 

J . A. Weinnnan, L . M e y e r - S c h u t z m e i s t e r , and L. L . L e e , J r . 
P h y s . R e v . 133, B 5 9 0 - B 5 9 7 (10 F e b r u a r y 1964). 

15. THE OBSERVATION OF Be^ IN THE GROUND STATE 
J . A. W e i n m a n and R. K. S m i t h e r 

N u c l . P h y s . 4 5 , 2 6 0 - 2 7 2 (1963). 

16. A T E S T OF T H E S T A T I S T I C A L N A T U R E O F F L U C T U A T I O N S IN 
N U C L E A R CROSS SECTIONS 

L. L. L e e , J r . , and J . P . Schiffer 
P h y s . L e t t e r s 4 , 104-105 (15 M a r c h 1963). 



M E A S U R E M E N T OF SPINS O F SOME S T A T E S IN Ca^i 
L. L. L e e , J r . , J . P . Sch i f f e r , and D. S. G e m m e l l 

P h y s . R e v . L e t t e r s j_0, 4 9 6 - 4 9 8 (1 J u n e 1963). 

E X P E R I M E N T A L E V I D E N C E F O R THE J D E P E N D E N C E O F T H E 
ANGULAR DISTRIBUTION F R O M (d ,p) R E A C T I O N S 

L. L. L e e , J r . , and J . P . Schiffer 
P h y s . R e v . L e t t e r s _12_, 108-110 (27 J a n u a r y 1964). 

SEARCH F O R A P A R T I C L E - S T A B L E T E T R A N E U T R O N 
J . P . Schiffer and R. V a n d e n b o s c h 

P h y s . L e t t e r s 5_, 2 9 2 - 2 9 3 (15 Ju ly 1963). 

P R O T O N WIDTHS IN A D I F F U S E W E L L 
J . P . Schif fer 

N u c l . P h y s . 4 6 , 246 -250 (Ju ly 1963). 

THE P R E P A R A T I O N O F THIN S E L F - S U P P O R T I N G BORON FILMS 
J . R. E r s k i n e and D. S. G e m m e l l 

N u c l . I n s t r . M e t h o d s 24 , 397-398 ( O c t o b e r 1963). 

T H E Tai 81 ( d , p ) T a i 82 R E A C T I O N AND A BAND-MIXING ANALYSIS 
O F T H E O B S E R V E D E N E R G Y L E V E L S 

J . R. E r s k i n e and W. W. B u e c h n e r 
P h y s . R e v . 133 , B 3 7 0 - B 3 7 7 (27 J a n u a r y 1964). 

C O L L E C T I V E E X C I T A T I O N S IN Ni^s '6o ^62 ^ N D Zn^^ .66 ,68 
H. W. B r o e k 

P h y s . R e v . 130, 1914-1925 (1 J u n e 1963) . 

( d ,p ) R E A C T I O N ON THE TITANIUM I S O T O P E S 
J . L . Y n t e m a 

P h y s . R e v . 1 3 1 , 811 -817 (15 Ju ly 1963). 

S T E R E O S C O P I C T E L E V I S I O N SYSTEM 
W. J . O 'Ne i l l 

N u c l . I n s t r . M e t h o d s 24 , 4 5 - 4 8 (July 1963). 

N U C L E A R SPIN AND M A G N E T I C H Y P E R F I N E INTERACTION O F 
12-DAY Ge'^i 

W. J . C h i l d s and L. S. G o o d m a n 
P h y s . R e v . 1 3 1 , 2 4 5 - 2 5 0 (1 Ju ly 1963), 
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27. MAGNETIC H Y P E R F I N E I N T E R A C T I O N OF C r ^ ' 
W. J . C h i l d s , L. S. G o o d m a n , and D. von E h r e n s t e i n 

P h y s . R e v . 132, 2 1 2 8 - 2 1 3 5 (1 D e c e m b e r 1963). 

28 . D E T E R M I N A T I O N O F I S O T O P I C D I F F E R E N C E S IN MESIC X RAYS 
IN C A L C I U M ,_ _,̂  I 

H. L. Anderson,"~ C. S. Johnson, ' '~ E . P . H i n c k s , ! 3 . Raboy, 
and C. C. T r a i l 

P h y s . L e t t e r s 6_, 2 6 1 - 2 6 4 (15 S e p t e m b e r 1963). 

29. THE M O S S B A U E R EFFECT FOR Fe^^ IN BERYLLIUM, COPPER, 
TUNGSTEN, AND PLATINUM 

J . P . Sch i f fe r , P . N. P a r k s , and J . H e b e r l e 
P h y s . R e v . 133 , A1553-A1557 (16 M a r c h 1964). 

30. MOSSBAUER E F F E C T IN C H E M I C A L COMPOUNDS OF Xe^ ^ 9 
C. L . C h e r n i c k , C. E. J o h n s o n , J . G. M a l m , G. J . P e r l o w , 
and M. R. P e r l o w 

P h y s . L e t t e r s _5, 103-1 04 (1 5 June 1963). 

3 1 . STRONG M l TRANSITIONS IN LIGHT N U C L E I 
D. K u r a t h 

P h y s . R e v . 130, 1525-1529 (15 May 1963). 

32. P H A S E R E L A T I O N IN N U C L E A R S C A T T E R I N G 
D. R. Ing l i s 

N u c l . P h y s . 4 4 , 4 6 0 - 4 7 1 (Ju ly 1963). 

33 . T H E D E F O R M A T I O N E N E R G Y O F A CHARGED D R O P : P A R T V: 
R E S U L T S O F E L E C T R O N I C C O M P U T E R STUDIES 

S. Cohen and W. S w i a t e c k i ( L a w r e n c e R a d i a t i o n L a b o r a t o r y ) 
Ann. P h y s . 22_, 4 0 6 - 4 3 7 ( June 1963). 

34. C A L C U L A T I O N O F D E U T E R O N S T R I P P I N G A M P L I T U D E S USING 
S - M A T R I X R E D U C T I O N T E C H N I Q U E S 

A. M. S a p e r s t e i n 
P h y s . R e v . 130, 2 0 5 4 - 2 0 6 0 (1 J u n e 1963). 

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 n o i s . 

N a t i o n a l R e s e a r c h Counc i l of C a n a d a , O t t a w a , O n t a r i o , C a n a d a . 
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35 . S T A T I S T I C A L MECHANICS OF E Q U A L L Y LIKELY QUANTUM 
SYSTEMS 

N. R o s e n z w e i g 
Sec t ion II in S t a t i s t i c a l P h y s i c s by G. E . U h l e n b e c k , 
N. R o s e n z w e i g , A. F . S i e g e r t , E . J a y n e s , and S. F u j i t a 
(W. A. B e n j a m i n , I n c . , New Y o r k , J u n e 1963) , p p . 9 1 - 1 5 8 . 

36. ANOMALOUS STATISTICS O F P A R T I A L RADIATION WIDTHS 
N. Rosenz-weig 

P h y s . L e t t e r s 6, 123 - 1 25 (15 A u g u s t 1963). 

