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Inelastic proton scattering on 2 0 6 ~ b ,  2Q7pb and "'pb throt~gh iso- 

bariq.analog resonances has been used to study neutron pastielrz-hole 
. A  

eacitarions with large ground - state g& branches in these Pb isotopes, 

Relative (p,pl) cross geelions at 90' +re extracted for 8kruetures 
< 

sekactively excited on the d '1/2'. and d3/2-%/2 d/ZS . 
resonances . Inter- 

pretation of excitations in 2B63?b and '"'~b in terms of coupling to 

states in '"pb is discussed. Branching ratios for 1- states in '08pb 

at 4.84, 5.29, 5.94 and 6.31 HeTI and the 1/2+ state in 2073?b at 

4 . 6 3  &V arc deduced. 

Nuclear Reactions: 206,207r208pb( p9p1y,); Ep = 16.2 to 17.8 MeV measured 

Ep, Ip, p-yo coin at 90' (lap); deduced do/dO ( 9 0 ° ) ,  

I' /I'; enriched targets. 
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1. I n t r o d u c t i o n  and,  Summary: of Prev ious  R e s u l t s  

Recent experiments1)  have revea led  s t r i k i n g  s i m i l a r i t i e s  i n  t h e  . 

energy dependence of t h e  photon e l a s t i c  s ~ a t t e r i n g  c r o s s  s e c t i o n  below 

neut ron  th re sho ld  i n  '06pb, 2 0 . 7 ~ b ,  2.O9Bi, and doubly magic 2 0 e ~ b  ( see  

f i g .  1 ) .  These s i m i l a r i t i e s  i n  dip 'ole  t r a n s i t i o n  s t r e n g t h  sugges t  a  

r e l a t i v e l y  weak coupl ing  of va l ence  p a r t i c l e s  ( b r  ho l e s )  t o  5' = 1- 

e x c i t a t i o n s  of t h e  2 0 e ~ b  core .  The weak coupl ing model2) has  been  h ighly  

s u c c e s s f u l  i n  d e s c r i b i n g  t h e  s e p t u p l e t  of l e v e l s  near  2.6 MeV i n  ' ' B i  

formed by coupl ing t h e  val-ence pro ton  t o  t h e  3- c o l l e c t i v e  oc tupole  s t a t e  

i n  ' ' ~ b ~ - ~ ) .  The model has  a l s o .  been proposed f o r  a  number of h igher  

l y i n g  l e v e l s  i n  neighboring n u c l e i  i nc lud ing  some e l e c t r i c  d i p o l e  s t a t e s  

i n  ' 7 ~ b  up t o  7 MeV i n  e x e i ~ a t i o n ~ - ~ ) .  On t h e  o t h e r .  hand, a  d e t a i l e d  

s tudy  of low l y i n g  2' p a r t i c l e - 1  h o l e . . l e v e l s  i n  2 0 9 ~ i  has shown t h a t  t h e  

coupl ing  of t h e  va l ence  p r o t o n .  t o  t h e  non -co l l ec t i ve  4- and 5- neut ron  

9 1 p a r t i c l e - h o l e  . s t a t e s  of ' O % p b '  i s  no t  s t r i c t l y  .weak . It i s  important  

t o  l e a r n  how h igh  i n  e x c i t a t i o n  energy weak.coupl ing occurs  and f o r  what 

types  of c o r e  e x c i t a t i o n s  it a p p l i e s .  
\ 

We have s tud i ed  t h e  p a r t i c l e - h o l e  s t r u c t u r e  of. some d i p o l e  s t a t e s  

i n  '06pb, '07pb, and 208pb, exc i t ed  through t h e  .(p, .ply ) r e a c t i o n  on 
0 

i sobar ic  analog resonances (:IAR) . I n  6 ~ b  arid'' 'O 7 ~ b  we observe probable  

examples of both t h e  weak and t h e  s t r o n g  coupl ing of neut ron  ho le s  t o  

'08pb d i p o l e  c o r e  ' s t a t e s  up t o  about 6 MeV i n  e x c i t a t i o n  energy. Our 

r e s u l t s  a re . .  c o n s i s t e n t  w i th  what i s  a l r e a d y  knokn exper imenta l ly  10-12) 

about  t h e  shell-model s t r u c t u r e  of t h e  'Oepb c o r e  s t a t e s .  A s  a  by-product 

of t h i s  experiment w e  have obtained:  t h e  ground s t a t e  gamma-ray branching 

r a t i o s  I' /I' of t h e  4.84, 5.29, 5.94 and 6.31 MeV, J' = 1- s t a t e s  i n  
Yo + 'Oepb and t h e  4.63 MeV, 112 s t a t e . i n  '07pb. These branching r a t i o s  a r e  



needed i n  o r d e r  t o  e x t r a c t  the, gamma r a y  widths o f . . t h e  l e v e l s  from 

resonance f luo rescence  measurements.of [rye] 2 / r .  The d e v i a t i o n s  from 

100% which we f i n d  f o r  some of t h e s e  branching r a t i o s . w i l 1  no t  s i g n i -  

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

be c l u e s  t o  t h e  microscopic s t r u c t u r e  of t he  l e v e l s .  

The low l y i n g  d i s c r e t e  1- s t a t e s  i n  20%b have been s tud ied  p r i -  

1,6-8,13) 
m a t t l y  w i t h  "the (y; y) , ( P , P ' ) ~ ~ )  and (d,p)  10 ,11 ,14) '  r e a c t i o n s .  

It i s  known from nuc lea r  resonance f luorescence6)  and elast ic-photon 

sca t te r ing1)  t h a t  about  1 .5% of t h e  t o t a l  E l  s t r e n z t h  i n  2 0 8 ~ ~  is  found 

i n  two so-ca l led  "mini-resonances" centered  a t  about  5.5 and 7.2 MeV 
! ' 

e x c i t a t i o n .  S h e l l  model c ~ l c u l z i t i o n s ~ ~ ~ ~ ~ )  p r e d i c t  t h a t  t h e  1- s t a t e s  
Y 

near  5.5 MeV inc lude  mainly mixtures  of . neu t ron .  par  t i c l e - h o l e  conf igura-  

t i o n s  whi le  those .a round 7 .2  MeV a r e  predominantly pro ton  p a r t i c l e - h o l e  

s t a t e s .  Th i s  p a r t i t i o n  is  a sc r ibed  t o  t h e  d i f f e r e n c e . i n  mean ene rg i e s  ... 

of neut ron  p-h and pro ton  p-h e x c i t a t i o n s  i n  t h e  unperturbed s h e l l  model. 

'16) - . 
~ a r v e y  and Khanna have noted f u r t h e r  t h a t  t h e  5.5 and 7 MeV "mini- 

resonances,"  which a r e  gene ra l ly  reproduced i n  t h e i r  c a l c u l a t i o n ,  a r e  
. . 

t r u l y  " c o l l e c t i v e "  i n  t h e  sense  t h a t  no one pa r t i c i e -h6 le  configuraLluu ,.. 

appears  w i t h  i n t e n s i t y  g r e a t e r  than  154. Conversely, e igens t a t e s 'wh ich  

have l a r g e  c o n f i g u r a t i o n  i n t e n s i t i e s  c a r r y  ' l i t t l e  d i p o l e  s t r e n g t h .  They 

a l s o  f i n d  t h a t  t h e  spreading  i n  energy of a c o n f i g u r a t i o n  over t h e  eigen- 

s t a t e s  illcreases w i t h  t h e  .oplno of tlio p u t i c l e  and hn1.e i.nvolved; thus 

s p would be t h e  most l o c a l i z e d  conf igu ra t ion .  These gene ra l  
112 112 

f e a t u r e s  a r e  confirmed by. spec t ros=op ic  f a c t o r s  from * 07pb (d ,p )  . lo ,  11)  



I n  t a b l e  I w e  have l i s t e d  some p r o p e r t i e s  of t h e  known18); s p i n  1 

bound s t a t e s  i n  2 0 8 ~ b :  t h e i r  r a d i a t i v e  widths6) ,  (d ,p)  spec t ro scop ic  

f a c t o r s  10'11), and p r i n c i p a l  p a r t i c l e  h o l e  con£ i g u r a t i o n s 1 7 ) .  The re- 

6 ) .  s u l t s  of p rev ious  experiments have been summarized by Coope e t  a l .  , 

we r e i t e r a t e  them he re  w i th  some a d d i t i o n s :  

1 )  Only two 1- s t a t e s  a r e  s t r o n g l y  .populated i n  2 0 7 ~ b  (d,p)  and thus  

have s i g n i f i c a n t  admixtures  of p-l neu t ron  c o n f i g u r a t i o n s .  The 112 
. -1. 

5.29 MeV s t a t e  n e a r l y  exhaus ts  . t h e  s 1,2p1/2 con f igu ra t i on  s t r e n g t h  

no t  included i n  t h e  g i a n t  d i p o l e  resonance.  The 5.94 MeV state 
- -  . - L  

-1 
comprises most of t h e  d  

3/2'1/2 c o n f i g u r a t i o n  s t r e n g t h ;  i t  i s  no t  

s een  i n  (y ,y)  experiments.  The remaining d  s t r e n g t h  i s  appa ren t ly  
- '  1 >. 3/2 

fragmented among.many l e v e l s .  
. ?  !' 

-1 
2) The 6.31 MeV . s t a t e  exhau'sts a  m a j o r ' . f r a c t i o n  of t h e  s 

1 / 2  '3/2 
12)  s t r e n g t h  . 

3)  The s t r u c t u r e  o f . t h e  4.84 MeV.state  has  been desc r ibed  a s  "co l lec-  

t ive"17) ,  i. e .  , having a  mixed neut ron  p-h s t r u c t u r e .  Swann 19)  

r epo r t ed  an  M 1  e x c i t a t i o n  a t  t h i s  energy;. a  c la im doubted by D e l  

Vecchio e t  a1.  20) ,  who e s t a b l i s h e d  a  1- assignment f o r  t h e  l e v e l  a t  

4 . 8 4 1 f  0.005 MeV. I n  light of t h i s  and o new rneasurwwu~ ul: h i s  

own, swinn2') ha s  proposed a  double t  of 1' and 1- l e v e l s  w i t h i n  

3  keV. 

