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ABSTRACT 

-+ 
Several interesting El, M1 and E2 resonance studies in (p,y) 

, reactions are discussed. These indude a unique determination of El . 

amplitudes in the '2~(;,yo)'3~ reaction, E2 strength in the 
1 5  N(p,yo) 160 reaction, M1 decays to the ground states and to the ex- 
cited O+ states of ,the doubly magic 160 and 4 0 ~ a  nuclei, and the M1 
y-decay of the stretched 4 - ,  T=l particle-hole state in 160. 

INTRODUCTION 

Radiative proton capture is a powerful tool for investigations 
of electromagnetic decays from nuclear resonances in the continuum., 
Measurements of polarized proton capture can in many cases provide 
the necessary information to determine resonance multipolarities El, 
E2 or M1. For isolated resonances, it is well-known that experiments 
which measure only the angular dependence of the y-ray intensity can- 
not: determine t:he parity of the radiation (ML or EL). However, con- 
tinuum resonances are never completely isolated,, and ? sensitivity 
to the multipole character, including the parity of the radiation, 
comes about through resonance-background interference in the angular 
distribution of the capture radiation, along with some knowledge of 
the background character (usually predominantly El). 

For most (p,y) reactions, on the average, El radiation is domi- 
nant and E2 radiation is present with an intensity 1-2 orders of mag- 
nitude weaker than El. M1 radiation appears to be weakest, although 
strong M1 resonances may occur at low (Ep & 10 MeV) energies. The 
pioneering ($,y) studies of El and E2 radiation were performed at 
Stanford university1y2 and were described by H.F. Glavish at the pre- 
vious polarization conferencee3 Since then we have learned much more 
about E2 strength, which I will discuss briefly. The sensitivity of 
(-6,y) to the identification of MI resonances, discovered at Seattle, 
has led to several interesting studies of M1 resonances. I will 
mainly discuss these studies, since both the techniques and the 
physics of these measurements are interesting and different from the 
earlier ($,y) studies. 

TECHNIQUE 

The cross section CJ(E,~) and analyzing power A(E,B) for the 
capture of polarized particles nay be defined in the usual manner as 

< 
and 



where o f  and o+ a r e  t h e  c r o s s  s e c t i o n s  f o r  a n  i n c i d e n t  beam of 
energy  E and v e c t o r  p o l a k i z a t i g n  of ~ a g n i t u d e  P o r i e n t e d  a l o n g  (+) 
o r  a g a i n s t  (+) t h e  normal 6 = K i n  x Kout t o  t h e  r e a c t i o n  p l a n e .  

The dependence on y-ray emiss ion  a n g l e  8 may b e  expanded a s  

and 

  ewe O t o t a l  = 47TAo, Lax i s  t h e  maximum m u l t i p o l e  which c o n t r i -  
b u t e s  ( h a x  = 2 f o r  d i p o l e  + quadrupo le )  and t h e  QK a r e  t h e  u s u a l  
a n g ~ i l . a r  a t t e n u a t i o n  f a c t o r 3 .  It  i s  uLr Leu culivenient t o  deii .n.e frat- 
t i o n a l  Legendre  c o e f f i c i e n t s  aK = AK/A,, b~ = BK/A,. For t h e  c a p t u r e  
of p o l a r i z e d  sp in -1 /2  p a r t i c l e s  on u n p o l a r i z e d  t a r g e t s ,  w i t h  o n l y  t h e  
y-ray i n t e n s i t y  ( a t  a  g i v e n  energy ' .and a n g l e )  observed i n  t h c  out- .  
g o i n g  c h a n n e l ,  t h e  above e q u a t i o n s  comple te ly  s p e c i f y  t h e  ( p a r i t y -  
a l lowed)  c a p t u r e  p r o c e s s .  

The u s u a l  a n g u l a r  momentum c o u p l i n g  r u l e s  t e l l  u s  t h a t  i n t e r f e r -  
e n c e  between o p p o s i t e  ( sane)  pari1:y r ad i . a r i . ons  c o n t r i b u r c a  t o  t h e  odd 

' ( e v e n )  c o e f f i c i e n t s  s o  t h a t  El-M1 i n t e r f e r e n c e  c o n t r i b u t e s  t o  A 1  and 
B 1 ,  El-E2 t o  A l p  B1, A 3 ,  B3,  e t c .  The e x a c t  r e l a t i o n s  may be w r i t t e n  
down a s  

and 

Bk = 1 f k ( t t r ) D  t t ' k  Im T  T;'( 
t t '  ' 

t t '  

where T t ,  Tt l  a r e  the  r e a c t i o n  a m p l i t u d e s  f o r  d i f f e r e n t  c h a ~ u ~ e l s  t 
and t ' ,  t h e  D t t f k  a r e  a n g u l a r  momentum c o u p l i n g  f a c t ~ r s  a n d  

where R ,  j ,  R ' ,  j '  a r e  t h e  i n t e r f e r i n g  n r b i t a l  and t o t a l  a n g u l a r  
momenta f o r  t h e  i n c i d e n t  nuc leon .  

For  ehe simplest s p i n  sequence (Jtarget = 1 / 2 ,  J r e s i d u a l  = 0 o r  
v i c e  v e r s a ) ,  o n l y  2 complex r e a c t i o n  a m p l i t u d e s  c o n t r i b u t e  f o r  each 
m u l t i p o l e .  For c a s e s  of t h i s  s o r t  i n v o l v i n g  l p l / 2 - s h e l l  t a r g e t s ,  
t h e  a m p l i t u d e s  a r e  
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I f  o n l y  e l e c t r i c  m u l t i p o l e s  c o n t r i b u t e  a t  a  g i v e n  e n e r g y ,  t h e  
problem i s  overde te rmined  ( e . g . ,  9 independent  AK, BI< v e r s u s  7 a x p l i -  
t u d e  p a r a m e t e r s  f o r  E l  + E2) whereas  i f  magnet ic  m u l t i p o l e s  c o n t r i -  
b u t e ,  t h e  problem i s  underdetermined (E l  + E2 + M 1  r e q u i r e s  11 -+ 
a m p l i t u d e  p a r a m e t e r s ) .  However, a s  we show below, one may u s e  ( p , y )  
t o  u n i q u e l y  d e t e r m i n e  E l  a m p l i t u d e s ,  i d e n t i f y  t h e  m u i t i p o l a r i t y  E l ,  
E2 o r  M 1  of r e s o n a n c e s ,  and p r o v i d e  E2  c r o s s  s e c t i o n s  f o r  b r o a d l y  
d i s t r i b u t e d  s t r e n g t h  i n  t h e  continuum. 