37. NOTE ON A CRUDE NUCLEON-NUCLEON POTENTIAL 
F . C o e s t e r and E. Yen ( U n i v e r s i t y of Iowa) 

Nuovo C i m e n t o 3_0, 674 (1963) . 

38 . AN S - S T A T E I N T E R A C T I O N WITH P A I R I N G - T Y P E P R O P E R T I E S 
IN THE N U C L E A R S H E L L M O D E L 

S. P . P a n d y a 
P h y s . L e t t e r s 7_, 3 4 2 - 3 4 3 (15 D e c e m b e r 1963). 

39. R E V I E W O F " L I A P U N O V ' S M E T H O D S IN A U T O M A T I C CONTROL 
T H E O R Y " P A R T S 1 AND 2 BY P . C. P A R K S 

J . E . Monahan 
C o m p u t i n g R e v i e w s 4̂ , 16 1 ( J u l y - A u g u s t 1963). 

4 0 . T H E P R I N C I P L E O F E Q U I V A L E N C E 
F . R o h r l i c h 

Ann . P h y s . 2 2 , 169-191 (May 1963) 

4 1 . P R E A C C E L E R A T I O N IN E L E C T R O N THEORY 
M. N. H a c k 

Nuovo C i m e n t o 2 ^ , 2 9 8 - 3 0 1 (1963) . 

4 2 . F L U X O I D Q U A N T I Z A T I O N , P A I R S Y M M E T R Y , AND T H E GAP 
E N E R G Y IN THE C U R R E N T - C A R R Y I N G B A R D E E N - C O O P E R -
S C H R I E F F E R S T A T E 

M. P e s h k i n 
P h y s . R e v . 132, 14-20 (1 O c t o b e r 1963). 

4 3 . SPIN AND P A R I T Y ANALYSIS A T A L L P R O D U C T I O N ANGLES 
M. P e s h k i n 

P h y s . R e v . 133 , B 4 2 8 - B 4 3 0 (27 J a n u a r y 1964). 
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4 4 . C O U P L E D - C H A N N E L A P P R O A C H TO J = ^ RESONANCES IN THE 
UNITARY S Y M M E T R Y M O D E L 

A. W. M a r t i n and K. C. Wal i 
P h y s . R e v . 130, 2455-2467 (15 J u n e 1963). 

4 5 . A DYNAMICAL M O D E L F O R c j - f MIXING 
A. Ka tz and H. J . L ipk in 

P h y s . L e t t e r s 7 , 4 4 - 4 7 (15 O c t o b e r 1963). 

4 6 . UNITARY S Y M M E T R Y IN P H O T O P R O D U C T I O N AND OTHER 
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 , 

C. A. L e v i n s o n , * H. J . L i p k i n , and S. Meshkov l 
P h y s . L e t t e r s 7_, 8 1 - 8 4 (15 O c t o b e r 1963). 

47. ON THE PRODUCTION OF THE Z~ (p~) BARYON . 
H. J . L i p k i n , C. A. L e v i n s o n , ' ' ' and S. Meshkov l 

P h y s . L e t t e r s ^ , 159-161 (1 N o v e m b e r 1963). 

4 8 . BOSON C O U P L I N G S AND HIGHER S Y M M E T R I E S 
H. J . L ipk in 

P h y s . L e t t e r s 7 , 2 2 1 - 2 2 2 (15 N o v e m b e r 1963). 

4 9 . T H R E E - N E U T R I N O H Y P O T H E S I S 
K. Hi lda 

Nuovo C i m e n t o 27 , 1 4 3 9 - 1 4 4 9 ( 1 9 6 3 ) . 

50. S BREAKUP AND THE E A RELATIVE PARITY 
K. H i l d a , J . L . U r e t s k y , and R. J . O a k e s 

Nuovo C i m e n t o 27_, 1262-1265 (1 M a r c h 1963). 

5 1 . T H E O R Y O F SPIN--|- P A R T I C L E S WITH PARITY -NONCONSERVING 
I N T E R A C T I O N S 

K. Hi lda 
P h y s . R e v . 132, 1239-1248 (1 N o v e m b e r 1963). 

52 . F A I R L Y L O W - E N E R G Y P I O N - P I O N S C A T T E R I N G II 
A. M. S a p e r s t e i n and J . L . U r e t s k y 

P h y s . R e v . 133, B 1 3 4 0 - B 1 3 4 3 (9 M a r c h 1964). 

W e i z m a n n I n s t i t u t e of S c i e n c e , R e h o v o t h , I s r a e l . 

\ 
N a t i o n a 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 . 



5 3 . L O W - E N E R G Y P I O N - P I O N S C A T T E R I N G 
K. Smi th and J . L . U r e t s k y 

P h y s . R e v . 1 3 1 , 861-867 (15 Ju ly 1963). 

54. N O N L E P T O N I C DECAYS O F H Y P E R O N S 
S. N. Gupta 

P h y s . R e v . 130, 1180-1181 (1 May 1963). 

55 . A N O T E ON THE M E A S U R A B L E E L E C T R I C C H A R G E OF S P I N - | 
BOSONS 

R. S p i t z e r 
Nuovo C i m e n t o 2_8, 364-367 (16 A p r i l 1963). 

56 . T H E PARITY OF THE N E U T R A L K MESON 
R. S p i t z e r 

N u c l . P h y s , 4 7 , 3 6 7 - 3 8 4 ( S e p t e m b e r 1963). 

57 . E Q U I L I B R I U M C O M P O S I T I O N OF S U L F U R V A P O R 
J . Berko-witz and J . R. M a r q u a r t 

J . C h e m . P h y s . 39 , 2 7 5 - 2 8 3 (15 Ju ly 1963). 

58 . DISSOCIATION E N E R G I E S O F SOME M E T A L S U L F I D E S 
J . R. M a r q u a r t and J . Berko-witz 

J . C h e m . P h y s . 39 , 2 8 3 - 2 8 5 (15 Ju ly 1963). 

59 . V A P O R I Z A T I O N P R O C E S S E S INVOLVING S U L F U R 
J . B e r k o w i t z and W. A. Chupka 

J . C h e m . P h y s . 4 0 , 2 8 7 - 2 9 5 (15 J a n u a r y 1964). 

60. IONIZATION BY IONS IN T H E MEV RANGE 
S, W e x l e r a n d D. C. H e s s 

J . C h e m . P h y s . 38.. 2308 -2309 (1 May 1963). 