4) The 5.51MeV s t a t e  has  a  mixed neut ron  p-h s t r u c t u r e  and i s  

s t r o n g l y  exc i t ed  i n  (y ,y)  r e a c t i o n s .  

5) The 7  MeV l e v e l s  (7.06, 7.08, and 7.33 MeV3 comprise over  h a l f  of 

t h e  t o t a l  r a d i a t i v e  width below th re sho ld ,  The 7.06 MeV l e v e l  was 

proposed a s  an M l  ' e ~ c i t a t i o n * ~ ) ,  but  more r e c e n t  :experiments  23,24) 

show t h a t  a l l  . t h r e e  l e v e l s  a r e  1-. 



6) The s t a t e s  most s t r o n g l y  exc i t ed  i n  p h o t o n . s c a t t e r i n g  appear t o  

6  have mixed c o n f i g u r a t i o n s  . 
I n  c o n t r a s t  t o  2 0 8 ~ b  almost  nothing is  known about  t h e  low l y i n g  

. d i p o l e  s t a t e s  of 6 ~ b  and . 2  i ~ b  because t h e  l e v e l  d e k i t y  i n  t hese  

n u c l e i  is  much g r e a t e r  than  i t  i s . a t  t h e  s a m e ' e x c i t a t i o n  energy i n  

1 )  '2 08pb. Photon s c a t t e r i n g  d a t a  . . show an. i n d i c a t i o n  o f .  weak coupling 

s t a t e s  wi thout  r e s o l v i n g  i n d i v i d u a l  l e v e l s  i n  2 0  6 ~ b  and 2 0 7 ~ b .  - The 

( p , p l y )  r e a c t i o n  through analog resonances t e s t s  t h e  weak coupling model 

by p r o b i n g . t h e  particle-hole.st;itiictiire of ehe l e v e l s  excited i n  ( y , ~ )  

r e a c t i o n s ,  a l lowing  one t o  t r a c e  t h e i r  parentage t o  t h e  1- co re ,  s t a t e s  

i n  2 0 e ~ b .  

2. I n e l a s t i c  ~ r d t o n  S c a t t e r i n g '  Through. I.AR 

I s o b a r i c  analog resonance i n e l a s t i c  p r o t o n . s c a t t e r i n g  s e l e c t i v e l y  

popula tes  neut ron  p a r t i c l e - h o l e  s t a t e s  i n  c losed  s h e l l  nuclei").  The 

proce'ss i s  i l l u s t r a t e d  i n  f i g .  2 f o r  ' t h e  ca se  of a  ' O  O Y ~ ' :  t a r g e t .  ' The 

wave ' f u n c ~ i o n  of t h e  analog s t a t e  @ i s  obta ined  from t h a t  of i ts  parent  A 

QPA by t h e  a p p l i c a t i o n  of t h e  i s o s p i n  lowering ope ra to r  T-: . 

In '  t h i s  express ion  (J ,T)  r e p r e s e n t s  t he  s p i n  and z component of i s o s p i n  

of t h e  pa ren t  s t a t e - ,  and t, is  t h e  i s o s p i n  lowering ope ra to r  which a c t s  
J 

on t h e  ' p a r t i c l e  j.. ( j  denotes  t h e .  s p i n  of .  t h e  p a r t i c l e ) . .  . ." I f  t h e  s i n g l e  

neut ron  pa ren t  s t a t e . i n .  2 0 9 ~ b  i s  m i t t e n  as a prodt l~f  of a s i n g l e  negLrull 

+ 
wave func t ion  $ (J) and . t h e  * 08pb g round : i t a t e  c o r e  j $ (0 .) , 

n c 



one f i n d s  t h a t  t h e  analog s t a t e  i s  a  supe rpos i t i on  of a  s i n g l e  pro ton  

s t a t e  and.many two par t ic le -one  ho le  s t a t e s :  

The analog resonance i s  exc i t ed  through t h e  f i r s t  term i n  Eqn. 3 and 

decays by emission of a pro ton  @ (j) from one of t h e  two pa r t i c l e -one  
P  

ho le  con f igu ra t ions  ind ica t ed  i n '  t he  summation,. l e av ing  t h e  t a r g e t  i n  

th 'e  neutron p a r t i c l e - h o l e  s t a t e .  4 (J)$-(j) . The s p i n  J of t he  ' neu t ron  
n  n  

p a r t i c l e  i s  t h e  same a s  t h a t  of t h e h c i d e n t  proton and of t h e  IAR; 

s i m i l a r l y  t h e  s p i n  j of t he  ho le  and the  outgoing pro ton  a r e  i d e n t i c a l .  

Because t h e  p a r t i c l e  and ho le  a r e  i n  d i f f e r e n t  o s c i l l a t o r  s h e l l s ,  nega- 

t i v e  p a r i t y  s t a t e s  a r e  u s u a l l y  formed. F ig .  3 shows t h e  a v a i l a b l e  neut ron  

o r b i t a l s  f o r  N=126. 

The s t r o n g  ground s t a t e  y-ray decay of e l e c t r i c  d i p o l e ,  neutron 

p a r t i c l e - h o l e  s t a t e s  i n  heavy nuc le i12 )  i d e n t i f i e s  t h e s e  s t a t e s  i n  t h e  

(p ,p lyo)  r e a c t i o n  even when t h e  t o t a l  l e v e l  d e n s i t y  i s  high.  Although 

M 1  and E2 s t a t e s  a l s o  have l a r g e  Y branches,  p o s i t i v e  p a r i t y  s t a t e s  
0 

i n  2 0 8 ~ b  a r e  not  expected t o  show resonant  behavior  on t h e  g 
912' d 5 / 2 y  

'1/2' d3 /2y  o r  g7 /2  T A R .  

T o t a l  resonance ( p , p l )  c r o s s  s e c t i o n s  a r e  r e l a t e d  t o  t he  parentage 

1 
c o e f f i c i e n t s  a f o r  neut ron  p a r t i c l e - h o l e  con f igu ra t ions  by t h e  equat ion 

J j 



. 
i n  which 

I i s  t h e  spi ,n  of t h e  s t a t e  populated i n  ( p , p l ) ,  

(5) -is t h e  s p i n  of t h e  neut ron  
p a r t i c l e  [ h o l e  ] 

J 
l' i s  t h e  p ro ton  p a r t i a l  wfdth of t h e  s i n g l e  neut ron  IAR 
P  
J I r i s  t h e  t o t a l  width of t h e  IAR 

and 

rSP i s  t h e  s i n g l e  p a r t i c l e  width f u r  emission of a  proton of s p i n  j .  
j 

The sum over  neut ron  holes imp l i e s  t h a t  t h e  resonance behavior of t h c  

t o t a l  ( p , p l )  c r o s s  s e c t i o n  can i d e n t i f y  only  t h e . p a r t i c l e s  i n  t h e  

p a r t i c l e - h o l e  con f igu ra t ions .  Fo r tuna te ly  t h e  ho le s  which can couple 

w i t h  a g iven  p a r t i c l e  s p i n  J t o  form I = 1 a r e  l i m i t e d  t o  those wi th  

j = J, J f 1 f o r  J > 112 a n d . j  = J, J + 1 f o r  J = 1 / 2 ,  and the  f a c t o r  

rSP i s  l a r g e s t  f o r  h o l e s  w i t h  t h e  lowest  r e l a t i v e  o r b i t a l  momentum. 
j 

One o r  two terms dominate . the  sum over  j i n  most i n s t ances .  Real selec- 

t i v i t y  i n  popula t ing  p a r t i c l e - h o l e  con f igu ra t ions  i s  obtained wi th  t h e  

- 1 (d,p)  r e a c t i o n ,  but only  t h e  ho le  S t a t e s  a l r eady  i n  t h e  t a r g e t  (p f o r  
1 / 2  

07pb) can be reached. Together,  (d ,p)  and .  ( p , p l )  d a t a  provide reason- 

a b l y  q u a n t i t a t i v e  i n t e n s i t i e s ' f o r  t h e  major neut ron  p a r t i c l e - h o l e  con- 

f i g u r a t i o n s  i n  t h e  1- s t a t e s  of 2 0 8 ~ b .  

The foregoing  d i s c u s s i o n  car r ies  over t o  L11e case of eeePb (p,  y) , 

only  he re  t h e  p  neut ron  s h e l l  i s  empty. A.n~ore  complicated s i t u a t i o n  
112 

arises f o r  the 2 0 7 ~ b  t a r g e t  unless . ,  weak coupling a p p l i e s .  I n  t h a t  event  

t h e  c r o s s  s e c t i o n  ( t o t a l  o r  d i f f e r e n t i a 1 ) ' f o r  popula t ing  t h e  weak coupling 

doub le t  i n  7 ~ b  would have . the  same energy: dependence a s  t h a t  of t h e  

c o r e  s t a t e  i n  2 0 8 ~ b .  A b e a u t i f u l  example i s  t h e  2.6 MeV s e p t u p l e t  i n  

5 9 ~ i  s tud ied  by .Coff in e t  a l .  . 
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3 .  The Experiment 

We have used t h e  IAR (p ,p8y)  r e a c t i o n  t o  s tudy  c l u s t e r s  of d i p o l e  

s t a t e s  i n  6 ~ b  and 7 ~ b  t o .  s e e  i f  they a r e  s e l e c t i v e l y  exc i t ed  on 

resonance a s  a r e  t h e  d i s c r e t e  1- s t a t e s  i n  2 0 8 ~ b .  The s t rong  ground 

s t a t e  gamma ,ray decay of d i p o l e  s t a t e s  .can . s e l e c t  t hese  s t a t e s ,  o r  

a t  l e a s t  groups of t hese  s t a t e s ,  from t h e  dense background of h igher  

. s p i n  l e v e l s  exc i t ed  i n  nuc lea r  r e a c t i o n s .  Our energy r e s o l u t i o n  of 

35 keV i s  t o  be compared.to about  100 keV f o r  t h e  photon s c a t t e r i n g  

1) d a t a  of Laszewski and Axel . 
The pro ton  beam from t h e  Un ive r s i t y  of 'washington  FN tandem 

a = c e l e r a t o r  bombarded t a r g e t s  of enriched ..2 6 ~ b ,  7 ~ b ,  and 'pb. 