E l  CAPTURE AMPLITUDES 

For  t h e  s i m p l e  s p i n  sequences  d e s c r i b e d  above,  o n l y  2 coxp lex  
E l  a m p l i t u d e s  c o n t r i b u t e ,  and ($,y) a n g u l a r  d i s t r i b u t i o n  measurements 
r e s t r i c t  t h e  E l  a m p l i t u d e s  t o  2 p o s s i b l e  s o l u t i o n s .  T h i s  2-fold am- 
b i g u i t y  i s  i n h e r e n t ,  r e s u l t i n g  from t h e  q u a d r a t i c  n a t u r e  of t h e  equa- 
t i o n s  r e l a t i n g  t h e  a m p l i t u d e s  t o  t h e  d a t a .  A t y p i c a l  example i n  
l i g h t  n u c l e i  i s  the ' 2 ~ ( p , y o )  ''N i l l u s t r a t e d  i n  F i g .  1. 
The GDR r e g i o n  e x t e n d s  from E 'L 8-30 MeV w i t h  (;,yo) a n g u l a r  d i s t r i -  
b u t i o n  r e s u l t s 4  f o r  E = 10-17 MeV. Only incoming s- and d-wave 
a m p l i t u d e s  ( w i t h  j = ? /2  and 3 / 2 ,  r e s p e c t i v e l y )  may c o n t r i b u t e  t o  
E l  c a p t u r e ,  and ,F ig .  1 shows t h a t  one  of t h e  2  s o l u t i o n s  i s  predomi- 
n a n t l y  d-wave (d,) and tile u ~ l ~ u r  p redominan t ly  s-wave (s,) . 

s i m i l a r  d >  and s> s o l u t i o n s  a r e  o b t a i n e d  f o r  o t h e r  c a p t u r e  r e -  
1 4 .  3 a c t i u n k  such a s  ~ ( p , y , ) ~  and " ~ ( 6 , y ~ )  2 y 7 y 8  (P ig .  2 ) ,  i n d i c a t i n g  . - 

t h a t  one  i s  ' o b s e r v i n g  a  g e n e r a l  f e a t u r e  of t h e  GDR b u i l d  on 1pl/2- 
s h e l l .  n u c l e i .  The d >  s o l u t i o n  i s  expec ted  on t h e o r e t i c a l  grounds- 
v i r t u a l l y  a l l  models of r a d i a t i v e  c a p t u r e  th rough  t h e  GDR,-such as 
t h e  d o o r w a y - s t a t e l o  o r  t h e  d i r e c t - s e m i d i r e c t  ( D S D ) ~ , ~  models,  p r e -  

. d i c t  t h a t  d-waves shou ld  domina te ,  w i t h  r e s u l t s  i n  r e a s o n a b l e  
agreement  w i t h  t h e  experimental d a t a  i £  t h e  d >  s o l u t i o n  i s  t h e  
c o r r e c t  ( p l - ~ y s i c a l )  one. 

However, one  d o e s  n o t  'need a' d e t a i l e d  c a l c u l a t i o n  t o  u n d e r s t a n d -  
why d-wave c a p t u r e  i s  expec ted  t o  dominate .  R e l a t i v e  t o  t h e  1 3 ~  

g r o u n d - s t a t e ,  t h e  c o a f i g u r a t i o n s  i n  t h e  GDR which c o c t r i b u t e  t o  pro- 
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E (MeV) 

F i g .  1. Upper p a r t : ,  a t o r a l  ! 

1 2  f o r  c($,y0) , ( r e f s .  4 7 3 ) .  
Lower p a r t :  The d-s phase  
d i E f e r e n c e  and t h e  r e l a t i v e  
cl-wave j .n . t ens i ty  f o r  E '  = 10-17 
MeV ( r e f .  4 p l u s  r e f .  ! 2  f o r  
14  < Ep < 1 5  MeV). The p o i n t s  
and c f o s s e s  c o r r e s p o n d  t o  t h e  d, 
and s> s o l u t i o n s ,  r e s p e c t i v e l y .  
The s o l i d  l i n e s  a r e  DSD c a l c u -  
l a t i o n s  d e s c r i b e d  i n  r e f .  4 .  

E, ( M e V )  

E, (MeV) 

F i g .  2 .  The r e l a t i v e  d-wave 
i n t e n s i t y  and t h e  d-s phase  
d i f f e r e n c e  f o r  4~ (6, -yo) 
( re f .  6)  and ' 5 ~ ( i f , . y o )  
( r e f s .  7 , 9 ) .  The s o l i d  
c u r v e s  a r e  DSD model p r e -  
d i c t i o n s  ( s e e  r e f .  9 ) .  

t o n  c a p t u r e  a r e  ( 1 d ) l  ( ~ p i / ~ ) - l  and ( 2 s ) l  (1plIg)- l ,  and t h e  sche-  
m a t i c  model p r e d i c t s  t h e  a m p l i t u d e s ' f o r  t h e s e  c o n f i g u r a t i o n s  shou ld  
b e  i n  t h e  r a t i o  of t h e  E l  m a t r i x  elenrenfs c o n n e c t i n g  t h e s e  ~ c o r i f i g u -  
r a t i o n s  f n  thr g r o l ~ n d  s t a t e .  S i n c e  ~ 1 . d  / ~ l .  !l.pl12? ?? <2s 1 ~ 1 -  1 lpl12> 
( t h e  f i r s t  m a t r i x  e lement  h a s  a  good r a d i a l  o v e r l a p  w h i l e  t h e  second 
inva1,ves a  nnde change r e s u l t i n g  i n  r a d i a l  c a n c e l l n t i o n s ) ,  t h i s  p re -  
d i c t s  d-wave c a p t u r e  shou ld  dominate .  T h i s  i s  a s p e c i a l  a p p l i c a t i o n  
of  a  more g e n e r a l  r u l e  d i s c u s s e d  many y e a r s  ago by ~ i l k i n s o n l l  t h a t  
E l  p h o t o a b s o r p t i o n  i n  t h e  GDR shou ld  b e  dominated by nuc leon  e x c i t a -  
t i o n s  of  t h e  form nR -+ n ' R 1  where nR i s  a n  occupied s h e l l  model o r -  
b i t a l  and n ' R 1  a n  unoccupied o r b i t a l  w i t h  n '  = n ,  R' = R + l .  

A t  S e a t t l e  we r e c e n t l y  determined1* t h a t  t h e  d >  s o l u t i o n  i s  t h e  
p h y s i c a l l y  c o r r e c t  one  by making t h e  f i r s t  un ique  E l  a m p l i t u d e  
d e t e r m i n a t i o n  i n  r a d i a t i v e  c a p t u r e .  IJe d i d  t h i s ' b y  s t u d y i n g  t h e  
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interference between the lowest 'i' = 312 Wl(E2) resonance at 
E -. 14.23 MeV and the El background in the ' 2~ ($,yo) reaction. The 
P T  baslc idea is to use interference with a knowi~ resonance to determine 
unknown properties of the background. 