6 1 . I N T E R F E R E N C E O F L I N E A R L Y P O L A R I Z E D LIGHT WITH P E R P E N ­
DICULAR P O L A R I Z A T I O N S 

A. L a n g s d o r f , J r . 
A m . J . P h y s , y\_, 624 (August 1963). 

62 . R E F L E C T I O N O F A P L A N E SOUND WAVE F R O M A SINUSOIDAL 
S U R F A C E 

J . L . U r e t s k y 
J . A c o u s t . See . A m . 3 5 , 1293 -1294 (1963) , 
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IV - 2 . P U B L I S H E D ABSTRACTS 

A p p l i c a t i o n s of C o m p u t e r s to N u c l e a r and R a d i o c h e m i s t r y , P r o c e e d i n g s 
of a S y m p o s i u m , G a t l i n b u r g , T e n n e s s e e , 17-19 O c t o b e r 1962, ed i t ed 
by G. D. O 'Ke l l ey (Na t iona l A c a d e m y of S c i e n c e s — N a t i o n a l R e s e a r c h 
C o u n c i l , W a s h i n g t o n , D . C ) , N A S - N S 3 1 0 7 , 

1. A C O M P U T E R P R O G R A M F O R ANALYSIS O F C O M P L E X CON­
TINUOUS B E T A - R A Y S P E C T R A 

S. B . B u r s o n , R. G. H e l m e r , and T. Geday loo 
p p . 5 1 - 6 0 . 

2, ANALYSIS OF GAMMA-RAY S P E C T R A 
J . E . M o n a h a n , S. R a b o y , and C. C. Trai l 

p p . 2 1 3 - 2 1 6 . 

3 . THE ARGONNE 3 - P A R A M E T E R A N A L Y Z E R 
L. M. B o l l i n g e r 

P r o c e e d i n g s of the C o n f e r e n c e on U t i l i z a t i o n of M u l t i ­
p a r a m e t e r A n a l y z e r s in N u c l e a r P h y s i c s , G r o s s i n g e r ' s , 
New Y o r k , 1962 (U. S. A t o m i c E n e r g y C o m m i s s i o n R e p o r t 
NYO 10595) , p . 59 . 

4 . ANGULAR DISTRIBUTIONS O F N E U T R O N S 
A. L a n g s d o r f , J r . 

in P r o g r e s s in F a s t N e u t r o n P h y s i c s , t he 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 on F a s t N e u t r o n P h y s i c s , R i c e 
U n i v e r s i t y , H o u s t o n , T e x a s , 26 -28 F e b r u a r y 1963, ed i t ed 
by G. C. P h i l l i p s , J . B . M a r i o n , and J . R. R i s s e r ( U n i v e r ­
s i t y of C h i c a g o P r e s s , C h i c a g o , 1963), p p . 2 5 7 - 2 6 7 . 

C o n f e r e n c e on C o m p o u n d N u c l e a r S t a t e s , G a t l i n b u r g , T e n n e s s e e , 10-12 
O c t o b e r 1963. 

5. P O L A R I Z A T I O N O F N E U T R O N S S C A T T E R E D F R O M Be^; 
P A R I T I E S O F 7. 3 7 - AND 7. 5 4 - M E V S T A T E S IN Be^ o 

R. O. Lane, A. J. Elwyn, and A. Langsdorf, Jr. 
Bull. A m . Phys. Soc. 9, 166 (27-29 February 1964), 

6. SOME M E A S U R E M E N T S OF F L U C T U A T I O N S IN N U C L E A R 
CROSS SECTIONS 

L . L . L e e , J r . , and J . P . Schiffer 
Bu l l . A m . P h y s . S o c . 9 , 169 (27-29 F e b r u a r y 1964). 



an P h y s i c a l Soc ie ty m e e t i n g , C h i c a g o , 18-19 O c t o b e r 1963. 

P O P U L A T I O N OF THE F I R S T T = 1 S T A T E IN B^ ° BY THE 
R E A C T I O N Ci 2(d, a)Bi ° 

R. G. A l i a s , J . R. E r s k i n e , L . M e y e r - S c h u t z m e i s t e r , 
and D. von E h r e n s t e i n 

Bu l l . A m . P h y s . Soc. 8, 538 (18-19 O c t o b e r 1963). 

C A P T U R E R E A C T I O N S Al^' '(p^ ,^)si2 8 , 2 8* i ^ x H E G I A N T - D I P O L E 
REGION OF Si^ « 

R. G, A l i a s , S. S. H a n n a , 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 , and P . P . Singh 

B u l l . A m . P h y s . Soc . 8 , 538 (18-19 O c t o b e r 1963). 

I S O T O P E S H I F T IN THE K TRANSITION OF | J L - M E S I C ATOMS 
O F Ca4o AND Ca^^ °-

H. L , A n d e r s o n , C. S. J o h n s o n , E . P . H i n c k s , S. R a b o y , 
and C. C, T r a i l 

B u l l . A m . P h y s . Soc . 8, 522 (18-19 O c t o b e r 1963). 

L E V E L S IN Ga6 6 F R O M T H E DECAY O F Ge^ 6 
H. H. Bo lo t in 

B u l l . A m . P h y s , Soc . 8, 524 (18-19 O c t o b e r 1963). 

ACCURACY O F T H E Q U A S I P A R T I C L E R A N D O M - P H A S E 
A P P R O X I M A T I O N ( Q P R P A ) IN N U C L E A R - S T R U C T U R E C A L ­
CULATIONS 

S. C o h e n , R. D, La-wson, M. H. M a c f a r l a n e , and M. Soga 
B u l l . A m . P h y s . Soc . 8, 523 (18-19 O c t o b e r 1963). 

P O L A R I Z A T I O N O F N E U T R O N S S C A T T E R E D F R O M F , N a , 
A l , AND P 

A. J . E l w y n , R. O. L a n e , and A. L a n g s d o r f , J r . 
B u l l . A m . P h y s . Soc . 8̂ , 513 (18-19 O c t o b e r 1963). 

p-Y A N G U L A R C O R R E L A T I O N S IN T H E R E A C T I O N 
Fe5 4 (d ,py )Fe5 5* 

D. S. G e m m e l l , L, L . L e e , J r . , A. M a r i n o v , and J . P . 
Schiffer 

B u l l . A m . P h y s . Soc . 8, 5 2 3 - 5 2 4 ( 1 8 - 1 9 O c t o b e r 1963). 

F L U C T U A T I O N S IN P A R T I A L RADIATION WIDTHS O F U^ 3 9 
H. E . J a c k s o n 

B u l l . A m . P h y s . Soc . 8, 5 1 3 - 5 1 4 (18 -19 O c t o b e r 1963). 
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A m e r i c a n P h y s i c a l Soc ie ty m e e t i n g , C h i c a g o , 18-19 O c t o b e r 1963 ( c o n t ' d . ) . 

15. DYNAMICAL A S P E C T S O F M E S O N - B A R Y O N S C A T T E R I N G IN 
T H E O C T E T M O D E L 

A. W. M a r t i n and K. C. Wal i 
Bu l l . A m . P h y s . Soc . 8, 515 (18-19 O c t o b e r 1963). 

16. O P T I C A L - M O D E L ANALYSIS OF N E U T R O N S C A T T E R I N G FROM 
N U C L E I N E A R A = 100 AT LOW E N E R G I E S 

J . E . M o n a h a n , A. J . El-wyn, R. O. L a n e , and A. 
L a n g s d o r f , J r . 