Typica l ly  50 t o  -200 na of beam c u r r e n t .  was . i nc iden t  upon t h e  0.5-lmg/cm2 

s e l f  supp'orting l ead  f o i l s .  The exper in ien ta l . se tup  i s  shown i n  f i g .  4. 

Protons were de t ec t ed  a t  90' i n  a S i ( L i )  d e t e c t o r  3  mm t h i c k ,  co l l imated  

wi th  a  1/4" x 5/8" aper ture .3-1 /8"  from t h e  t a r g e t .  The d e t e c t o r  was 

cooled . i n  t h e  chamber wi th  a  t he rmoe lec t r i c  j unc t ion  and was equipped 

wi th  an  e l e c t r o n  sweeping magnet. F ig .  5  shows a  proton spectrum wi th  , 

34 keV energy . reso l 'u t ion ,  t h e  b e s t  a t t a i n e d . w i t h  t h i s  system. An a n t i -  

co inc idence  sh i e lded  10" x 10" NaI c r y s t a l ,  co,llimated t o  an acceptance 

ang le  of f7.5",  was t h e  gamma r a y  d e t e c t o r .  Coincidences between pro tons  

and gamma r a y s  were recorded wi th  t h e  NaI c r y s t a l  a t  s e v e r a l  angles  be- 
. . 

tween 45' and 135' i n  t h e  r e a c t i o n  . p l ane ;  a n  out-of-plane- measur,ement 

was made f o r  the  '07pb and '08pb t a r g e t s  by r o t a t i n g  t h e  s c a t t e r i n g  

chamber 90" az imutha l ly  around t h e  beam axis . .  Spec t r a  were c o l l e c t e d  



a t  e n e r g i e s  corresponding t o  t h e , s  
112. d5/2'  and d3/2-g7/2 resonances 

and o f f .  resonance f o r  a l l  t h e  ta rge ts ' .  

Three parameter ( E p y  E and TAC) coincidence d a t a w e r e w r i t t e n  
Y 

, event  by event  on magnet ic .  tape. The. pro tbn  s i n g l e s  and coincidence 

s i g n a l s  were handled s imu l t aneous ly ' by  one.ADC. . On playback of t h e  

d a t a  t apes ,  a so f tware  window was placed around t h e  prom.pt so inc idcnce  

peak i n . t h e  TAC spectrum. Two d imens ional .pro ton  energy ve r sus  gamma 

Pay energy s p e c t r a  wer .e .genera ted . . for .  even t s  'in. 'the.TAC window, and a 
- -. - . .. . . ... . 

sum a long  t h e  k inemat ic  l ocus  ..for . ( ~ , p ' . y  ) was .p ro j ec t ed  onto an a x i s  
0 

r e p r e s e n t i n g  e x c i t a t i o n  energy: i n  : the  f i n a l  n u c l e u s .  
' 

The. geometry.chosen f o r . t h e . e x p e r i m e n t  was . a  comprhmi.se. Thc 

u n d e s i r a b l e  ( f o r  our purposes)  coherence of the direct-compound inter- 

f e r e n c e  i s . r e d u c e d  i f  one does no t  observe the  s c a t t e r e d ' p r o t o n s  i n  a 

( p , p l y )  r cc l e t io~ i ,  a s  was t h e  c a s e  i n  t h e  ' 0 8 ~ b ( p , p ' y )  s tudy  of Cramer 

e t  a l .  12)  . I n  our  .experiment,  however ,' the. p r u t u n  d e t e c t o r  was r equ i r ed  

f o r  e n e r g y . r e s o l u t i o n  because t h e  h igh  neutron f l u x  d i c t a t e d  t h e  u s e  of 

a N ~ I  d e t e c t o r  f o r  t he  gamma r a y s .  An advantage 0 f . a  coincidence experi-  

ment i s  t h a t  q u i t e  p r e c i s e  gamma.ray branching r a t i o s  can be measured i f  

a c l e a n  Proton s i n g l e s  spectrum can be obta ined .  p$a;tic],s Ifprc,i c~~ 

energy r e s o l u t i o n  was only.comparable  t o  t h e  average l e v e l  spac ing  i.n 

08pb between 4 a n d ,  7 MCV, 'so we ~ l l u e c .  co place . the d e t e c t o r  a t  0 = 906 
P 

because f o r  t h i s  ang le  ( p , p l )  d a t a  w i th  a 9 keV energy r e s o l u t i o n  e x i s t  

17 i n  t h e  l i t e r a t u r e  . 
Runs a t  several.  gamma r a y . d e t e c t o r  ang le s  were added toge the r  t o  

average over  the.proton-gamma angular  c o r r e l a t i o n .  .. 1 . t . i ~  demonstrated 



i n  t h e  ~ p ~ e n d i x  t h a t  f o r  J = 1 -+ 0 gamma..ray t r a n s i t i o n s  t h e  t o t a l  

gamma r a y  y i e l d  can be obtained e x a c t l y  from one o u t  of p lane  and two 

i n  p lane  measurenients, t h e  l a t t e r  separa ted  i n  ang le  by 90". The same 

can  be shown t o  be t r u e  f o r  t h e  d i p o l e  y-ray t r a n s i t i o n s  i n  2 0 7 ~ b .  For 

t h e  'Pb t a r g e t ,  t h i s  procedure was followed, and t h e  (P ,p 'yo) co inc i -  

d  0 dence y i e l d s  we r e p o r t  a r e  p ropor t iona l  t o  - (p , p l )  1 The t o t a l  
dil 

gamma r a y  y i e l d s  from t h e  s t a t e s  i n  2 0 8 ~ b  were used t o  determine ground 

s t a t e  branching r a t i o s .  For t h e  6 ~ b  t h e  p-y c o r r e l a t i o n  was only 

approximately averaged by adding d a t a  taken a t  f i v e  angles  between 55" 

and 125" i n  t h e  r e a c t i o n  plane.  Some '07Pb d a t a  was taken i n  each of t h e  

two y-ray geometr ies .  

The pro ton  s i n g l e s  s p e c t r a  could no t  be used t o  o b t a i n  branching 

r a t i o s  f o r  t h e  1- s t a t e s  i n  2 0 B ~ b  because f r e q u e n t l y  i n  t he  v i c i n i t y  of 

a J = 1 s t a t e  s e v e r a l  known l e v e l s  f e l l  w i th in  the  34 keV d e t e c t o r  reso-  

l u t i o n ,  and a  s u f f i c i e n t l y  accura te*  background s u b t r a c t i o n  was impossible .  

Therefore,  t h e  r e l a t i v e  d i f f e r e n t i a l . c r o s s  s e c t i o n s  a t  90" were taken from 

t h e  9 keV spec t rograph  d a t a  of Mobre e t  a1 .17) .  even i n  h igher  reso lu-  

t i o n  da ta25)  t h e r e  a r e  i n d i c a t i q n s  o f . u n r e s o l v e d  m u l t i p l e t s ,  Prec luding  

t h e  branching r a t i o  de te rmina t ion  f o r  some of Llle l e v e l s .  Absolute 

normal iza t ion  t o  our coincidence y i e l d s  was made wi th  t h e  5.29 MeV s t a t e  

i n  t he  s imultaneous proton s i n g l e s  spectrum, shown i n  f i g . ' 6 ,  because 

t h i s  s t a t e  had t h e  l a r g e s t  c r o s s  s e c t i o n  and t h e  s i n g l e s  spectrum seemed 

r e l a t i v e l y  c lean .  The background was determined by f i t t i n g  t h e  pro ton  2 

peak i n  s i n g l e s  wi th  a  l i neshape  der ived  channel by channel  from t h e  

co inc idence  spectrum. 



The a b s o l u t e  e f f i c i e n c y  of.  t he  N a I  d e t e c t o r  a t . 4 . 4 3  MeV is known from 

a  previous  co inc idence  measurement26). Ex t r apo la t ion  t o  7 MeV was made 

us ing  t h e  known weak energy dependence o f . ' t h e  gamma ray  abso rp t ion  f o r  

t h e  m a t e r i a l  i n  f r o n t  of t h e  c r y s t a l .  The a b s o l u t e  e f f i c i e n c y  i s ' a c c u -  
. . 

, r a t e  t o  w i t h i n  + 5%:  

4. R e s u l t s  and Discussion 

The ( p , p l y  .) r ,eac t ion  has  been used previous ly  t o  s tudy  1-. neut ron  
0 

p a r t i c l e - h o l e  s t a t e s  i n  2 0 8 ~ h 1 2 ) .  dur  purpose i i ~  r epea t ing  some of t h a t  

work was th ree£  o ld .  Since w e  were cons t ra ined  t o  measure d i f f  e r e n t i a l  

r a t h e r '  than  t o t a l . p r o t o n  c r o s s  s e c t i o n s ,  i t  was necessary  t o  perform 

08pb measurements i n  t he  geometry. t o  be used ' l a t e r  f o r  t h e  o the r  

t a r g e t s ,  t h e  e f f e c t s  of t h e  pro ton  angular  d i s t r t h u t i o n  being unknowl-1. . 

The second goa l  was t o  measure ground s t a t e  gamma ray  branching r a t i o s  

w i t h  10% accuracy.. A number of t h e  .branches deduced by, Cramer e t  a l .  12 

were s i g n i f i c a n t l y . l e s s  than  100%;in  apparent  disagreement w i t h  E a r l  

e t  1 , bu t  bo th  of t hese  experiments had accu rac i e s  o f  only 20-40%. 