The dominant bfl-El interference effects shoulci appear in the 
A1 and B1 coefficients;.hence we measured excitation curves at 90" 
with a polarized beam and 55" and 125" with an unpolarized bean. 
The results are shown in Fig. 3 for 

[o(5s0) + 0(125")]/2 = A. - 0.39 A4 = 0 
total 1411 

[0(5S0) - 0(125")]/2 = 0.57 A1 - 0.39 A3 

The experimental data for the 
latter 2 quantities clearly 
show pronounced interference 
effects. 

. -- We calculated resonance 
curves using the known T = 
312 resonance parameters of 
ref. 13 and background El and 
E2 amplitudes determined from 
off-resonance angular distri- 
butions. For the interference 
shapes in 0(90°)~(?00) and 
~(55") - ~ ~ ( 1 2 5 ~ 1 ,  the only fr 
parameter was the phase of the 
T = 3/2 ~t l sunance  relative to 
the El background.. The results 
clearly select the d> solutio 
as the physically correct one. 

These measurements aiso 
providc rcstrictioas un che  EZ 
contributions to this reactio 
In principle, more extensive 
measurements of this sort cou 
uniquely determine the E2 am- 14.21 14.22 14.23 14.24 14.25 14.26 

plitudes. Also this technique E,(MeV) 

could be applied to other Fig. 3. Excitation curves taken 
rluclel where known muli-ipolarity lowest = 312 resonance 
resonances occur at sufficiently in I 2 C  ( p ,  yo) 1 3N ( r e f .  lil ) .  The 
h i g h  excita'tion energy to be solid curve in the top part 1s a 
used for uniqye determinations calculated fit. The the 

giant resonance lower 2 parts represent tiie spread 
and phases. of calculated curves for the d> 

and s> solutions consistent with 
off-resonance angular distributions. 
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E2 STilENG'rH 
j .  

E f f e c t s  of  E2 r a d i a t i o n  a r e  a p p a r e n t  i n  most (p ,y )  s t u d i e s  i n  
and ,above t h e  CDR r e g i o n .  D i r e c t  E2 c a p t u r e  c o n t r i b u t e s  s t r o n g l y  i n  
t h e  GDR r e g i o n ,  and i n  many c a s e s  E l  c a p t u r e  p l u s  d i r e c . t  E2 c a p t u r e  
a c c o u n t s  f o r  t h e  obse rved  c r o s s  s e c t i o n s  and ang111.a~ d : i s t r i b u t i o n s ;  
i n  many o t h e r  c a s e s  i t  i s  d i f f i c u l t  t o  d i s c e r n  whether o r  n o t  a d d i -  
t ional .  ( c o l l e c t i v e )  E2 s t r e n g t h  i s  p r c s e n t  ( s e e  r e f s .  4 ,  6 ,  8 ,  1 4 ,  
1 5 ) .  (;,y) s l u d i e s ,  a s  d i s c u s s e d  by 1 I . R .  Well.er a t  t h i s  conference, 
should  be  f r e e  of d i r e c t  E2  e f f e c t s ,  b u t  a r e  q u i t e  d i f f i c u l t  e x p e r i -  
m e n t a l l y .  Decay s t u d i e s  of t h e  i s o s c a l a r  g i a n t  quadrupo le  reson.ance 
(GQR) show16 t h a t  i n  most c a s e s  po i s  a weak decay  chanael.,  i n  a g r e e -  
ment w i t h  d i r e c t - s e m i d i r e c t  c a ~ . c u : l a t i o n s . ~  'Yhis i s  due  t o  t h e  l a r g e  
s p r e a d i n g  w i d t h  and ,  i n  l i g h t  n u c l e i ,  n o n - s t a t i s t i c a l  decay t o  t h e  ,. 
a-channe l .  N e v e r t h e l e s s ,  ( ~ , y )  E2 s t r e n g t h  remains  i n t e r e s t i n g  be- 
c a u s e  of  t h e  p o s s i b i l i t y  of  c o l l e c t i v e  i s o v e c t o r  c o n t r i b u t i o n s ,  abou t  
which l i t t l e  i s  known. There  remain a  few c a s e s  where ( 3 , ~ )  s t u d i e s  
seem t o  i n d i c a t e  a  s i g n i f i c a n t  e x c e s s  of E 2  s t r e n g t h  over  d i r e c t  
cap ~u 're .  

One such  c a s e  i s  1 5 ~ ( i f , y o ) ' % .  The E2 c r o s s  s e c t i o n s  deduced 
Z 1 C 

from ' % ( p , y o )  0  ncnsurements .  a t  S e a t t l e  a r e  shown i n  F i g .  4 f o r  
E p  = 1 . 4  t o  1 8 . 0  MeV (Ex = 13.4  t o  29  PleV) The d a t a  i n c l u d e  a  re -  
a n a l y s i s  of  t h e  trorlc of B u s s o l e t t i  e t  a .  , p l u s  ,new r e s u l t s 1 7  main1.y 
a t  t h e  lower  e n e r g i e s .  Here we show, r e s u l t s  o n l y  a t  e n e r g i e s  where 
t h e  d a t a  a r e  c o n s i s t e n t  w i t h  no M 1  r a d i a t i o n  ( s e e  t h e  f o l l o ~ r i n g  sec -  
t i o n ) .  The regi-on below Ex % 20 MeV i s  made up of a  nurlber of srriall 
r e s o n a n c e s ,  where one needs  Lo p e r f o r n ~  a resonance  a n a l y s i s  of t h e  

I I I I I I I I I 
0 2 4 6 8 10 12 I4 16 18 

E, (MeV) 

F i g .  4 .  E:! c r o s s  s e c t i o n s  f o r  t h e  ' S ~ ( $ , y o ) 1 6 0  reacti .on.s  
( re fs .  7 ,  1 7 ) .  The s o l i d  l i n e  r e p r e s e n t s  c a l c u l a t e d  
d i r e c t  E2 c a p t u r e .  
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a n g u l a r  d i s t r i b u t i o n  c o e f f i c i e n t s  i n  o r d e r  t o  unders tand  t h e  s t r e n g t h  
( t h i s  i s  i n  p rogress17) .  , 