Bu l l . A m . P h y s . Soc . 8, 513 (18-19 O c t o b e r 1963). 

17. S P I N - P A R I T Y ANALYSIS AT ARBITRARY PRODUCTION A N G L E 
M. P e s h k i n 

Bu l l . A m . P h y s . S o c . 8, 514 (18-19 O c t o b e r 1963). 

18. SEARCH FOR BOUND STATES IN He^ 
J . L . Y n t e m a , S. S. H a n n a , and R. E . Segel 

Bu l l . A m . P h y s . Soc . 8, 537 (18-19 O c t o b e r 1963). 

A m e r i c a n P h y s i c a l Soc ie ty m e e t i n g . New Y o r k , 22 -25 J a n u a r y 1964. 

19. S T A T E S IN Ar3 6 WITH E X C I T A T I O N E N E R G I E S BELOW 7 MEV 
R. G. A l i a s , L. M e y e r - S c h u t z m e i s t e r , and D. von E h r e n s t e i n 

B u l l . A m . P h y s . Soc . 9 , 79 (22 -25 J a n u a r y 1964). 

2 0 . N U C L E A R R E S O N A N C E F L U O R E S C E N C E IN Cu^s 
G. B . B e a r d 

B u l l . A m . P h y s . Soc . 9 , 9 (22-25 J a n u a r y 1964). 

2 1 . MOSSBAUER A B S O R P T I O N IN MgjSn^ i 9 
F . R. B e r g and J . H e b e r l e 

B u l l . A m . P h y s . Soc . 9 , 1 11 (22-25 J a n u a r y 1964). 

22 . L E V E L S IN Sn^ ^ ̂  P O P U L A T E D BY T H E DECAY O F 5 4 - M I N In^ i ^ 
H. H. Bo lo t in 

Bu l l , A m . P h y s . Soc . % 17 (22-25 J a n u a r y 1964). 

23. MAGNETIC HYPERFINE STRUCTURE OF Sn̂  ̂  '̂  AND Sn̂  i 9 
W. J . Ch i ld s and L . S. G o o d m a n 

Bu l l . A m . P h y s . Soc . 9, 11-12 (22-25 J a n u a r y 1964). 



140 

A m e r i c a n P h y s i c a l Soc ie ty m e e t i n g . New Y o r k , 2 2 - 2 5 J a n u a r y 1964 ( c o n t ' d . ) . 

24 . Ca4 8(He3 ,d)Sc4 9 R E A C T I O N 
J . R. E r s k i n e , J . P . Sch i f fe r , and A. M a r i n o v 

Bu l l . A m . P h y s . Soc. 9, 80 (22-25 J a n u a r y 1964). 

2 5 . THE Fe54(d ,n)Co5 5 R E A C T I O N 
D. S. G e m m e l l , L . L. L e e , J r . , J . P . Sch i f fe r , and 
A. B . Smi th 

Bu l l . A m . P h y s . Soc . 9, 92 (22 -25 J a n u a r y 1964). 

26 . MAGNETIC F I E L D AT THE N U C L E U S IN A F R E E IRON A T O M 
L. S. G o o d m a n and W. J . Ch i lds 

Bu l l . A m . P h y s . Soc. 9, 12 (22 -25 J a n u a r y 1964). 

27 . ISOMER SHIFTS AND N U C L E A R Z E E M A N E F F E C T IN NbjSn^ ^9 
J . H e b e r l e 

Bu l l . A m . P h y s . Soc . 9, 10 (22 -25 J a n u a r y 1964). 

2 8 . SPIN ASSIGNMENTS O F N E U T R O N RESONANCES IN Pd^ " 5 
H. E . J a c k s o n and R. E . Cote 

Bu l l . A m . P h y s . Soc . 9, 21 (22 -25 J a n u a r y 1964). 

29 . H Y P E R F I N E F I E L D S AND ISOMER SHIFTS IN BINARY AND 
TERNARY F e A L L O Y S WITH T H E a - M A N G A N E S E S T R U C T U R E 

C. W. K i m b a l l , M. V. N e v i t t , and R. S. P r e s t o n 
B u l l . A m . P h y s . Soc . % 112 (22 -25 J a n u a r y 1964). 

30. STUDY O F T H E R E A C T I O N Fe5 4(d, p)Fe5 5 
L . L . L e e , J r . , and J . P . Schiffer 

Bu l l . A m . P h y s . Soc . 9 , 92 (22 -25 J a n u a r y 1964). 

3 1 . ISOMERIC S T A T E O F SCANDIUM-43 
F . J . L y n c h , K. - E . N y s t e n , and R. E . Ho l l and 

Bu l l . A m . P h y s , Soc . % 7 9 - 8 0 (22 -25 J a n u a r y 1964). 

32. M E A S U R E M E N T O F THE R A T I O O F Q U A D R U P O L E M O M E N T S 
O F X e i 2 9 * AND Xe^ 3 i 

G. J . P e r l o v / 
B u l l . A m . P h y s , Soc . % 11 (22 -25 J a n u a r y 1964). 

3 3 . I S O M E R S H I F T S IN V A N A D I U M - R I C H b c c V - F e A L L O Y S 
R. S. P r e s t o n , C. W. K i m b a l l , D. J . L a m , and D. O. 
Van O s t e n b u r g 

B u l l . A m . P h y s . S o c . 9, 112 (22 -25 J a n u a r y 1964). 
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Amer ican Phys ica l Society meet ing . New York, 22^25 January 1964 (cont'd.). 

34. MISSING TRANSITIONS IN B^ " 
P . P . Singh, R. E. Segel, R. G. Alias, S. S. Hanna, and 
M. A. Grace 

Bull. Am. P h y s . Soc. 9, 56 (22-25 January 1964), 

35. NEUTRON-CAPTURE GAMMA RAYS FROM Ca*^ 
C. C. Tra i l and S. Raboy 

Bull. Am. Phys . Soc. 9, 21 (22-25 January 1964). 

36. DEGENERATE LIMITS OF BROKEN MULTIPLETS AND THE 
OKUBO MASS FORMULA 

K. C. Wali and R. L. Warnock (Illinois Institute of Technology) 
Bull. Am. P h y s . Soc. 9, 115 (22-25 January 1964). 

Internat ional Symposium on Direct Interact ions and Nuclear Reaction 
Mechan i sms , Padua, Italy, 3-8 September 1962. 

37. (d, t) REACTIONS ON NUCLEI NEAR N = 28 
T. H. Braid and B. Zeldman 

p. 556. 

38. COLLECTIVE LEVELS IN 11 ISOTOPES OF Ti , Ni , ANP Zn 
H. W. Broek and J. L. Yntema 

pp. 769-771. 

39. DIRECT INTERACTIONS AND NUCLEAR STRUCTURE 
M. H. Macfarlane 

pp. 3-17. 