F i n a l l y ,  i n  l i g h t  of recent i n t e i i s t  22-24) i n .  t h e  parity o f  t h e  members 

of the 7.W-7.08 MeV.3 = 1 doub le t ,  we hoped t o  s e e  i f . t h e  resonance 

y i e l d s  of tllr two l e v e l s  on . t h e  IAR, were s i m i l a r  t o  each o t h e r  and i:f 

they  could r u l e . o u t  a p o s i t i v e  p a r i t y  assignment f o r  e i t h e r  l e v e l .  A 

+ 
1 s t a t e  would n o t  be expected to . show enhancements on any of t he  IAR 

s t u d i e d  h e r e  because rlie sp in -o rb i t  p a r t n e r s  of t h e  p a r t i c l e  s t a t e s  
I 

a r e  n o t  . a v a i l a b l e  ( see  f i g .  3 ) .  



Spect ra  of pro tons  i n  coincidence with.gamma.rays t o  t h e  ground 

s t a t e  of . 2 0 8 ~ b  a r e  shown i n  f i g .  7 and compared.-with u from t h e  work 
W 

of Laszewski and A.xell). . SeleCtive e x c i t a t i o n  of t h e  1- s t a t e s  on t h e  

IAR i s  r e a d i l y  apparent ;  Re la t ive  c r o s s  s e c t i o n s  were deduced by summing 

t h e  pro ton  counts  i n  each peak . in  coincidence w i t h  gamma r a y s  i n  a  wtn- 

dow from 0.8 ' to 1.1 times t h e  photopkak channel.  

Table I1 compares our r e l a t i v e  d i f f e r e n t i a l  c r o s s  s e c t i o n s  wi th  the  

r e l a t i v e  t o t a l  c ros s .  s e c t i o n s  from ~ r i m e r  . e t  a l .  1 2 ) .  The c r o s s  s e c t i o n  

f o r  t h e  .5.29 MeV s t a t e  was normalized t o  100 . u n i t s  i n  each case .  It 

i s  c l e a r  t h a t  t h e  d i f f e r e n t i a l  a n d ' t o t a l  c r o s s  s e c t i o n s  can d i f f e r  from 

each o t h e r  by a s  'much , a s  a  . f a c t o r  .of two, b u t .  t h e  q u a l i t a t i v e  dependence 

on the  en t r ance  channel  IAR i s  the 'same f o r  both d a t a  s e t s .  Thus, a l -  

though i t  i s  no t  poss ib l e '  t o  e x t r a c t  q u a n t i t a t i v e  spec t roscop ic  f a c t o r s  

from t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n s  us ing  eqn. 4 ,  one can i n f e r  common 

parentage i n  s t a t e s  which e x h i b i t  s i m i l a r  analog resonance enhancement. 

The branching r a t i o s  a r e  g i v e n ' i n  t a b l e  111. We have used only 

r e l a t i v e  ( p , p l )  c r o s s  s e c t i o n s  a t  90' from Moore e t  a l . l 7 )  , normalized 

t o  our observed y i e l d  of t h e  5.29 MeV s t a t e  i n  s i n g l e s ,  t hus  f r e e i n g  

our  r e s u l t s  from sys temat ic  e r r o r s  a s soc i a t ed  wi th  u n c e r t a i n t i e s  i n  

t a r g e t  t h i ckness ,  beam c u r r e n t  i n t e g r a t i o n ,  dead time c o r r e c t i o n s ,  and 

pro ton  d e t e c t o r  e f f i d i e n c y .  . Moreover, angular  c o r r e l a t i o n  e f f e c t s  have 

been completely taken i n t o  account .  The l i m i t i n g  source  of e r r o r  i n  our  

deduced branches i s  the  u n c e r t a i n t y  i n  t h e  c r o s s  s e c t i o n s  of Moore e t  

a1.l ' )  due t o  p o s s i b l e  unresolved l e v e l s .  I n  quot ing e r r o r s  on t h e  

branching r a t i o s  we have included a l l  u n c e r t a i n t i e s  except t h i s  

c r u c i a l  one; however, we have ind ica t ed  i n  t h e  foo tno te s  t o  t a b l e  I11 



t hose  e n e r g i e s  a t  which m u l t i p l e t  s t r u c t u r e  was suspected i n  a  5-8 

25) keV r e s o l u t i o n  ( p , p l )  s tudy  a t  35 MeV . 
Our r e s u l t s  a r e  i n  substantial.agreement.with t h e  branching r a t i o s  

r epo r t ed  by Cramer e t  a1 .12) .  Four of t h e  s t a t e s  (4.84; 5.29, 5.94, 

and 6.31 MeV) c l e a r l y  have ground s t a t e  branches i n  excess  of 75%. Most 

gamma r a y s .  of energy 2.6 o r  4.1.  MeV . i n  t he  coincidence s p e c t r a  could be 

a t t r i b u t e d  t o  t h e  decay of nearby known"levels,  bu t  smal l  (5-10%) branches 

+ 
f eed ing  t h e  3- or 2 s t a t e s ,  f o r  example, cannot be ru l ed  ou t .  The 

smal le r  apparene ground s t a t e  branches f o r  t h e  5.51, 5.63, and 6.25 

MeV o r a t e s  can only be considered lower l i m i t s  .because of t h e  high 

p r o b a b i l i t y  of unresolved l e v e l s  i n  t h e  s i n g l e s  proton s p e c t r a  of r e f .  

(14) .  I n  each of t h e s e  c a s e s  t h e  h igher  r e s o l u t i o n  ( p , p l )  s tudy by 

Wagner e t  a1. 25) revea led  a  probable m u l t i p l e t  s t r u c t u r e .  

The 7.06-7.08 MeV double t  has  rece ived  cons iderabre  a t t e n t i o n  r e c e n t l y  , 

as a r ~ s i l l r  of eiridcncc22) t h a t  Llir 7.06MeV s t a t e  might have p b s i t i v e  

p a r i t y  and thus  c o n t a i n  a  s i g n i f i c a n t  f r a c t i n n  a f . t h e  M 1  o t r eng th  in 

08pb. ,%than  e t  a1. 24) , us ing  po la r i zed  photon s c a t t e r i n g ,  have now 

shown t h a t  bo th  l e v e l s  are indeed: I-,. There .is g r e a t  i n t e r e s t  i n  t h e  

6 nuc lea r  s t r u c t u r e  of t h e s e  l e v e l s  because they  a r e  s t r o n g l y  photoexci ted . 
6,8,12,14,17) Attempts t o  measure t h e  ground s t a t e  b ranch ing . . r a t i o s  of t h e s e  s t a t e s  

.have y i e lded  i n c o n s i s t e n t  r e s u l t s ,  l e av ing  t h e  r a d i a t i v e  widths of t h e  

s t a t e s  u n c e r t a i n  w i t h i n  a f a c t n r  of two, Douh1pt.s repsr i '~ td  (II: this 

energy i n  . (p  ,p  ' ) experiments 17' 25) cannot be p o s i t i v e l y  i d e n t i f i e d  a s  t he  

l e v e l s  observed i n  (y , y9 r e a c t i o n s .  

We used a S i  s u r f a c e  b a r r i e r  detector . . in ,coincidence wi th  t h e  NaI 

spectrometer  t o  observe t h e  l e v e l s  wi th  28 keV r e s o l u t i o n  a t  p ro ton  



bombarding ene rg i e s  of 17.0,  17.25, and 17.5 MeV. The pro ton  and gamma 

r a y  d e t e c t o r s  were placed a t  90' on e i t h e r  s i d e  of t he  beam t o  maximize 

t h e  counting r a t e .  The y-ray coincidence guarantees  t h a t  l e v e l s  w e  

observe a r e  t hose . seen  i n  ( y , ~ ) .  Our s p e c t r a  a r e  shown i n  f i g .  8 .  

, Although t h e  double t  was n o t  completely reso lved ,  f i t s  of t h e  s p e c t r a  

wi th  experimental  l i neshapes  from o t h e r  proton peaks . in  t h e  same runs  

c l e a r l y  i n d i c a t e  t h a t  a  double t  i s  p re sen t  a t  a l l  ene rg i e s .  The higher  

energy s t a t e  a t  7.08 MeV shows q u i t e  s t r o n g  enhancement on t h e  d  
312' 

g7/2 
IAR, whi le  t h e  lower energy s t a t e  has e s s e n t i a l l y  t h e  same c r o s s  

s e c t i o n  a t  a l l  t h r e e  ene rg i e s .  The resonance at '17..5 MeV would be ex- 

pected f o r  a  1- s t a t e  wi th  some d  
312 Or '712 

neut ron  ampli tude,  bu t  t h i s  

behavior i s  n o t  l i k e l y  f o r  a  1' s t a t e  because t h e  s p i n  o r b i t  p a r t n e r s  of 

t h e  d312 and g  neut ron  o r b i t a l s . ,  . which a r e  'above t h e  Fermi l e v e l  i n  
712 

'08pb, cannot p a r t i c i p a t e  a s  h o l e s  t o  form a  p o s i t i v e  p a r i t y  e x c i t a t i o n .  

The energy dependence we observe i s  thus  c o n s i s t e n t  wi th  nega t ive  p a r i t y  

assj.gnments f o r  both  l e v e l s ,  bu t  would not  have r u l e d  ou t  a  p o s i t i v e  

p a r i t y  assignment f o r  t h e  lower energy l e v e l .  It does,  however, po in t  t o  

a  marked d i f f e r e n c e  i n  nuc lea r  s t r u c t u r e  .between t h e  -two l e v e l s  which 

have been suggested6)  t o b e  poss ib ly  dominated by pro tun  lg-11.1 configurn-  

t i o n s .  Our r e s u l t s  . i n d i c a t e  a  s i g n i f i c a n t  d  
312 

o r  g712 neutron component 

i n  t he  7.08 MeV l e v e l  but  no t  i n  t h e  7.06 MeV l e v e l ,  They ahso : r a i s e  

t h e  p o s s . i b i l i t y  t h a t  t he  7.051 MeV s t a t e  repor ted  i n  ( p , p l )  by Moore e t  

al . .17) is  not  t he  s t a t e  s t r o n g l y  populated i n  (y,y)  experiments6) and 

observed i n  our  s p e c t r a .  Moore's 7.071 MeV l e v e l  i s  p r o b a b l y . t h e  same 

one t h a t  we,observe a t  7.08 MeV. Because of t h i s  unce r t a in ty  i n  l e v e l  

i d e n t i f i c a t i o n  we were unable t o  deduce a  branching r a t i o  f o r  e i t h e r  of 



14 

12) t h e  7.MeV s t a t e s ,  and.we f e e l  t ha t : ' t he  va lue  l i s t e d  by Cramer e t  a l .  , 

which r e l i e s  upon such a l e v e l  i d e n t i f i c a t i o n ,  may.be i n c o r r e c t .  