Above Ex = 20 MeV, t h e  o n l y  r e g i o n  of p o s s i b l y  s i g n i f i c a n t  . s t r u c -  
t u r e  i s  f o r  Ex = 23-27 MeV; where t h e  p r e s e n t  d a t a  i n d i c a t e  a  s t r e n g t h  
of  rough ly  5-10% of t h e  i s o s c a l a r  E2 energy weighted sum r u l e  (EWSR)~ '  
i n  e x c e s s  of a smooth "background" e s t i l n a t e d , f r o m  t h e  lower  p o i n t s  i n -  
t h i s  r e g i o n .  These  d a t a  show l e s s  ev idence  f o r  a '!GQRU t h a n  do pre-  
v i o u s  S t a n f o r d  d a t a . - ,  l9 For Ex = 17.9-27.3  MeV where ( a , a l p o )  co in -  
c i d e n c e  decay s t u d i e s 2 0  show 9% of t h e  EWSR we f i n d  i n  (p ,yo)  12-22% 
of t h e  EWSR ( c a l c u l a t e d  d i r e c t  E2 c a p t u r e  a c c o u n t s  f o r  %6% of t h e  
EWSR). Thus t h e  i n t e g r a t e d  E2 s t r e n g t h  s e e n  i n  t h i s  r e g i o n  i n  
( a , a l p o )  and (p ,yo)  may be  compat ib le  when one a c c o u n t s  f o r  c o h e r e n t  
d i r e c t  c a p t u r e ,  wi thou t '  t h e  need t o  invoke t h e  p r e s e n c e  of s i g n i f i c a n t :  
i s o v e c t o r  (IV) E2 s t r e n g t h .  For Ex = 1 3 . 4  t o  29 MeV (p ,yo)  shows 
20-30% of the.EWSR, w i t h  d i r e c t  c a p t u r e  a c c o u n t i n g  f o r  '~11% of   he 
EWSK.  

M1 DECAYS TO THE GROUND AND THE FIRST EXCITED O+ STATES OF "0 
r 

U n t i l  r e c e n t l y  v e r y  l i t t l e  was known abou t  g r o u n d - s t a t e  f11 d e c a y s  
i n  doub ly  magic l i g h t  n u c l e i .  Such d e c a y s  were g e n e r a l l y  expec ted  t o  
be weak, s i n c e  t h e  doub ly  magic c l o s e d  s h e l l  component of t h e  ground . 

s t a t e  wavefunc t ion  canno t  c o n t f i . b u t e .  
Recen t ly  we e x p l o r e d  t h i s  phenomenon a t  S e a t t l e ,  w i t h  t h e  d i s c o v -  

e r y  t h a t  M 1  e x c i t a t i o n s  can  b e  u n i q u e l y  i d e n t i f i e d  i n  r a d i a t i v e  cap- 
t u r e .  9 ,21 T h i s  was done i n  t h e  r e g i o n  of s e m i - i s o l a t e d  rescj'nances 
below t h e  GDR i n  t h e  ' S ~ ( i ! i , y o ) l G ~  r e a c t i o n ,  a s  i l l u s t r a t e d  i n  F i g .  5 .  
Pronounced s t r u c t u r e  i n  A ( 9 0 ° )  o r  a1 , wli ich can h e  non-zero on:l.y clue 
t o  i n . t e r f e r i i ~ g  r a d i a t i o n s  of o p p o s i t e  p a r i t y ,  i n d i c a t e  p o s s i b l e  M1 o r  
E2 r e s o n a n c e s  i n t e r f e r i n g  w i t h  t h e  E l  background. The PI1 a s s i g ~ ~ n l e n t s  
cone f r o i n . f i t s  t o  d e t a i l e d  a n k u l a r  d i s t r i h ~ i t i n n s  d s ~ u m i n g  a modcl- 
i l ldependent p a r a m e t e r i z a t i o n  i n  terms of E l  and E2 r e a c r i o n  a m p l i t u d e s .  
The X 2  f o r  t h e s e  a n g u l a r  d i s t r i b u t i o n  f i t s  . i s  a l s o  shown i n  F i g .  5 .  

2 < S t r o n g  d e v i a t i o n s  from a c c e p t a b l e  v a l u e s  (X 'L 2 )  i n d i c a t e  a r e a s  of 
c o n c e n t r a t e d  M 1  s t r e n g t h .  A n a l y s i s  of  t h e - a i  and bi n e a r  t l iese  ener -  
g i e s  shows t h a t  t h e  prominent r e s o n a n c e s  a t  16 .22  and 1 7 . 1 4  MeV are 

wpm--  

111, w i c l l  a tliire! M 1  r e s o n a n c e  n e a r  18 .8  MeV which i n  t h e  c r o s s  s e c -  
t i o n  i s  u n r e s o l v e d  frdm a  ne ighbor ing  E l  r e sonance .  

These M 1  r e s o n a n c e s  i n  1 6 0  cor respond  t o  a  t o t a l  g r o u n d - s t a t e  M I  
s t r e n g t h  B(M.l)+ 0 .24 p i .  T h i s  i s  q u i t e  s i z a b l e  compared t o  a  non- 
c l o s e d  s h e l l  A = 4n n u c l e u s  such  a s  12c ( ~ ( P l l )  $ = 0 .93  pi )  . The ob- 
s e r v e d  M 1  decays  stem from t h e  g r o u n d - s t a t e  c o r r e l a t i o n s  ( p r i m a r i l y .  
2  p a r t i c l e - 2  h o l e )  and a r e  i n  r e a s o n a b l e  acc.nrd w i t h  r e c e n t  s h e l l  
model c a l c u l a t i o n s  by Arima and ~ t r o t t m a n . ~ ~  B e t w e n  16  and 20 MeV 
s e v e r a l  M 1  s t a t e s  a r e  p r e d ' i c t e d ,  w i t h  a  t o t a l  s t r e n g t h  of 0.27 )A;, 

which i s  q u i t e  comparable  t o  exper iment .  A t  h i g h e r  e n e r g i e s  up t o  
29 MeV a n  a d d i t i o n a l  s t r e n g t h  of 0 . 6  p; i s  p r e d i c t e d  t o  be  f ragmented 
o v e r  a  number of l e v e l s .  The g r o u n d - s t a t e  wavefunct ion g e n e r a t e d  i n  
t h i s  c a l c u l . a t i o n  h a s  a  2p-2h i n t e n s i t y  of 17%.  
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The e x p e r i m e n t a l  s e a r c h  
f o r . g r o u n d  s t a t e  M 1  s t r e n g t h  
p r e d i c t e d  a t  h i g h e r  e n e r g i e s  
i n  1 6 0  r e p r e s e n t s  an i n t i - i -  
g u i n g  e x p e r i m e n t a l  c h a l l e n g e .  . 
IJe have measured A(90.O) i n  
f i n e  (100 keV) energy  s t e p s  
from Ep = 9-16 .MeV i n  t h e  
1 5  N (p ,yo)  1 6 0  r e a c t i o n ,  and we 
f i n d  no pronounced s t r u c  Lure. l7 
A d d i t i o n a l  a n g u l a r  d i s t r i b u r l o n s  
i n  t h i s  r e g i o n  show no s i g n i f i -  
c a n t  e v i d e n c e  f o r  M I  s t r e n g t h .  
However, M 1  r e s o n a n c e s  i n  t h i s '  
ene rgy  r e g i o n  may b e  e i t h e r  
t o o  broad o r  have t o o  weak a . 
p r o t o n  fnrmatinn p r o b a b i l i t y  
r p / r . t o  be  obse rved  i n  (;,yo). 
A t  lower  e n e r g i e s Y 3 w e  f i n d  no 
e v i d e n c e  ( r  < 1 e v )  f o r  a  