40. (n, 2n) REACTION CROSS SECTIONS IN F^ 9 ^ Cu*' , C u ' S 
AND Zn6 4 

L. A. Rayburn 
pp. 322-324. 

4 1 . CALCULATION OF REDUCED WIDTHS FROM RESONANT 
SCATTERING OF PROTONS BY A DIFFUSE POTENTIAL 

J . P . Schiffer 
pp. 139-142. 

42. THE (d,p) REACTION AT 21 .4 MEV DEUTERON ENERGY 
J. L. Yntema 

pp. 553-555. 
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I n t e r n a t i o n a l S y m p o s i u m on D i r e c t I n t e r a c t i o n s and N u c l e a r R e a c t i o n 
M e c h a n i s m s , P a d u a , I t a l y , 3-8 S e p t e m b e r 1962 ( c o n t ' d . ) . 

4 3 . T H E (d , t ) R E A C T I O N ON THE TITANIUM I S O T O P E S 
J . L . Yn tema 

p . 566. 

44 . T H E ( a , d ) R E A C T I O N ON TITANIUM 
J . L . Y n t e m a and W. J . O 'Ne i l l 

p p . 1084-1086 . 

4 5 . (d, He3) R E A C T I O N S ON F^ 9 AND Al^ 7 
B . Z e l d m a n and T. H. B r a i d 

p 566 . 

46 . SENIORITY MIXING IN If^/2 N U C L E I 
B . Z e l d m a n and R. D. L a w s on 

p p . 8 4 5 - 8 4 7 . 

4 7 . THE MOSSBAUER E F F E C T IN C H E M I C A L COMPOUNDS OF Xe^^g 
G. J . P e r l o w , C. E . J o h n s o n , and M. R. Perlow^ 

in Noble Gas C o m p o u n d s , the P r o c e e d i n g s of the C o n f e r e n c e 
on I n e r t - G a s C o m p o u n d s , A r g o n n e N a t i o n a l L a b o r a t o r y , 
2 2 - 2 3 A p r i l 1963 , e d i t e d by H. H. H y m a n ( U n i v e r s i t y of 
C h i c a g o P r e s s , C h i c a g o , 1963), p p . 2 7 9 - 2 8 3 . 

T h i r d I n t e r n a t i o n a l C o n f e r e n c e on the M o s s b a u e r Ef fec t , C o r n e l l U n i v e r s i t y , 
4 - 7 S e p t e m b e r 1963. 

4 8 . I S O M E R S H I F T S IN Fe^ •? F R O M Co^ ^ D I F F U S E D IN V - A l A L L O Y S 
S. S. H a n n a and D. J , B a i l e y 

R e v . Mod. P h y s . 36_, 395 ( J a n u a r y 1964). 

4 9 . M A N G A N E S E - T I N A L L O Y S IN L A R G E E X T E R N A L MAGNETIC 
F I E L D S 

S. S. H a n n a , J . H e b e r l e , J . D i a z , and R. W. Reno 
R e v . Mod. P h y s . 3_6, 407 ( J a n u a r y 1964). 

50 . MOSSBAUER CROSS S E C T I O N IN M E T A L L I C IRON 
S. S. H a n n a , R. S. P r e s t o n , a n d W. S. Denno 

R e v . Mod. P h y s . 36 , 4 6 9 - 4 7 0 ( J a n u a r y 1964). 
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T h i r d I n t e r n a t i o n a l C o n f e r e n c e on the Mossbauer Effect , Cornel l U n i v e r s i t y , 
4-7 S e p t e m b e r 1963 ( c o n t ' d . ) . 

5 1 . S U P E R C O N D U C T I N G MAGNETS F O R MOSSBAUER E X P E R I M E N T S 
J . H e b e r l e 

R e v . Mod. P h y s . 36., 4 0 8 - 4 0 9 ( J a n u a r y 1964). 

52 . MOSSBAUER E F F E C T IN Fe^ 7 AND Sn^ i 9 M E T A L S IN L A R G E 
E X T E R N A L MAGNETIC F I E L D S 

J . H e b e r l e , M. Schulhof, and S. S. Hanna 
R e v . Mod. P h y s . 36., 407 ( J a n u a r y 1964). 

5 3 . I N T E R N A L MAGNETIC F I E L D IN GADOLINIUM 
L . M e y e r - S c h u t z m e i s t e r , S. S. H a n n a , J . H e b e r l e , J . D iaz , 
and R. W. Reno 

R e v . Mod. P h y s . 3^, 392 ( J a n u a r y 1964). 

54 . THE MOSSBAUER E F F E C T IN XENON COMPOUNDS 
G. J . P e r l o w and M. R. P e r l o w 

R e v . Mod. P h y s . 36 , 353-357 ( J a n u a r y 1964). 

5 5 . MOSSBAUER ANALYSIS OF IRON IN M E T E O R I T E S 
E . L . S p r e n k e l - S e g e l , S. S. H a n n a , and D. J . B a i l e y 

R e v . Mod. P h y s . 36 , 360 ( J a n u a r y 1964). 

56 . A P R O P O S E D SYSTEM TO OBTAIN HIGHER S P A C E RESOLUTION 
IN N U C L E A R EMULSIONS 

J . H. R o b e r t s , P . C. Chow, and G. R. Ringo 
K o r p u s k u l a r p h o t o g r a p h i e IV, V o r t r a g e und D i s k u s s i o n e n 
auf d e m IV. I n t e r n a t i o n a l e n K o l l o q u i u m u b e r K o r p u s c u l a r -
p h o t o g r a p h i e , Mun ich , 1962, ed i t ed by H. F r i e s e r and 
G. Heinnann ( Ins t i tu t fiir W i s s e n s c h a f t l i c h e P h o t o g r a p h i e 
d e r T e c h n i s c h e n H o c h s c h u l e Miinchen, M u n i c h , 1963), 
p p . 5 8 7 - 6 0 1 . 

M i d w e s t C o n f e r e n c e on T h e o r e t i c a l P h y s i c s , U n i v e r s i t y of N o t r e D a m e , 
May 3 1 — J u n e 1, 1963. 

57 . " E L E M E N T A R Y " P A R T I C L E THEORY O F N U C L E A R REACTIONS 
F . C o e s t e r 

p p . 108-112 , 
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M i d w e s t C o n f e r e n c e on T h e o r e t i c a l P h y s i c s , U n i v e r s i t y of N o t r e D a m e , 
May 3 1 — J u n e 1, 1963 ( c o n t ' d . ) . 

58 . THEORY OF S P I N - | P A R T I C L E S WITH P A R I T Y - N O N C O N S E R V ­
ING I N T E R A C T I O N S 

K. Hi lda 
p p . 9 6 - 1 0 0 . 

59 . THE B O O T S T R A P M E T H O D IN THE PHYSICS OF STRONG 
I N T E R A C T I O N S 

B . M. U d g a o n k a r 
pp . 6 5 - 7 9 . 