The c ~ i f i c i d e n c e  s p e c t r a  f o r  2 0 7 ~ b  a r e  presented  i n  f i g .  9 along 

1 > w i t h  t h e  photon s c a t t e r i n g  c r o s s  s e c t i o n  measured by Laszewski and Axel . 
Peaks i n  u occur  a t  4.8, 5.5,  and 5.7 MeV, b u t  some of t h e  y i e l d  a t  

W 
5 .5  MeV can  .be a t t r i b u t e d  t o  '08pb i n  t h e  t a r g e t .  We observe peaks. near  

t h e s e  same e n e r g i e s  as . w e l l  . a s  a t  s e v e r a l  o t h e r s .  . I f 1  t a b l e  IV a r e  l i s t e d  

t h e  r e l a t i v e  y i e l d s , o f  t h e  major peaks a t  bombarding e n e r g i e s ' c o r r e s -  

-1 -1.. 
ponding t o .  t h e  ana logs  i n  2 0 e ~ i  o f  t h e  d 

-1 
512~112'  S1/2P1/2' 

and d 
312p112 

c o n f i g u r a t i o n s  i n  ' ~ b .  The . y i e ld s  were computed. by sumuing p r o  ton  

even t s  i n  t h e  peaks i n  coincidence wi th  gamma r a y s . i n  a window +500 keV 

wide, cen te red  on y . The cons t an t  window width s l i g h t l y  enhances t h e  
0 

y i e l d s  of t h e  lower energy s t a t e s  over  what they  would b e ' i f ' a  cons t an t  

gamma ray  e f f . i c i ency  had been used;but t h e  c o r r e c t i o n  i s . n o t  s i g n i f i c a n t  

f o r  our  q u a l i t a t i v e  approach and 'it d o e s . n o t . a f f e c t  t h e  . r e l a t i v e  y i e l d s  

of a p a r t i c u l a r  s t a t e  on.  t h e  t h r e e  resonances.  

7 > 4.10 - 4 . 1 4  MeV. Swann has  sugges ted .  t h a t  t he  312-, 512- double t  

+ results from t h c  weak couplirig of 'a p neut ron  hole  t o  t he  2 c o l l e c t i v e  11 2 

s t a t e  a t  4.08 MeV i n  2 0 e ~ b .  Although t h e  p a r t i a l l y  unresolved s t a t c s  a r e  

prominent i l l  u u r  s p e c t t a ,  our  experimental  geometry is  no t  s u i t a b l e  f o r  

s tudying  E2 y-ray t r a n s i t i o n s ,  and we have n o t  pursued t h e  a n a l y s i s  of 

t h e s e  s t a t e s . '  However t h e  r a d i a t i o n  from t h i s  double t  i s  s t r o n g l y  peaked 

i n  , the r e a c t i u ~ l  p lane  as i s  t h a t  from t h e  2 ' s t a t e  i n  2 0 e ~ b .  

4;39.Me.V.. This  l e v e l  is  weak i n  t h e  p-y . coincidence s p e c t r a  because 
0 

i t . d e c a y s  mainly v i a  y2.  The p -y2co inc idence  y i e l d  f o r  t h i s  peak shows 



+ 
a  s t rong  d  resonance which i d e n t i f i e s  i t  a s  t h e  512 s t a t e  r epo r t ed  

512 , 

by Moyer e t  a l .  27)  a t  4.389 MeV i n  t h e  2 0 6 ~ b ( d , p )  r e a c t i o n ;  they  found 

a  spec t roscop ic  f a c t o r  S = 0.77. A conf igu ra t ion  v d5/2 8 2 0 6 ~ b ( g . s . )  
~ Y P  

was ass igned  by Hering e t  a1.28) .  This  s t a t e  i s  c l e a r l y  no t  descr ibed  

by weak coupling t o  .an e x c i t a t i o n  of t he  'Pb c o r e  s i n c e  t h e r e  a r e  no 

dgI2 neut ron  s t a t e s  near  4.4 MeV i n  t h a t  nucleus.  It i s  i n t e r e s t i n g  
2 

t o  no te ,  however, t h a t  i f  one th inks  of t he  e x c i t a t i o n  a s  t h e  promotion 

of a  neutron from a p  t o  d  o r b i t a l ,  then  t h e  corresponding t r a n s i -  11 2  512 

t i o n  of a  neut ron  i n  2 0 8 ~ b  would l i e  higher  i n  e x c i t a t i o n  because of 

7 
the-  p a i r i n g  f o r c e  between p  neut rons  i n  t h e  ground s t a t e .  The main 

112 
-1 

d 5 / 2 ~ 1 / 2  conf igu ra t ions  i n  2 0 8 ~ b  l i e  a t  4.973 MeV (3-) and 5.036.MeV 

(2-)17,25? , an  average of 620 keV .h igher  i n  e x c i t a t i o n ,  i n  good agree- 

ment w i th  a  d i f f e r e n c e  of 628.,keV between t h e  neut ron  s e p a r a t i o n  ene rg i e s  

of 2 0 e ~ b  and 2 0 7 ~ b .  

We have measured an e x c i t a t i o n  func t ion  f o r  t h e  4.39 MeV s t a t e  i n  

t h e  r e a c t i o n  ' 7 ~ h  (p , p  y2)  7 ~ b  (4.39) between 16 .1  and 17.6 MeV and 

found i t  t o  resemble t h e  energy dependence of t h e  ( p , p l )  c r o s s  s e c t i o n  

of t h e  5.036 MeV, 2' s t a t e  i n  '08pb measured by Wharton e t  a1. 29) .  F ig .  

10 shows t h e  two e x c i t a t i o n  f u n c t i o n s  normalized t o  the  same peak cross 

s e c t i o n .  It i s  t h e  analog of t h e  d  s i n g l e  neutron s t a t e  i n  2 0 9 ~ b  
512 

which i s  r e spons ib l e  f o r  t h e  enhancement i n  'pb (p , p ' ) whereas t h e  

 envelop^ nf t h e  2 0 7 ~ b ( p , p ' y  ) c r o s s  s e c t i o n  r e p r e s e n t s  t he  combined 
2  

nna logs  of a l l  the d 
- 1 

512~112 
. fragments i n  08pb, This  f ragmentat ion of 

t h e  d  con f igu ra t ion  s t r e n g t h  i n  2 0 8 ~ b  i s  probably r e spons ib l e  f o r  
512 

t h e  broadened .resonance i n .  7 ~ b  (p , p ' ) . 



4.63 MeV. The peak a t  4.63 MeV i s  s t r o n g l y  enhanced on t h e  s 
112 

+ 
analog resonance and .is i d e n t i f i e d  a s  t h e  112 s t a t e  seen i n  O6pb(dYp) 

t o  exhaust  a l l  of t h e  spec t roscop ic  s t r e n g t h  of t h e  con f igu ra t ion  

v 
s112 

@ 2 0  'Pb (g.  s . f7 ) .  The energy dependence of t h e  (p ,p lyo)  c r o s s  

s e c t i o n  f o r  t h i s  s t a t e  and t h e  ( p , p l )  c r o s s  s e c t i o n  f o r  t h e  5.29 MeV 

29) 1- s t a t e  i n  *08Pb . a r e  n e a r l y  i d e n t i c a l ,  a s  can be seen  from f i g .  l ob .  

No i n c r e a s e  i n  t h e  analog resonance wiclLll is observable  i n  t h i s  ca se  

because of t h e  extreme l o c a l i z a t i o n '  of t h e  s - 1 
1 1 2 ~ 1 / 2  conf igu ra t ion  i n  

%b. The d i f f e r e n c e  i n  exc i t a . t i on  . ene rg ie s  (5.29-4.63 MeV = 0.66 MeV) 

a g a i n  r e f l e c t s  t h e  breaking of a .neutron.  p a i r  i n  2 " ~ b  but  no t  i n  " 7 ~ b .  

The 4.63 MeV s t a t e  is  t h e r e f o r e  .not  r e p r e s e n t a b l e  by weak coupling of a 

P1/2 
ho le  t o  a 2 0 8 ~ b  c o r e  e x c i t a t i o n .  

I n  n u c l e a r  resonance f l u o r ~ s c e n c e ,  c60pe6) has  noted the  absence i n  

7 ~ b  of a doub1.e.t. . a t  5.29 MeV which would b pred ic t ed  by weak coupling 

t o  2 0 e ~ b  (5 .29 ) ,  bu t  he does observe a group of l e v e l s  a t  t h a t  energy 

i n  0 9 ~ i  where a pro ton  i s  coupled t o  t h e ' c o r e .  ' Simi l a r ly ,  we do n o t  

f i n d . i n  ( p , p l )  t h e ' s i g n i f i e a n t  s s t r e n g t h . a t 5 . 2 9 M e V w h i c h w o u l d  
112 

be r equ i r ed  i n  07Pb by the  weak coupling model. It i s  expected t h a t  

t h e  ' B ~ ( P , P  ' ) r e a c t i o n  would s e l e c t i v e 1  y populate thocc l c v e l  .s IIPAI:  

1 7  MeV bombarding energy.  