Yo 
pri-!\r.io~,~sly r e p o r t e ? 2 3  M 1  ( p ,  y) 
r e s o n a n c e ,  i n  agreement  w i t h  
a n  e a r l i e r  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 .  2  4 

The u t i l i t y  of ( 3 , ~ )  f o r  
d i s c o v e r i n g  M 1  t r a n s i t i o n s  h a s  
s o  f a r  been demons t ra ted  o n l y  
i n  t h e  one  c a s e  d i s c u s s e d  
above.  I n  t h e  f u t u r e  i t  w i l l  
b c  : i n t e r e s t i n g  t o '  ex tend  tl1:i.s 

t e c h n i q u e  t o  o t h e r  n u c l e i ,  and 
t o  s e e  i f  M 1  r e s o n a n c e s  can be  
i d e u t i f i e d  Pn r c a c  t i o n s  which 
d u  ~ l o l :  I-~nvc thc c implccc  cpirr 
s e q u e n c e s  (see t h e  d i s c u s s i o n  
below) . 

More r e c e n t l y  we have 
measured y-dccoy b ranches  from 
t h e  1 6 . 2 2  and 17.14 M e V  I+, 
T = 1 s t a t e s  t o  t h e  02+ (6 .05  

' 

MeV) f i n a l  s t a t e  s e e  F i g .  b j  
f o r  which we f i n d i 5  p re l i rn i -  
n a r y  v a l u e s  of B ( M 1 ,  1" -k u2+)/  
B l  H l ,  1' ) ul+j - 0.45 i 0 .03  
and 0 . 5 5  f 0 . 0 4 ,  r e s p e c t i v e l y  
( t h e  s t r e n g t h  of t h e s e  decays  
r u l e s  o u t  a  s i g n i f i c a n t  con- 
t r i b u t i o n  from a n  unreso lved  
~ 2 / E 3  b ranch  t o  t h e  3 ' (6 .13  
MeV) l e v e l ) .  These  r e 1 a t i v e l . y  
s t r e o n g  M 1  d e c a y s  shou ld  p r o v i d e  

Ffg. 3 .  E x c l ~ a ~ l u ~ ~  c u ~ v e s  f o r  
1 5 N ( $ , y o ) 1 G ~ :  a ( 9 0 ° ) ,  ~ ( 9 0 " )  and 
rlje "1, a2 and b2 c v r l C i c i e n t s  (3rd 
i i r i l : l  G 1:) )  171-13 PI- r ~ F Z  f F.i r, j , ~ l l t . ~  no t 
shown) and t h c  reduced X2 f o r  angu- 
l a r  d i s t r i b u t i o n  f i t s  assumi.ng on ly  
E l  and E2 r a d i a t i o n .  T h e  c u r v e s  
a r e  t o  g u i d e  t h e  e y e .  V e r t i c a l  
s o l i d  and dashed l i r ~ e  l i n e s  i n d i e a t c  
M 1  and E l  r e s o n n n c c s ,  r e s p e c t i v e l y  
( r e f .  2 1 ) .  
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i m p o r t a n t  r e s t r i c -  
t i o n s  on t h e  } .  

I? 
"N + p  8=90° 

c h a r a c t e r  of t h e  E,(MeV) 
16.15 16.20 16.25 16.30 17.00 17.10 17.15 17.20 17.25 

.02+ s t a t e ,  n o t a b l y  ' 
i t s  2p-211 composi- 

' t i o n  which is  n o t  
known v e r y  w e l l .  
U n f o r t u n a t e l y  no 
t h e o r e t i c a l  c a l c u -  
l a t i o n s  of t h e s e  

a v a i l a b l e .  Hope- 
d e c a y s  a r e  c u r r e n t l y  

f u l l y  t h e  f u t u r e  b 

w i l l  b r i n g  exper i - '  
men ta l  i n v e s  t i g a -  
t i o n  of h i g h e r  a X .  

energy  r e s o n a n c e s  - 2 4 -  

. which undergo 111 h" 
decays  t o  t h e  02+ a 2-  - 
s t a t e .  P a r t i c u l a r l y  
i n t e r e s t i n g  i s  t h e  o 4.30 1 4.35 I 4.40 4.45 5.25 5.30 5.35 5.40 5.45 I 

q u e s t i o n  of whether  E,(MeV) 

. a  "normal" g i a n t  M 1  
r e s o n a n c e  e x i s t s  F i g .  6 .  1 5 ~ ( p , . y )  y i e l d s  t o  t h e  ol+ s t a t e  
b u i l t  on t h e  02+ ( y o ) ,  t h e  02+-3- d o u b l e t  (y12) a t  6 . 1  MeV, 
s t a t e .  Weak c o u p l i n g  and t h e  2+-1- d o u b l e t  ( Y ~ ~ )  a t  6 . 9 - 7 . 1  MeV, 
a r i u m e n t s  a l o n g  w i t h  i n  t h e  v i c i n i t y  of t h e  16.22 and 17.14 M e V  

. t h e  known groundL 14, T = I. r c s o n r ~ n c e s  ( . r e f .  2 5 ) .  
s t a t e  ?I1 s t r e n g t h  i n  
12c and 2 0 ~ e  s u g g e s t  s u c h  s t r e n g t h  i n  1 6 0  would l i e  i n  t h e  Ex % 1 7 -  
21  MeV r e g i o n .  

M 1  DECAYS 'I'O Ti-IT: CROUND AND l:I!ZST UXCTI'EI) 0' ST/\.TES O F  " O C ~  

26 A r e c e n t  e l e c t r o n  sca1:terin.g exper iment  a s  resultec! i n  a  de- 
f i n i t i v e  f.51 ass ignment  f o r  a  s t r o n g  = 4 . 7 4  f 0 . 3 0  cV, IS(bII.)J. - 

0 
0.37 l.i;) ground s t a t e  t r a n s i t i o n  f rom a l e v e l  a t  10 .32  PleV i n  " ' ~ a .  
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h i s  one s t a t e  i n  " ' ~ a  c a r r i e s  more 
?,I1 s t r e n g t h  than  t h e  t o t a l  of a l l  t h e  known ground s t a t e  MZ s t r e n g t h  
i n  160 .  T h i s  i S  c o n s i s t e n t  w i t h  t h e  b e l i e f ,  t h a t  " O C ~  i s  no t  a s  good 
a  c l o s e d  s h e l i  n u c l e u s  a s  1 6 0 .  