P r o c e e d i n g s of the T h i r d C o n f e r e n c e on R e a c t i o n s B e t w e e n C o m p l e x 
N u c l e i ( A s i l o m a r , P a c i f i c G r o v e , C a l i f o r n i a , 14-18 A p r i l 1963) , ed i t ed 
by A. G h i o r s o , R. M. D i a m o n d , and H. E . C o n z e t t ( U n i v e r s i t y of 
C a l i f o r n i a P r e s s , B e r k e l e y and L o s A n g e l e s , 1963). 

60 . E Q U I L I B R I U M S H A P E S OF A R O T A T I N G C H A R G E D D R O P AND 
C O N S E Q U E N C E S F O R H E A V Y - 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 

S. C o h e n , F . P l a s i l , ' and W. J . Swia tecki ' " 
p p . 3 2 5 - 3 3 1 . 

6 1 . T H E Bio(d , Li6)Li6 R E A C T I O N AT D E U T E R O N E N E R G I E S 
F R O M 8 TO 1 3 . 5 MEV 

D. S, G e m m e l l , J . R. E r s k i n e , and J . P . Schif fer 
p p . 1 8 6 - 1 9 0 . 

62 . S I M P L E I N T E R F E R E N C E C O N C E P T S IN S C A T T E R I N G AND 
S T R I P P I N G 

D. R, I ng l i s 
p p . 8 1 - 8 4 . 

6 3 , QUANTUM T H E O R Y O F M E A S U R E M E N T 
M. N. H a c k 

B u l l . A m , P h y s , Soc . 9̂ , 148 (27 -29 F e b r u a r y 1964). 

64. F A I R L Y L O W - E N E R G Y P I O N - P I O N S C A T T E R I N G II 
A. M. S a p e r s t e i n and J . L . U r e t s k y 

Bu l l , A m . P h y s . Soc , 8, 617 ( D e c e m b e r 1963) . 

L a w r e n c e R a d i a t i o n L a b o r a t o r y , U n i v e r s i t y of Ca l i forn ia , B e r k e l e y . 
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65. MASS SPECTROMETRIC STUDIES OF HIGH-TEMPERATURE 
SYSTEMS 

W. A. Chupka, J. Berkowitz , D. J. Meschi , and H. A. Tasman 
Advances in Mass Spec t romet ry , Vol. 2, the Proceedings 
of a Conference Held in Oxford, September 1961, edited by 
R. M. Elliott (Pergamon P r e s s , Oxford, 1963), pp. 99-109. 

66. THERMODYNAMICS AND KINETICS OF VAPORIZATION PROCESS­
ES STUDIED BY MASS SPECTROMETRY 

W. A. Chupka and J. Berkowitz 
Appl. Spectroscopy 17, 130 (September 1963). 

67. ATOMIC COLLISION SEQUENCES REVEALED IN THE SPUTTERING 
OF METAL MONOCRYSTALS BY ION BOMBARDMENT IN THE 
RUTHERFORD COLLISION REGION 

M. Kaminsky 
Bull. Am. Phys . Soc. 8, 428 (24 June 1963). 

68. A PULSED-MOLECULAR-BEAM MASS SPECTROMETER FOR 
STUDIES OF ATOMIC AND IONIC IMPACT PHENOMENA ON 
METAL SURFACES 

M. Kaminsky 
Advanced Energy Conversion (Pergamon P r e s s , Oxford, 
1963), Vol. 3 , pp. 255-263 ( January-March 1963). 

See a lso the fourteen additional abs t r ac t s of papers p resen ted at Argonne — 
sponsored conferences and included in the volumes of Proceedings i ssued 
as ANL topical r e p o r t s . These a r e l is ted in the next section under the 
appropr ia te conference headings . 



ANL T O P I C A L R E P O R T S 

P r o c e e d i n g s of t h e I n t e r n a t i o n a l C o n f e r e n c e on N u c l e a r P h y s i c s wi th 
R e a c t o r N e u t r o n s , A r g o n n e N a t i o n a l L a b o r a t o r y , 15-17 O c t o b e r 
1963, ed i t ed by F . E . T h r o w , A r g o n n e N a t i o n a l L a b o r a t o r y T o p i c a l 
R e p o r t A N L - 6 7 9 7 (490 p a g e s ) . The fol lowing a r e the A r g o n n e 
p a p e r s i n c l u d e d in th i s c o n f e r e n c e . 

a. DISTRIBUTION O F P A R T I A L RADIATION WIDTHS 
L . M. B o l l i n g e r , R. E , C o t e , R. T. C a r p e n t e r , and 
J . P . M a r i o n 

P r o c e e d i n g s , A N L - 6 7 9 7 , p p . 3 2 2 - 3 2 3 . 
B u l l . A m . P h y s . Soc . % ill (27-29 F e b r u a r y 1964), 

b . M E A S U R E M E N T O F T H E P O L A R I Z A T I O N O F T H E R M A L -
N E U T R O N BEAMS BY M A G N E T I Z E D MIRRORS 

M. T . B u r g y , G. R. R i n g o , S. K e t u d a t , P . R i c e - E v a n s , 
and S. B a r k a n 

P r o c e e d i n g s , A N L - 6 7 9 7 , pp . 3 5 - 4 4 . 
B u l l . A m . P h y s . Soc . % 174 (27-29 F e b r u a r y 1964). 

c . G A M M A - R A Y ANGULAR C O R R E L A T I O N S IN Ca^s ^ FeSs ^ Ni^ 9 ^ 
Ni^i , AND Ni6 3 

R. E . C o t e , H . E . J a c k s o n , J r . , L . L . L e e , J r . , and 
J . P . Schif fer 

P r o c e e d i n g s , A N L - 6 7 9 7 , p . 270 . 
B u l l . A m . P h y s . Soc . 9 , 176-177 (27-29 F e b r u a r y 1964). 

d. T O T A L RADIATION WIDTHS F O R s - W A V E AND p - W A V E 
N E U T R O N C A P T U R E IN Nb9 3 

H. E . J a c k s o n 
P r o c e e d i n g s , A N L - 6 7 9 7 , p p . 2 9 4 - 3 0 0 . 
B u l l . A m , P h y s . Soc . % ill ( 27 -29 F e b r u a r y 1964) . 

e . F L U C T U A T I O N S IN P A R T I A L RADIATION WIDTHS O F U^sg 
H. E . J a c k s o n 

P r o c e e d i n g s , A N L - 6 7 9 7 , pp . 3 3 3 - 3 4 1 . 
B u l l . A m . P h y s , Soc . % 178 (27-29 F e b r u a r y 1964). 

f. T H E N E U T R O N - E L E C T R O N I N T E R A C T I O N 
V. E . K r o h n 

P r o c e e d i n g s , A N L - 6 7 9 7 , pp . 15 -20 , 
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N u c l e a r P h y s i c s with Reactor Neutrons ( c o n t ' d . ) . 

g. STUDY O F T H E N E U T R O N - C A P T U R E GAMMA RAYS IN Ca^ 8 
S. Raboy and C. C. T r a i l 