We have measured t h e  gamma branching r a t i o s  of t he  4.63 MeV l e v e l  

to tlle 112- ground s t a t e  'and 312- second exc i t ed  s t a t e s  of 2 0 7 ~ b .  The 

gamma ray  spectrum shown i n . f i g , . l l  has  been f i t t e d  us ing  t h e  Nal re -  

spons@ f u n c t i o n  obta ined  a t  4.43' MeV. from ' 2~ (p ,p'.y). The gamma ray 

a n g u l a r .  d i s t r i b u t i o n s  ; a r e  i s o t r o p i c  s i n c e  t h e  4.63 MeV s t a t e  has  J* = 

1/2+. The s i n g l e s  pro ton  y i e l d  w a s  determined by bombarding on and o f f  



t h e  s resonance. Fig. 12  shows the  proton. s p e c t r a  and t h e  non-resonant 11 2 

background which'was sub t r ac t ed  from. the  s i n g l e s  spectrum. We f i n d  

r /r  = 86 f 9 % ~ ~  r /I' = l l+  4%, and r /r. < 3 + 6%,  a s  l i s t e d  i n  t a b l e  
Yo Y2. - Y 1  - - Z -1 11. Since  a  pure s 

112~112 
conf igu ra t ion . cou ld  no t  d e c a y . t o  a  pure p  

3  I 2  

ho le  s t a t e ,  t h e  11% y branch i n d i ~ a ' t e s  t h a t  p-' ampli tudes e x i s t  i n  2 312 
+ 

t h e  112 s t a t e .  

4.87 and 4.98 MeV. Both of t h e s e ' p e a k s  a r e  about equa l ly  populated 

on t h e  t h r e e  IAR. The f i r s t . c o r r e s p o n d s  c l o s e l y  i n . e n e r g y  t o  t h e  4 .84 .  

MeV, 1- s t a t e  i n  2 0 7 ~ b  and a l s o  t o  an enhancement i n  photon s c a t t e r i n g  

i n  o 'Pbl). ~ o o ~ e ~ )  has r epo r t ed  ' a  probable weak  coupling double t  i n  
07pb a t  4; 847 and 4.875 MeV, l e v e l s  which we would not  have reso lved .  

Fig.  1 3  compares our  (p,p '  ) e x c i t a t i o n  func t ions  f o r  t h e  4.84 MeV 1- 

s t a t e  i n  2 0 8 ~ b  and the ' 4 .87  MeV " s t a t e "  i n  2 0 . 7 ~ b  . Since both c r o s s  sec- 

t i o n s  a r e  apparent ly  independent of energy,  t h e  argument. f o r  weak coupling 

i s  no t  compelling, bu t  t h e  d a t a  a r e  neve r the l e s s  c o n s i s t e n t  wi th  t h a t  

p i r t ~ ~ r e .  The 4 .84  MeV l e v e l  i n  2 0 8 ~ b  is  no t  populated by the  (d ,p)  

-1 
r e a c t i o n  4 y  5, so  i t s  p  ampl i tude .  i s  smal l ,  an apparent  requirement 

112 

f o r  t h e  weak coupling model i n  t hese  n u c l e i .  We conclude t h a t  t he  weak 

coupling p i c t u r e  of t he  4.847 - 4.875 MeV. doubler  I s  r e a s u ~ ~ a l l e ,  b u t  

i t s  proof must await  de te rmina t ion  of t h e  s p i n s  and p a r i t i e s  of t h e  

l e v e l s ,  and a s  seen i n  t a b l e  I V  some confusion e x i s t s  i n  t h a t  r ega rd .  

A stare a t  4.98 MeV has a l s o  been seen i n  (y,y) 6, and (d,p)  27) 

r e a c t i o n s  a n d  ass igned  J' =. 112'. It i s  f a i r l y  weak i n  our  s p e c t r a ,  

and i t s . . r e sonance  y i e l d  too  f e a t u r e l e s s ' t o  a s s i g n  i t  t o  a  dominant con- 

f i g u r a t i o n ;  e s p e c i a l l y  i n  t h e  absence of a  corresponding s t a t e  a t  t h e  

same e x c i t a t i o n  i n  2 0 8 ~ b .  



5.22 MeV. Th i s  peak has  a  c l e a r  d  c h a r a c t e r  and i s  aga in  probably 
312 

+ 
a s i n g l e  l e v e l ,  t h e  312 s t a t e  a t  5.219 MeV e x c i t e d  s t r o n g l y  i n  t h e  

' 6 ~ b ( d , p )  r e a c t i o n  and found t o  exhaust  53% of t he  V @ : 06pb (g. s .  ) 
d312 

s t r e n g t h 2 3 ) .  The (p , p l )  e x c i t a t i o n  func t ion  f o r  t h i s  s t a t e  i s  s i m i l a r  

t o  t h a t  of t h e  5.94 MeV 1- s t a t e  i n  0 8 ~ b 2 9 )  ( s ee  f i g .  10c)  , which i s  

predominantly d -1 
312~112' The e x c i t a t i o n  energy d i f f e r e n c e ,  0.72 MeV,' 

is  aga in  reasonably  c l o s e  ,to the. p a i r i n g  energy. . ' 

5.5  2 5.6, and.  5.7 MeV. Our .spectra chow at: l e a s t  l.llrre peaks i n  
- 

t h i s  r eg ion  r a t h e r  poor ly  def ined  .%n..energy, and t h e r e  may be many 

' l e v e l s  c o n t r i b u t i n g  t o .  t he  str;etures.: . I d e n t i f i c a t i o n  wi th  l e v e l s  seen  

i n  (y ,y) .  experiments  ' is s p e c u l a t i v e , .  bu t  s i n c e  it i s  t h e . r e g i o n  of g rea t -  

e s t  d i p o l e  s t rong th  below threshold  i n  ' 7 ~ b 1 ) ,  weak coupling t o  "P! (5.51) 

- 1 i s  an  obvious p o s s i b i l . i t y ,  p a r t i c u l a r l y  i n  l i g h t  of t h e  smal l  p  admix- 
112 

t u r e  i n  t h a t  s t a t e  a s  shown by i t s  absence i n  2 0 7 ~ b ( d , p )  10yll). Exc i t a t i on  

f u n c t i o n s  which we obta ined  f o r  t h e  5.5 MeV groups i n  2 0 7 ~ b  and *08pb a r e  

shown i n  f i g .  13 .  The d i s t i n c t i v e  enhancement a t  16.7 MeV bombarding 

energy seems t o  be p re sen t  i n  both n u c l e i .  The 5.7 MeV peak i n  2 0 7 ~ b  

shows t h i s  same behavior ,  t hough . the  second r i s e ' n e a r  18  MeV does n o t  

occur .  It seems c l e a r ,  neve r the l e s s ,  t h a t  t h e  s t a t e s  near  5.5 and 7.7 

MeV i n  2 0 7 ~ b  have a  s t r u c t u r e . . t h a t  2.s close1.y r e l a t ~ d  t6 t h a t  s f  tho 5.51 

MeV. s t a t e  i n  2 0 8 ~ b .  

5.90 McV. A peak with d e f i n i t e  d resonance c h a r a c t e r ,  bu t  poss ib ly  
312 

c o n s i s t i n g  of many l e v e l s ,  is  seen  a t  about 5.9 MeV. Weak coupling t o  

08Pb (5.94) i s  r u l e d  ou t  by t h e  l a r g e  d 
-1 

3/2P1/2 amplitude i n  t h a t  s t a t e .  

6.15 MeV. This  peak, showing an s enhancement, has  n o t  been 11 2 

p rev ious ly  r epo r t ed  i n  p a r t i c l e  o r  gamma ray  experiments.  Its e x c i t a t i o n  



energy i s  c l o s e  t o  t h a t  of t h e  unperturbed s h e l l  model con f igu ra t i on  

IT 
r e l a t i v e  t o  2 0 7 ~ b ( g . s . )  , a  s t r u c t u r e  which would l i m l t  i t s  J 

S1/2P3/2 
+ - 1 t o  1/2+, 3/2+, and/or  5 /2  . A d e s c r i p t i o n  in terms of v 

p1/2 
8 08Pb (6.31) 

+ 
weak coupl ing  would , r u l e  'out 512 . ' Such a  coupl ing i s  a  p o s s i b i l i t y  

s i n c e  t h e  6.31 MeV 1- s t a t e  i s  predominantly s 
-1 

1/2'3/2 
w i th  n e c e s s a r i l y  

- 1 
smal l  s 

112~112 
admixtures ,  bu t  t h e  . l eve l  .is probably n o t  c o l l e c t i v e  i n  

-1; . -1 
any sense .  Add i t i ona l  s u p p o r t . ' f o r  t h e  s 

1/2P3/2P1/2 
, s t r u i t t i r & .  .is -proirided 

by t h e  e x i s t e n c e  of a  s t r o n g  peak w i t h  s i m i l a r  resonance behavior  i n  our  

2 0 6 ~ b ( p , p ' y o )  data below. Moreover, i n  none of t h e  Pb i s o t o p e s  does t h e  

S1/2 
s t r u c t u r e  near  6 MeV have app rec i ab l e  d i p o l e  s t r e n g t h  i n  (y,y) 

experiments .  