3 9 The 1 0 . 3 2  MeV s t a t e  i s  a  well-known resonance  i n  t h e  ~ ( ~ , y )  " ' ~ a  
r e a c t i o n  a t  E = 2.043 MeV, w i t h  a  c a p t u r e  s t r e n g c l ~  rpr / r  = 1 0 . 3  1 

1 . 7  eV ( r e f .  $ 7 ) .  T h i s  r e s o n a n c e  s t r e n g t h  has  been vsex a s  a  s t a n d a r d  
upon whlch o t h e k  sstrengch measurements j.n t h i s  mass r e g i o n  a r e  
b a s e d Y 2 /  and i s  c l e a r l y  i n c o m p a t i b l e  w i t h  t h e  r a d i a t i v e  wid th  quoted 
above.  We have remeasured t h i s  c a p t u r e  s t r e n g t h  w i t h  t h e  r e s u l  t28 
I' r / r  = 4 . 3 3  f 0 .35  eV, compat ib le  w i t h  t h e  r a d i a t i v e  wid th  d e r i v e d  

p  Yo from e l e c t r o n  s c a t t e r ' i n g .  We a l s o  obse rved  decay b ranches  t o  t h e  
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e x c i t e d  02+ ( 3 . 3 5  MeV) and 2' 
( 3 . 9 0  MeV) f i n a l  s t a t e s  w i t h '  M I  DECAYS I N  L IGHT  DOUBLY MAGIC NUCLEI 

H ( M I ,  1' -+ o ~ ' ) / B ( M ~ ,  1' -+ 

ol+) = 0 . 4 3  f 0 .03  and 20 MeV 
-- 

B (MI, I.+ + 2+) / B  ( ~ 1 ,  
1' + ol') = 0 . 1 6  f 0.02  
(assuming E2/N1 = 0  f o r  t h e  
1+ -+ 2+ t r a n s i t i o n ) .  The 
observed decays  i n  1 6 0  and !E!E!! 1 1  :: -[I[; t , T = i  

OCa a r e  shown i n  F i g .  7 .  I t  
i s  t r u l y  re inarkable  t h a t  t h e  2+ 
reduced B (Ml) branching r a t i o s  
f o r  decays t u  r lie e x c i t e d  02+ 

0  + 

0 - 
s t a t e  r e l a t i v e  t o  t h e  ol+ 160 

-----L 0 + 4 0 
C 0 

ground s t a t e  a r e  e q u a l  w i t h i n  
e r r o r s  f o r  t h e  t h r e e  I.+ s t a t e s  Fig. 7 .  rSbse,rvecl decays  of 1+, 
s t u d i e d  ( t h e  1 6 . 2 2  and 17.14 T  = l . s t a t e s  i n  1 6 0  and 4 0 ~ a .  
l', l ' s t a t e s  i n  160 and t h e  
10 .32  1+, 1 s t a t e  i n  4 0 ~ a ) .  

A t  S e a t t l e ,  WE! looked f o r  i n t e r f e r e ~ l c e  i i ~  ($,y) between t h i s  H1 
resvt lance and t h e  non-resonant  E l  background. F!e d i d  not: s e e  such  
e f f e c t s ,  p robab ly  because  r h e  background i s  very  weak and t h e  r e s o -  
nance i s  v e r y  narrow ( r  << 1 IceV).. However, i t  i s  impor tan t  t o  s e a r c h  
f o r  M I  s t r e n g t h  i n  4 0 ~ a  a t  h i g h e r  e n e r g i e s ,  where such i n t e r f e r e n c e  
e f f e c t s  may be  much e a s i e r  L V  o b - -  berve.  

Narrow " s t r e t c h e d "  h igh  s p i n  . p a r t i c l e - h o l e  s t a t e s  a r e  found i n  
n u c l e i  from 1 2 C  t o  2 0 8 ~ b  and have been s t u d i e d  i n  high energy e l e c - .  
t r o n ,  p r o t o n ,  and p i o n  s c a t t e r i n g  and i n  some c a s e s  i n  d i r e c t  t r a n s f e r  
r c n c t i o n s .  The Lowest T = 1 l e v e l s  of t h i s  s o r t  such a s  
[d5ia ,P3/2-1]  (4-1) in '*c and 160 ( r e f s .  2 9 ,  30) and [E7/,,d55/-1] (6-3.) 
i n  Mg and 2 8 ~ i  ( s e e  r e f .  31)  a r e  b e l i e v e d  t o  be p redominan t ly  1 
p a r t i c l e - l  h o l e  s t a r e s ,  whicll i s  p a r t  of t h c  rcnson  why they  a r e  SO 

i n t r . r c s t i n g ,  In 1 6 0 ,  fnl- example, t h e  4 - , l  s t a t e  a t  18.98  MeV h a s  
n e a r l y  a l l  of tile expec ted  ( d ,  t )  p ickup a113 h a s  % l / 2  of 
t h e  ri4 " s l r ~ g l r  p a l  ~ i c l i "  i n c l a g t i c  o l , a s t ron  sca t1 :e r ing  q I - r r n g t h ,  3  1 
However, v e r y  l i t t l e  i s  known about  t h e  decays  of t h e s e  l e v e l s .  

RecruL pickup r n e a s u r c m c n t ~ ~ ~  and decay roinr idenr .r .  measurements 3  3 
1 5  al.ong w i t h  p rcv iguc  hi(p.y12) r n e n ~ n r e m e n t s ~ ~  s t r o n g l y  s u g g e s t  a s s i g n -  

ments of 3 - ,  T = 1, and 4-,  T = 1 f o r  r e s o n a n c e s  a t  1 8 . 0 3  and 1 8 . 9 8  
MeV i n  ' 6 0 ,  r e s p e c t i v e l y .  We r e c e n t l y  remeasured t h e  c a p t u r e  r e a c t i o n  
over  t h e s e  2 r e s o n a n c e s . 2 5  We a l s o  d c t e c t e d ' y - r a y s  from p l2  and n l  
decay c h a n n e l s  ( F i g .  8) w i t h  s t r e n g t h s  whicl! conf i rm t h e  i d e n t i f  i-ca- 
r i o n  uT Lllese resonances w i t h  t h e  s t a t e s  s e p n  .in t.hp. p ickup/decay 
s t u d i e s ,  We f i n d  rpry/r  = 1 .96  + 0.27 eV and 0 . 8 5 + . 0 . 1 0  eV f o r  t h e  
3 - , 1  and 4 - ,1  r e s o n a n c e . d e c a y s  t o  t h e  37 O ( 6 . 1 3  MeV) f i n a l  s t a t e .  
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Using r o/I' = 0 . 4 6  _f 0 . 1 5  
and 0 . 1 5  f 0.05 ( r e f .  33) 
l e a d s  t o  r = 4.8  + 1 . 9  eV 1 "N + F  8 ~ 9 0 "  

' a n d  7 . 1  f .1 eV, c o r r e s -  
10.00 18.05 10 0 

t o  B(M1) = 0.24 L- 
. 0.10 P O  and 0 .29 + 0.13 

f o r  t h e  3 - , 1  and 4 - ,1  decays  . . . - . .. . 
t o  t h e  (3-,0) l e v e l .  We k 

a l s o  o b t a i n  t o t a l  w i d t h s  o 

r = 23 L- 1 2  and 8 2 4 .keV 
f o r  t h e  3 - , 1  and 4 - , 1  
r e s o n a n c e s ,  r e s p e c t i v e l . ~ ,  
by comparing our  resonance  
s t r e n g t h s  f o r  t h e  p l 2  and 
a1 e x i t  channe l s  wi t11  t h e  
c o i n c i d e n c e  decay r e s u l t s  
of r e f .  33.  