Proceedings, ANL-6797, pp. 243-246. 
Bull. Am. Phys. Soc. 9, 176 (27-29 February 1964). 

h . S T A T I S T I C A L P R O P E R T I E S O F N U C L E A R STATES AND 
TRANSITIONS 

N. R o s e n z w e i g 
P r o c e e d i n g s , A N L - 6 7 9 7 , pp . 3 0 2 - 3 2 1 . 

i . S E A R C H F O R P A R T I C L E - S T A B L E T E T R A N E U T R O N S AND 
DINEUTRONS IN FISSION 

J. P. Schiffer and R. Vandenbosch 
Proceedings, ANL-6797, pp. 27-29. 
Bull. Am. Phys. Soc. 9, 173 (27-29 February 1964). 

j . R O T A T I O N A L AND V I B R A T I O N A L E F F E C T S IN 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 A 

R. K. S m i t h e r 
P r o c e e d i n g s , A N L - 6 7 9 7 , p p . 8 9 - 1 1 0 . 

k . N E U T R O N C A P T U R E BY D E U T E R I U M 
C, C, T r a i l and S. Raboy 

P r o c e e d i n g s , A N L - 6 7 9 7 , p p . 2 4 7 - 2 5 8 . 
Bu l l , A m , P h y s , Soc , 9, 176 (27-29 February 1964). 

2 . N U C L E A R S P E C T R O S C O P Y WITH D I R E C T R E A C T I O N S . I . CON­
T R I B U T E D P A P E R S (the f i r s t v o l u m e of p r o c e e d i n g s of the S y m p o s i u m 
on N u c l e a r S p e c t r o s c o p y •with D i r e c t R e a c t i o n s wh ich w^as s p o n s o r e d 
by A r g o n n e N a t i o n a l L a b o r a t o r y and w a s he ld a t the C e n t e r for 
Con t inu ing E d u c a t i o n , U n i v e r s i t y of C h i c a g o , 9 —11 M a r c h 1964) , 
e d i t e d by F . E . T h r o w , A r g o n n e N a t i o n a l L a b o r a t o r y R e p o r t A N L - 6 8 4 8 , 
M a r c h 1964 (248 p a g e s ) . The fo l lowing a r e the A r g o n n e p a p e r s i n ­
c l u d e d in t h i s c o n f e r e n c e . 

a . A H I G H - R E S O L U T I O N STUDY O F (d ,p ) R E A C T I O N S ON T A R ­
G E T S O F Wi 82 ^ w i 84 ^ AND Wi 86 

J . R. E r s k i n e 
I . C o n t r i b u t e d P a p e r s , A N L - 6 8 4 8 , pp . 8 6 - 9 7 . 



N U C L E A R S P E C T R O S C O P Y WITH D I R E C T R E A C T I O N S (con t ' d . ). 

b . A STUDY OF (d ,n ) R E A C T I O N S ON Fe5 4 AND Ni^ 8 
D. S. G e m m e l l , L. L. L e e , J r . , J . P . Sch i f fe r , and 
A. B . S m i t h 

I . C o n t r i b u t e d P a p e r s , A N L - 6 8 4 8 , p p . 9 8 - 1 0 3 . 

c. NUCLEON CAPTURE REACTIONS NEAR A = 40 
J . L . Y n t e m a and G. R. S a t c h l e r 

I. C o n t r i b u t e d P a p e r s , A N L - 6 8 4 8 , p . 177. 

3 . F O R T R A N P R O G R A M S F O R C O M P U T I N G A N G U L A R DISTRIBUTIONS 
AND Q VALUES OF N U C L E A R REACTIONS 

H. W. B r o e k 
A r g o n n e N a t i o n a l L a b o r a t o r y T o p i c a l R e p o r t A N L - 6 7 1 8 
(May 1963). 

4 . EQUILIBRIUM S H A P E S O F A R O T A T I N G C H A R G E D D R O P AND 
C O N S E Q U E N C E S F O R H E A V Y - I O N - I N D U C E D N U C L E A R REACTIONS 

S. C o h e n , F . P l a s i l , and W. J . S-wiatecki 
U n i v e r s i t y of C a l i f o r n i a L a w r e n c e R a d i a t i o n L a b o r a t o r y 
r e p o r t U C R L - 1 0 7 7 5 (29 A p r i l 1963). 

5 . A S I M P L E G R A P H I C A L M E T H O D IN T H E ANALYSIS O F SU3 
S. G a s i o r o v / i c z 

A r g o n n e N a t i o n a l L a b o r a t o r y T o p i c a l R e p o r t A N L - 6 7 2 9 . 

6. T H E P A R I T Y OF T H E N E U T R A L K MESON 
R. S p i t z e r 

U n i v e r s i t y of C a l i f o r n i a R a d i a t i o n L a b o r a t o r y R e p o r t 
U C R L - 7 3 3 2 - T (30 A p r i l 1963), 
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V. S T A F F M E M B E R S O F THE PHYSICS DIVISION 

The P h y s i c s D iv i s ion staff a s of 1 A p r i l 1964 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 t-wo or nnore of t h e a r e a s . In such c a s e s , t he 
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 r o m 1 A p r i l 1963 t h r o u g h 31 M a r c h 1964, 
t h e r e -were 35 t e m p o r a r y staff m e m b e r s (26 staff m e m b e r s f r o m u n i v e r ­
s i t i e s and o t h e r l a b o r a t o r i e s and 9 p o s t - d o c t o r a l f e l l ows ) , 3 g r a d u a t e 
s t u d e n t s ( inc lud ing 2 doing t h e s i s r e s e a r c h ) , and 35 u n d e r g r a d u a t e s (10 in 
the A r g o n n e S e m e s t e r p r o g r a m of the A s s o c i a t e d C o l l e g e s of the M i d w e s t , 
9 in c o o p e r a t i v e p r o g r a n n s , 15 on s u m m e r a p p o i n t m e n t s , and 1 o t h e r ) . 