Above 6.15 MeV. No c l e a r l y  de f ined .peaks  a r e  seen ,  bu t  a  very  broad 

d i s t r i b u t i o n  of d  s t r e n g t h  ex tends  between roughly 6.5 and 7 MeV. 
312 

+ 
To summarize t h e  2 0 7 ~ b  d a t a ,  w e  c l e a r l y  s e e  t h e  512 , 1/2+, and 

+ 
312 s i n g l e  neut ron  s t a t e s  ( r e l a t i v e  t o  06Pb (g.  s . )  ) , and t h e i r  reso-  

nance behavior  p a r a l l e l s  t h a t  of t h e  analogous v - 1 
ip1 /2  p a r t i c l e  ho l e  

p a r e n t  s t a t e s  i n  2 0 8 ~ b .  Weak coupl ing  of a  p  neut ron  ho le  t o  t h e  5.29 
112 

MeV and 5.94 MeV 1- s t a t e s  i n  2 0 8 ~ b  i s  prevented by t h e  s t r o n g  p a i r i n g  

i n t e r a c t i o n  of t h e  p  neut rons .  Our. d a t a  provide  a d d i t i o n a l  evidence 
112 

f o r  weak coupl ing of t h e  4.84 MeV and 5.51 MeV 1- e x c i t a t i o n  t o  p 
112 

- 1 
h o l e s  i n  2 0 7 ~ b .  We a l s o  have some i n d i c a t i o n s .  f o r  p  coupl ing  t o  t h e  

112 

6.31 MeV 1- s t a t e .  

. . ' Nspb c.  - 

The photon s c a t t e r i n g  work of Laszewski and Axel1) i n d i c a t e s  t h a t  

+ 
t h e  i n e l a s t i c  s c a t t e r i n g  t o  t h e  f i r s t  2  s t a t e  i n  '06Pb ( a t  0.831 MeV) 

i s  sma l l  cu l l lpared*ta . the  e l a s t i c  m a t t e r i n g  f o r  the.  s t a t e s  exc i t ed  i n  



(y ,y ) .  We expec t  t h a t  most 1- s t a t e s  exc i t ed  i n  2 0 6 ~ b ( p , p ' )  w i l l  s i m i -  

l a r l y  branch t o  t h e  ground s t a t e  whereas 2- o r  3- coupl ings of t h e  same 

p a r t i c l e - h o l e  c o n f i g u r a t i o n s  w i l l  f eed  t h e  2' s t a t e  o r  h igher  l y i n g  

l e v e l s .  

The s p e c t r a  of pro tons  i n  coincidence wi th  ground s t a t e  gamma rays ,  

shown i n  f i g .  14 ,  a r e  c h a r a c t e r i z e d .  by mostly broad s t r u c t u r e s  ev iden t ly  

. . 
comprised of many l e v e l s .  The peaks i n  t h e  e l a s t i c  gamma. r a y  s c a t t e r i n g  

c r o s s  s e c t i o n  (5 must a l s o  be . the average c o n t r i b u t i o n  of many l e v e l s ,  
W 

s i n c e  t h e  s t r e n g t h  observed.  i n  nuc lea r  resonance f luorescence  i n  6 ~ b  

i s  much l e s s  than  i n  2 0 8 ~ b 3 ) ,  i n  c o n t r a s t  t o  t h e  r a t h e r  s i m i l a r  i n t e g r a t e d  

1) c r o s s  s e c t i o n s  measured wi th  broad beam r e s o l u t i o n  . 

Perhaps t h e  most obvious f e a t u r e  of t h e  p l -y  spec t r a  i s  t he  absence 
0 

of c o u n t e r p a r t s  t o  t h e  prominent peaks i n  2 0  7 ~ b  and 2 0 8 ~ b  which have 

s t r o n g  s e l e c t i v e  enhancement on a  s i n g l e  IAR. The explana t ion  of course 

l i e s  i n  t h e  dominant ( p a r t i c l e  -p. ) neutron conf igu ra t ions  of those  
112 

l e v e l s ,  c o n f i g u r a t i o n s  which would no t  be a v a i l a b l e  i n  a  nucleus wi th  a 

- 2 
p u r e . p  ground s t a t e .  11 2 + 

Except f o r  t h e  2 s t a t e  a t  '4 .1  MeV, we f i n d  no peaks which can be 

h ,7 )  a s s o c i a t e d  w i t h  l e v e l s  known from resonance f luo rescence  experiments . 
I n  2 0 8 ~ b  most of t h e  e l e c t r i c  d i p n l e  s t r ~ n g t h  below' 6 MaV rcoidcn i n  t h p  

5 .51  MeV " c o l l e c t i v e "  neut ron  p a r t i c l e - h o l e  s t a t e .  The .y-ray s t r e n g t h  

in 6~~ is sp~ead ~ C C W C B ~  5.4 and 5. Y MeV, but  i r  is s t i i l  f a i r l y  con- . 

c e n t r a t e d  and d i s t i n c t  from. the  7 MeV "mini resonance. " We f i n d  an 

a p p r e c i a b l e  broad . d i s t r i b u t i o n  o f ,  ( p , p l )  s t r e n g t h  i n  t he  5.4 .- 5.9 MeV 

reg ion ,  enhanced a t  16.6 and 16.9 MeV bombarding energy 'and weaker a t  

17 .5  MeV. . T h i s  energy dependence i s  reminiscent  of t h e  same e x c i t a t i o n  



reg ion  i n  2 0 7 ~ b  and 2 0 e ~ b .  Although. . t h e  E l  s t r e n g t h  i s  spreading and 

s h i f t i n g  i n  energy a s  one moves from Oepb t o  6 ~ b ,  t h e  s h e l l .  model 

s t r u c t u r e  of t h e  envelope r e t a i n s  . i t s  i n t e g r i t y  t o  a  s u b s t a n t i a l  degree.  

A l a r g e  peak i n  our  s spectrum a t  6.2.MeV, n o t  p re sen t  i n  photo- 
112 

-1 
e x c i t a t i o n ,  f a l l s  c l o s e  t o  t h e  unperturbed energy of t h e  s 112'312 

model. con£ i g u r a t i o n .  I n  6 ~ b  t h e  plI2 ho le  s t a t e  i s  unava i l ab l e ,  s o  

t o  g ive  J' = 1;. - 1 
only can couple wi th  s 

112 The s1/2P3/2 
configura-  

t i o n  r e s i d e s  mainly a t  6.31'MeV i n  Oepb., and probably' i s  r e spons ib l e  

f o r  t h e  enhancement i n  t h e  s . resonance of a  peak i n  07pb a t  6.15 
112 

MeV. Thus d e s p i t e  t he  high l eve l .  d e n s i t y  of 1- s t a t e s  a t  6  MeV i n  2 0 6 ~ b ,  

-I 
the s1/2P3/2 

configura. t ion r e t a i n s ' i t s  l o c a t i o n  and l o c a l i z a t i o n  i n  

energy and p e r s i . s t s  a s ,  t h e  dominant con f igu ra t ion  i n  t he  v i c i n i t y .  It 

-1 
i s  noteworthy t h a t  t he  s 

112~312 
conf igu ra t ion  i s  only very.weakly photo- 

e x c i t e d . i n  a l l  t h r e e  Pb i so topes .  

Above 6 .4  MeV, only d s t r e n g t h  i s  apprec i ab le  i n  our s p e c t r a .  
312 

The s t r u c t u r e  i n  0 a t  about 6.5 MeV coinc ides  i n  energy wi th  a  d 
YY 312 

enhancement. Higher energy s t a t e s  a r e  no t  s i g n i f i c a n t l y  populated v i a  

( p , p l )  a t  t h e s e  energ ies .  

5. Conclusions 

. The (p,p 'y  ) r e a c t i o n  on Pb i s o t o p e s  through i s o b a r i c  analog reso-  
0 

nances has been used t o  probe t h e  p a r t i c l e - h o l e  s t r u c t u r e  of s t a t e s  

which have l a r g e  ground s t a t e  gamrna.branches. The ground s t a t e  branches 

+ 
of fou r  1' s t a t e s  i n  2 0 8 ~ b  and. a  1 / 2  s t a t e  i n  2 0 7 ~ b  have been determined 

wi th  10% accuracy,' and those  o f .  t h e  5.29, 5.94 and .6.31.MeV s t a t e s  i n  



2 0 8 ~ b  a r e  found t o  be l e s s  than 100%. An 11% y2 branch of t h e  4.63 MeV 

+ 
112 s t a t e  i n  ' 7 ~ b  i s  i n t e r p r e t e d  a s ,  an  i n d i c a t i o n  of p-l neutron 

312 

ampl i tudes  i n  t h a t  s t a t e .  The non y  decays of t h e  2 0 8 ~ b  l e v e l s  unfor- 
0 

t u n a t e l y  were. n o t  l oca t ed  i n  t h i s  experiment.  Their  i d e n t i f i c a t i o n  i n  

t h e  f u t u r e  might shed more l i g h t  on the  s t r u c t u r e  of . these  1- l e v e l s .  

Many of t h e  s t a t e s  we observed i n  (p,p1y0) a r e  t h e  same a s  those  

seen  i n  (y,y)  ; The (y,y)  d i p o l e  s t r e n g t h  d i s t r i b u t i o n  

i s  surpr io i r lg ly  r lnal tered f n  irs gene ra l  f e a t u r e s  throughout t h e  Pb i so -  

topes .  I n  c o n t r a s t ,  t h e ' d i s t r i b u t i o n  of con f igu ra t ion  s t r e n g t h  revea led  

i n  ( p , p t )  appears  a t  f i r s t . t o  .be t o t a l l y  d i f f e r e n t  i n  each isotope' .  

However, many of t h e s e  d i f f e r e n c e s  can be q u a l i t a t i v e l y  explained by t h e  

coupling of va l ence  p  neut ron  ho le s  t o  1- e x c i t a t i o n s  of t h e  2 0 e ~ b  
112 

co re .  

Weak coupl ing  of p  neut ron  ho le s  i n  '07Pb does n o t  occur f o r  
112 

c u r e  e x c i t a t i o n s  wi th  l a r g e  p  ho le  ampli tudes.  Levels  corresponding 
112 

' t o  neut rdn  p a r t i c l e  -p-' e x c i t a t i o n s  i n  "Pb a r s  found w i t h  a  n e a r l y  
112 

cons t an t  s h i f t  i n  e x c i t a t i o n  energy r e l a t i v e  Lo analogous s t a t e s  i n  

'08pb. The s h i f t  can be explained a s  a manifestati.o.n o f .  t h e  p a i r i n g  

i n t e r a c t i o n .  The analog resonancc e x c i t a t i o n  Iunc t ions  f o r  p a r t i c l e  

-1 
-p,,? s t a t e s  i n  2 " ~ b  and 2 0 7 ~ b  axe s i m i l a r .  A T  a x p ~ ~ f ~ d ,  pnrrirlr 

-1 

-P1/2 
e x c i t a t i o n s  a r e  absent  i n  2 0 6 ~ b .  