The (4-,1) -+ (3-,0) €,(MeV) 

decay s t r e n g t h  i s  i n  accord  
w i t h  t h e  s h e l l  m o d e l . v a l u e  I" tp  8 =go0 

of 0 . 4 1  p G  c a l c u l a t e d 3 5  by E,(MeV) 
J .  M i l l e n e r  (us ing  a lhw I 14L 18.94 I 18.98 ' 19.02 

. b a s i s  f o r  t h e  4 - ,1  s t a t e ) .  
A r e a l  test of t h e  l p - l h  
p u r i t y  of t h e  (4-,1) l e v e l  
must a w a i t  a n  improved v a l u e  55 - 
f o r  T y ,  which depends  mainly  5.0 - 
'on a n  i~nproved measurement 
of rpo/ r .  The r e a s o n a b l y  O 

s t r o n g  (3-,1) -+ (3- ,0)  decay 
s t r e n g t h  i s  3100 i n t e ~ e s l i l l g  
s i n c e . t h i s  l e v e l  i s  n o t  p a r -  - -- 

k z0.3- . n-. ..... . . . 

b 

titularly s t r o n g  i n  p ickup ,32  ..:. 
implying i t  shou ld  be  mos t ly  
3p-3h. x 0 3.5 

Also shown ih F i g .  8 i 3  
- 

A(90°) f o r  t h e  c a p t u r e  y - rays .  
Now t h e  non-resonant  background E,(MeV) 

1 5  i s  a lmos t  c e r t a i n l y  E l ,  s o  t h a t  F i g .  8 .  K -: p n e a r  t h e  
one would expec t  M1-El 1 8 . 0 3  3- ,  T = 1. and 18 .98  4-, 
resonance-background i n t e r -  T = 1 resonances  ( r e f .  2 5 ) .  
f e r e n c e  e f f e c t s  i n  A(90°) ,  
whereas t h e  s t r i k i n g  aspect 
of t h e s e  d a t a  i s  t h e  absence  of a s i g n i f i c a n t  r esonance  i n  t h e  an- 
a l y z i n g  power. ,The most l i k e l y  e x p l a n a t i o n  f o r  t h i s  may be  t h a t  t h e  
many r e a c t i o n  a m p l i t u d e s  p r e s e n t  i n  t h e  E l  background tend t o  wash 
o u t  i n r e r f  e r e n c e  e f f e c t s .  

. . 
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I a m  i n d e b t e d  t o  my c o l l e a g u e s  who have  s h a r e d  i n  e x p e r i m e n t s  
p e r f o r m e d  i n  S e a t t l e  i n  t h e  p a s t  few y e a r s ,  p a r t i c u l a r l y  P.G. Z k o s s i ,  
w i t h o u t  whose c l o s e  c o l l a b o r a t i o n  much o f  t h e  work d e s c r i b e d  h e r e  
would n o t  b e  c o m p l e t e d ,  and  E . G .  A d e l b e r g e r ,  w i t h  whom d i s c u s s i o n s  
and c o l l a b o r a t i o n s  a r e  a l w a y s  v a l u a b l e .  S p e c i a l  t h a n k s  a r e  d u e  a l s o  

. t o  J . E .  B u s s o l e t t i ,  K .  Eb i sawa ,  K.T. L e s k n ,  and T . A .  T r a i n o r .  
T h i s  wvrk h a s  b e e n  s u p p o r t e d  by t h e  Un i t ed  S t a t e s  Depar tment  

of  Ene rgy .  

KEFERENCES 

11.F. GLavj.sh, S . S .  1-Ianna, R .  Av:ida, R . N .  Boyd, C.'C. Chang, and 
E .  D i e n e ~ . ,  Phys .  Rev. L c t t .  2 8 ,  765 (1977.). 
S .S .  I h n n a ,  I-I.F. G l a v i s h ,  ~ . v i d a ,  J . R .  Calajrco,  E .  Kuhf~r~an,  
and R. LaCanna, Phys .  Rev. L e t t .  3 2 ,  114 (1974) .  
H.P. G l a v i s h ,  P r o c .  o f  t h e  l ~ o u r t h % t e r n a t .  Symp. on P o l a r i z a t i o n  
Phenomena i n  N u c l e a r  R e a c t i o n s ,  Z u r i c h ,  1975 ( B i r k h g u s e r  P r e s s ,  
B a s e l ,  1 9 7 6 ) ,  p .  317.  
R .  Helmer ,  M . ? J .  Masinoff,,J.E. D u s s o l e t t i ,  K . A .  S n o v e r ,  and 
T.A. T r a i n o r ,  Nucl .  Phys .  A336, 219 (1980) .  
D .  B e r g h o f e r ,  M . D .  H a s i n o f f ,  R .  Me!.mer, S . T .  Lim, D.F. Measday, 
and K.  Eb i sawa ,  Nucl .  Phys .  A263, 1 0 9  (1976) .  
K . A .  S n o v e r ,  J . E .  B u s s o l e t t i ,  K .  Ebisawa,  T.A. T r ' a ino r ,  and 
A.B. McDonald, Phys .  Rev. L e t t .  - 37 ,  273 (1976) .  
J . E .  B u s s o l e t t i ,  Ph.D. Thes is ,  U n j . v e r s i t y  of  \ . l ash ington ,  1.978; 
K . A .  S t lover ,  J . E .  13ussu lc tL i  cL 5 1 1 . ,  to  bc publ i r ; l led ,  
K.A. S n o v e r ,  P r o c .  o f  t h e  G i a n t  Mc!l t i p o i e  Resonance  T o p i c a l  
C o n f e r e n c e ,  Oalc Ridge,  Tenn.  , O c t o b e r  1 9 7 9 ,  F. E .  Her t r a n d ,  Ed. , 
t o  b e  p u b l i s h e d .  
K ; A ,  Snover,, Prac ,  nf r h e . 3 s d  b n c e r g a t .  S~mp.. on  Neu t ron  C a p t u r e  
Gamma liay S p e c t r o s c o p y  and R e l a t e d  T o p i c s ,  Brookhaven,  1978 
(Plenum P r e s s ,  NY,  1 9 7 9 ) ,  p .  313 .  
D . G .  M a v i s ,  H.F. G l a v i s h ,  and 3 . C .  S l a t e r ,  F r o c .  of  t h e  4 t h  
I n t e r n a t .  Syrnp. on P o l a r i z a t i o n  Phenomena :in Nuc lea r  R e a c t i o n s ,  
Z u r i c h ,  1975  ( ~ i r F . h % i ~ s ~ . r  P r e s s ,  B a s e l ,  1 9 7 6 ) ,  p.  7k9.  
D . H .  W i l k i n s o n ,  P h y s i c a  - 22,  1939  (1956) .  
K . A .  S n o v e r ,  P .C .  I k o s ~ i ,  Z..C:. Arl~?l.l,exger, a n d  K;T, Lcslce, Rhys .  
Rev.   let^. - 44 ,  ,927 ' (1980) 
R.E. iYal:rs, E.G. r ' idelber 'ger ,  and K . A .  S n o v e r ,  P h y s .  RPJ.  C - 1.6, 
6 1  (1977) .  
J .D. .  T u r n e r ,  M.R. R o b e r t s o n ,  S .A.  Nender ,  H . R .  W e l l e r ,  and 
D.R. T i l l e y ,  Phys .  Rev. C 21 ,  525 (:1.980). 
C .  F i t z p a t r i c k  e t  a l . ,  a n d K . 0 .  Ledfo rd  e t  a l . ,  c o n t r i b u t i . o n s  
f i2 .74  and 2 .75  t o  t h i s  c o n f e r e n c e .  