R E S E A R C H AT T H E R E A C T O R C P - 5 

P e r m a n e n t Staff 

Lowe 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 

M e r l e T . B u r g y , B . S. , U n i v e r s i t y of C h i c a g o , 1939 

R o b e r t E . C o t e , P h . D . , C o l u m b i a U n i v e r s i t y , 1953 

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 

V i c t o r E . K r o h n , P h . D. , C a s e I n s t i t u t e of T e c h n o l o g y , 1952 

A l l en P . M a g r u d e r , B . S. , U n i v e r s i t y of C h i c a g o , 1959 

J . P . M a r i o n , M . S . , D e P a u l U n i v e r s i t y , 1959 

Sol R a b o y , P h . D . , C a r n e g i e I n s t i t u t e of T e c h n o l o g y , 1950 

G. R. R i n g o , P h . D . , U n i v e r s i t y of C h i c a g o , 1940 

R o b e r t K. S m i t h e r , P h . D . , Ya le U n i v e r s i t y , 1958 

G e o r g e E. T h o m a s , J r . , B . A. , I l l i no i s W e s l e y a n U n i v e r s i t y , 1943 

C a r r o l l C. T r a i l , P h . D. , T e x a s A & M C o l l e g e , 1956 

R e s i d e n t R e s e a r c h A s s o c i a t e s 

H a r n a m S. H a n s , P h . D. , A l i g a r h M u s l i m U n i v e r s i t y , 1953 

A r t h u r I . N a m e n s o n , P h . D. , C o l u m b i a U n i v e r s i t y , 1963 

D i r e c t o r of P h y s i c s D i v i s i o n 
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F A S T - N E U T R O N R E A C T I O N S 

P e r m a n e n t Staff 

A l e x a n d e r E l w y n , P h . D . , Wash ing ton U n i v e r s i t y , 1956 

C a r l T. Hibdon , P h . D . , Ohio S ta te U n i v e r s i t y , 1944 

R a y m o n d O. L a n e , P h . D . , Iowa S ta te U n i v e r s i t y , 1953 

A l e x a n d e r L a n g s d o r f , J r . , P h . D. , 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 , 
1937 

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 

C H A R G E D - P A R T I C L E REACTIONS 

P e r m a n e n t Staff 

Thonnas 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 

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 N a t i o n a l U n i v e r s i t y , I960 

David C. H e s s , P h . D. , U n i v e r s i t y of C h i c a g o , 1949 

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 I o w a , 1950 

L inwood L . L e e , J r . , P h . D . , Ya le U n i v e r s i t y , 1955 

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 i i t z m i 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 

J o h n P . S c h i f f e r , " P h . D . , Ya l e U n i v e r s i t y , 1954 

R a l p h E . S e g e l , P h . D . , J o h n s Hopkins U n i v e r s i t y , 1955 

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 n a s t e r d a m , 1952 

B e n j a m i n Z e l d m a n , P h . D . , W a s h i n g t o n U n i v e r s i t y , 1957 

R e s i d e n t R e s e a r c h A s s o c i a t e s 

R i c h a r d G. A l i a s , P h . D . , W a s h i n g t o n U n i v e r s i t y , 1961 

D i e t r i c h D e h n h a r d , P h . D . , U n i v e r s i t y of M a r b u r g / L a h n , 1964 

A s s o c i a t e D i r e c t o r of P h y s i c s D i v i s i o n 
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A m n o n M a r i n o v , P h . D. , H e b r e w U n i v e r s i t y , 1962 

K a r l - E d v a r d N y s t e n , P h . D . , U n i v e r s i t y of H e l s i n k i , I960 

Rolf H. S i e m s s e n , P h . D. , U n i v e r s i t y of H a m b u r g , 1963 

P . P a u l Singh, P h . D. , U n i v e r s i t y of B r i t i s h C o l u m b i a , 1959 

Z e e v V a g e r , P h . D. , W e i z m a n n I n s t i t u t e of S c i e n c e , 1952 

D i e t e r von E h r e n s t e i n , D r , r e r . na t . d e g r e e . U n i v e r s i t y of He ide lberg , I960 

GAMMA- AND B E T A - R A Y S P E C T R O S C O P Y 

P e r m a n e n t Staff 

H e r b e r t H. B o l o t i n , P h . D . , Ind iana U n i v e r s i t y , 1955 

S. B . 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 

R e s i d e n t R e s e a r c h A s s o c i a t e s 

T e y m o o r G e d a y l o o , M . S . , U n i v e r s i t y of W a s h i n g t o n , I960 

W i l l i a m C. J o h n s t o n , B. S. , A l m a C o l l e g e , 1961 

E . B r o o k s S h e r a , P h . D. , W e s t e r n R e s e r v e U n i v e r s i t y , 1962 

A T O M I C - B E A M STUDIES 

P e r m a n e n t Staff 

W i l l i a m J . C h i l d s , P h . D . , U n i v e r s i t y of Mich igan , 1956 

John D a l m a n 

L e o n a r d S. G o o d m a n , P h . D. , U n i v e r s i t y of C h i c a g o , 1952 



52 

• 

MOSSBAUER STUDIES 

P e r m a n e n t Staff 

J u e r g e n H e b e r l e , P h . D . , C o l u m b i a U n i v e r s i t y , 1955 

G i l b e r t J . P e r l o w , P h . D . , U n i v e r s i t y of C h i c a g o , 1940 

R i c h a r d S. P r e s t o n , P h . D. , Yale U n i v e r s i t y , 1954 

S tan ley Ruby , B . A. , C o l u m b i a U n i v e r s i t y , 1947 

V A R I A B L E - E N E R G Y C Y C L O T R O N 

P e r m a n e n t Staff 

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 

T H E O R E T I C A L PHYSICS 

P e r m a n e n t Staff 

S t an ley C o h e n , P h . D. , C o r n e l l U n i v e r s i t y , 1955 

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 

Hans E k s t e i n , P h . D. , U n i v e r s i t y of B e r l i n , 1934 

Me lv in H a c k , P h . D . , P r i n c e t o n U n i v e r s i t y , 1956 

David R. I n g l i s , P h . D . , U n i v e r s i t y of M i c h i g a n , 1931 

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 

Donald L a n g , P h . D . , A u s t r a l i a n N a t i o n a l U n i v e r s i t y , 1961 

R o b e r t D. L a w s o n , P h . D. , S t an fo rd U n i v e r s i t y , 1953 

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 

N o r b e r t R o s e n z w e i g , P h . D . , C o r n e l l U n i v e r s i t y , 1951 

A s s o c i a t e D i r e c t o r of P h y s i c s D i v i s i o n 

• 
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R e s i d e n t R e s e a r c h A s s o c i a t e s 

A r n o l d 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 , 1955 

Sudhi r P a n d y a , P h . D. , U n i v e r s i t y of R o c h e s t e r , 1957 

John K. P e r r i n g , P h . D. , C a m b r i d g e U n i v e r s i t y , 1952 

MASS S P E C T R O M E T R Y 

P e r m a n e n t Staff 

J o s e p h Berko-wi tz , P h . D. , H a r v a r d U n i v e r s i t y , 1955 

W i l l i a m A. Chupka , P h . D. , H a r v a r d U n i v e r s i t y , 1955 

M a n f r e d Kana insky , P h . D. , U n i v e r s i t y of M a r b u r g , Germany, 1952 

H e n r y E . S t a n t o n , P h . D. , U n i v e r s i t y of C h i c a g o , 1944 

R A D I O F R E Q U E N C Y PLASMAS 

P e r m a n e n t Staff 

Albert J. Hatch, M . S . , U n i v e r s i t y of I l l i n o i s , 1947 

A D M I N I S T R A T I V E 

P e r m a n e n t Staff 

C h a r l e s E g g l e r , B. S. , V i r g i n i a P o l y t e c h n i c I n s t i t u t e , 1944 

F r a n c i s E . Thro^v, P h . D. , U n i v e r s i t y of M i c h i g a n , 1940 