SNOVER 1 3  

K.T. ~ n 6 p f  l e ,  P r o c .  of t h e  I n t e r n a t .  Conf . on  Nuc lea r  P h y s i c s  . 

w i t h  ~ l e c  t r o m a g n e t i &  I n t e r a c t i o n s ,  Mainz, Germany, J u n e  1979 ;  
L e c t u r e  No tes  i n  P h y s i c s  - 1 0 8 ,  3 1 1  ( 1 9 7 9 ) ;  G . J .  Wagner, P r o c .  o f  
t h e  G i a n t  M u l t i p o l e  Resonance  T o p i c a l  C o n f e r e n c e ,  Oak R i d g e ,  
Tenn . ,  Oc tobe r  1979 ,  F.E.  B e r t r a n d ,  Ed. , t o  b e  ~ u b l i s h e d .  
K . A .  S n o v e r ,  P .G.  I k o s s i ,  and  K.T. Lesko ,  t o  b e  pub.  ( s e e  a l s o  
r e f .  8 ) .  
M .  Gell-Mann and V.L. Te legd i . ,  Phys .  Rev. 91 ,  1 6 9  ( 1 9 5 3 ) .  We 

2 u s e  v a l u e s  f o r  <r > t a k e n  f rom e l e c t r o n  s c . z t e r i n g :  C .W. d e  
J a g e r  e t  a l . ,  Atomic and N u c l e a r  Data  T a b l e s  1 4 ,  479 ( 1 9 7 4 ) .  
S .S .  Hanna,   roc.' o f  t h e  I n t e r n a t .  Conf .  011  ele ear P h y s i c s  
w i t h  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 ,  Mainz ,  Germany, J u n e  1 9 7 9 ;  
L e c t u r e  No tes  i n  P h y s i c s  - 1 0 8 ,  2 8 8 , ( 1 9 7 9 ) .  
K.T. ~ n o p f l e ,  G . J .  Wagner, P .  P a u l ,  H .  B r e u e r ,  C .  Player-Bb;ricke, 
Z11. Rogge, and P .  T u r e k ,  P t ~ y s .  L e t t .  7ftB, 1 9 1  (1978) .  
K . A .  S n o v e r ,  P.G. I k o s s i ,  and T.A. T r a i n o r ,  Phys .  Rev. L e t t .  
43 ,  117 (1979) .  - 
A.  Arima ahd D .  S t r o t t m a n ,  Los Alamos ' P r e p r i n t  ~ ~ - ~ ~ - 7 8 - ' 2 9 6 9 .  
C .  K o l f s  and W.S. Rodney, Nucl .  Phys .  A235, 450 (1974) .  
M. S t r o e t z e l ,  Z .  Phys .  - 214,  357 (1968)-.- 
K . A .  S n o v e r ,  P .G .  I k o s s i ,  E.G. A d e l b e r g e r ,  and K.T. Lesko ,  t o  
b e  p u b l i s h e d .  
W .  G r o s s ,  D .  Meuer,  A .  R i c h t e r ,  E.  Spnnler, 0 .  T i t z e ,  and CJ. 
Knupfe r ,  P11ys. L e t t .  - 84B, 296 (1979) ; s e e  a l s o  P .  Bur t '  e t  a l . .  , 
c o n t r i b u t e d  p a p e r  t o  I n t e r n a t .  Conf .  of Nuc lea r  P h y s i c s  w i t h  
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 ,  Mai.nz, G e m a n y ,  J u n e  1979 .  
S e e  f o r  example ,  P.M. E n d t ,  Atomic and ~ u c l e a r  Data T a b l e s  - 23,  
3 (1.979) and r e f e r c n c i ! ~  L h c r e . i ~ ~ .  
K . A .  S n o v e r ,  1.J. Rosch,  E.G. A d e l b e r g e r ,  and P.G. I l c o s s i ,  t o  be 
p u b l i s h e d .  
T.W. Donne1.l y ,  J .D.  Walecka,  I .  S.Lck, and E.U. Hughes, Phys .  
Rev. L e t t .  21 ,  1196  (1968) .  
I .  S i c k ,  E.K Hughes, T.I.J. Donnel.l.y, J.D. Glalecka, and G . E .  
Wa lke r ,  Phys .  Rev. L e t t .  23, 1117 ( l 9 6 9 ) .  
R . A .  L i n d g r e n ,  I.J.J.  G e r a c e ,  A . D .  Uacher ,  W.G.  L,ove, and 
F .  P e t r o v i t c h ,  F h y s .  Rev. L e t t .  - 4 2 ,  1524 (1974) and r e f e r e n c e s  
t h e r e i n .  
G .  M a i r l e ,  C . J .  Wagner, P .  D o l l ,  K.T.  ~ ( n o p f l e ,  and H .  B r e u e r ,  
Nucl .  Phys .  A299, 39  (1978) .  
H .  B r e u e r ,  P .  D o l l ,  K.T. K n o p f l e ,  G .  M a i r l e ,  and C . J .  Wagner, 
p r e p r i n t  . 
A.R. B a r n e t t  and N . W .  T a n n e r ,  Nucl .  Phys .  A152,. 257 ( 1 9 7 0 ) .  
S.H. Chew, J .  T.,nwe, .J.M. Mcluon, arid A . K .  B a r n e t t ,  Nuc l .  Phys .  
A229, 241 (1974) ;  Nucl .  P h y s .  A286, 451  ( 1 9 7 7 ) .  
J .  M i l l e n e r ,  p r i v a t e  communicatiom. 