-1 When t h e  pLI2 ampli~udc i o  lcnown t o  be sulilll I d  "'pb co re  exc i t a -  

t i o n s  weak coupling of a p  ho le  becomes poss ib l e .  Our d a t a  a r e  
112 

c o n s i s t e n t  w i th  t h e  of weak coupling t o  t h e  lowest  1- 

s t a t e  i n  2 0 8 ~ b .  The 5.5 MeV "mini resonance" r e t a i n s  i t s  mixed p a r t i c l e -  

ho le  s t r u c t u r e ,  bu t  t h e  energy s h i f t s  from 5.5 t o  5.7 t o  5.9 MeV a s  one 



moves .from 2 0 B ~ b '  t o  2 0 6 ~ b .  This  a rgues  a g a i n s t  a  s t r i c t  weak coupling 

-1 
p i c t u r e  f o r  t h e  bulk  of t h e  d i p o l e  s t r e n g t h  d i s t r i b u t i o n .  

The ~ ~ ~ ~ p ~ , ~  

conf igu ra t ion ,  no t  seen i n  pho toexc i t a t i on ,  remains l o c a l i z e d  and con- 

s t a n t  i n  energy w i t h i n  150 keV i n  t h e  . t h r e e  i s o t o p e s  s tud ied ,  and must 
P 

be viewed a s  e s s e n t i a l l y  a  2 0 8 ~ b  c o r e  e x c i t a t i o n  even though t h e  coupling 
. . 

P1/2 . ho le s  may no t  be s t r i c t l y  weak. A t  6 .2  MeV i n  2 0 6 ~ b ,  t h i s  exci-  

t a t i o n  i s  t h e  h ighes t  i n  energy whose parentage we can t r a c e  t o  '08pb. 

The peaks seen i n  gamma ray s c a t t e r i n g  a t  h igher  ene rg i e s  i n  '06pb a r e  

weakly exc i t ed  by ( p , p l )  and t h e i r  r e l a t i o n s h i p  t o  d i p o l e  s t a t e s  near  

t h e  same ene rg i e s  2 0 8 ~ b  . i s  n o t  known. 



APPENDIX--Gamma Ray Angular C o r r e l a t i o n s  

The d i r e c t i o n a l  c o r r e l a t i o n  between pro tons  and gamma r a y s  i n  a  ( p , p l y )  

r e a c t I o n  l e a d i n g  t o  a  s p i n l e s s  f i n a l  s t a t e  can be  expressed3') a s  

wherc J is  t h e  s p i n  of t h e  e x c i t e d  s t a t e  o f  t h e  r e s i d u a l  nuc l eus ,  

m i s  t h e  z component o f  J 

a  r e p r e s e n t s  t h e  gamma rqy  p ~ l a ~ i z a t i u l l  

J 
Pm i s  t h e  popu la t i on  ampli tude f o r  t h e  mth s u b s t a t e ,  

,I 
and dm, i s ' a  r o t a t i o n  m a t r i x  element.  

The p o l a r  and az imutha l  a n g l e s  0 and 4 a r e  def ined  by t h e  coo rd ina t e  system 

o f  F ig .  15 ,  whose q u a n t i z a t i o n  ax.is l i e s  perpendicular)  t o  t h e  r e a c t i o n  
\ 

p l a n e . ,  I n  t h i s  c o o r d i n a t e  system, t h c  Bohr t l - ~ e o r > e m ~ ~ )  r e q u i r e s  t h i t  

which [n:] i~ t h e  p a r i t y  of t h e  [ i n i t i a l  f i n a l  ] 
and S i s  t h e  sum of t h e  s p i n  components a long  z .  

.. . 

'l'he magnetic s u b s t a t e s  popula ted  i n  s p i n  f l i p  and non s p i n  f l i p  r e a c t i o n s  

a r e  r e s t r u c t e d  by eqn. A-2  t o  t h e  fo l l owing  p o s s i b i l i t i e s  f o r  ,7 = 1' and 1- 

s t a t e s .  

S ince  s p i n  f l i p  and non f l i p  ampl i tudes  a r e  i ncohe ren t ,  t h e  c o r r e l a t i o n  f o r  

J=1 now becomes 



J 
The dma func t ions  f o r  J= l  a r e :  

If we now d e f i n e  t h e  r e a l  ampli tudes and phases . of  t h e  s u b s t a t e  popula t ions  

according t o  

and s u b s t i t u t e  i n t o  eqn. (A-31, we obtairl 

2  2  2  2  
wl(O,$) - ( q + a 2 ) ( l + c o s  0 )  + 2 a s i n  €I + 2 a a  s i n  0 c o s ( 6 - 2 0 .  (A-5) -1 . . O  1 -1 

where 6  = 6  -6 
1 -1' 

I n  t h e  p lane  ( IP )  and normal t o  t h e  p lane  (OP) eqn. (A-5) reduces t o  

w ($1 = w(0=90") = A ) + 2 a l a - l ~ ~ ~ ( 6 - 2 $ ) ]  IP  (A-6) 

and 2  w ( $ 1  = w(e=o") = 2 ~ ( 1 - ~ ~ )  
OP (A=7) 

where we have in t roduced  t h e  p r o p o r t i o n a l i t y c o n s t a n t  A .  The i n  p lane  c o r r e l a -  

t i o n  W ( $ 1  has  he plBupelPLy. t h a t  i t s  ovcrsgc va lue  can bc nhtained by measur- IP  

i n g  a t  two ang le s  90° a p a r t .  Thus 

i n  which t h e  average i s  de f ined  a s  

? WIp(()sin(d$ = A(l+d 1. 
0 

The average va lue  of  t h e  c o r r e l a t i o n  over  4-n s o l i d  ang le  i s  computed by 

i n t e g r a t i o n  o f  eqn. (A-5). The r e s u l t  is  



2 6 

Solving the  equation 

2 
f o r  a and s u b s t i t u t i n g  i n t o  eqn. (A-8), one obta ins  

0 

Using eqn. (A-8) and p u t t i n g  t h e  value of  A i n t o  eqn. (A-10) we have f o r  t h e  

average o f  t h e  c o r r e l a t i o n  over a l l  angles 

Thus t h e  t o t a l  gamma ray  y i e l d  can be computed from measurements a t  t h r e e  

ang les ,  two i n  t h e  plane 90° a p a r t  and one normal t o  t h e  p lane .  
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~ i ~ u r e .  Capt ions 

Fig.  1 Comparison of ( Y , Y )  c r o s s  s e c t i o n s  a s  a  func t ion  o f  energy f o r  

n u c l e i  near  *08pb. Data i s  from ~ a s z e w s k i  and ~ x e l l ) .  Energy 

r e s o l u t i o n  i s  comparable t o  t h e  p o i n t  spac ing .  

F ig .  2. Schematic i l l u s t r a t i o n  of t h e  2 0 8 ~ b ( p  ,p '  Y )  r e a c t i o n  on i s o b a r i c  

ana log  resonances i n  2 0 9 ~ i .  ~ h ;  f i r s t  t h r e e  terms of t h e  S 1 / 2  

ana log  s t a t e  wavefunction a r e  shown. 

F ig .  3. Neutron o r b i t a l s  i n ,  t h e  v i c i n i t y  o f  t h e  ~ = l 2 6  s h e l l  c l o s i n g .  The 

ene rg i e s  a r e  taken  from r e f .  1 7 .  

Fig.  4 .  Schematic diagram of t h e  exper imenta l  arrangement showing a  s impl i -  

f i e d  ve r s ion  o f  t h e  e l e c t r o n i c s .  

Fig.  5 S ing le s  and coincidence p a r t i c l e  s p e c t r a  f o r  a  t y p i c a l  run with 

t h e  2 0 8 ~ b  t a r g e t .  The i n d i c a t e d  energy r e s o l u t i o n  o f  3.4 keV was 

t h e  b e s t  a t t a i n e d  with t h e  S i ( .Li )  d e t e c t o r .  

Fig.  6 A p o r t i o n  o f  t h e  s i n g l e s  and coincidence p a r t i c l e  s p e c t r a  showing 

t h e  5.29 MeV, 1- s t a t e  i n  2 0 8 ~ b  which is  enhanced a t  Ep = 1 7  MeV. 

Least  squares  f i t  ( s o l i d  curve)  t o  t h i s  peak i n  s i n g l e s  was used t o  

normalize t h e  p re sen t  coincidence d a t a  t o  t h e  proton s i n g l e s  d a t a  

o f  r e f .  1 7 .  A spectrum obta ined  o f f  t h e  s1/2 resonance a t  E p = 1 7 . 5  

MeV ( c r o s s e s )  is  c o n s i s t e n t  wi th  t h e  background determined from t h e  

f i t .  

F ig ,  7 Elastic photon s ca t t e r i ng  c r o s s  s e c t i o n  (Ref.  1 )  and ( p , p 1 y 0 )  

coincidence s p e c t r a  ( p r e s e n t  work) f o r  20  8 ~ b  a t  t h e  bombarding 

e n e r g i e s  o f  t h e  d3/2-g8/2, s 1 / 2 ,  and d5/2 analog resonances.  Locus 

f o r  p ' -yo coincidences events  is  E -E  t1 MeV. random coincidences 
Y- Yo-2 MeV' 

have been sub t r ac t ed .  Coincidence s p e c t r a  f o r  each t a r g e t  r e p r e s e n t  

t h e  same i n t e g r a t e d  beam c u r r e n t .  Arrows i n d i c a t e  ene rg i e s  of 



unperturbed s h e l l  model neut ron  p-h conf igu ra t ions  which can couple 

t o  J v = l - .  S o l i d  l i n e s  a r e  merely t o  guide t h e  eye. 

Fig.  8 Spec t r a  of  p ro tons  n e a r  t h e  7 MeV double t  i n  coincidence with ground 

s t a t e  gamma r a y s .  Runs a t  t h r e e  bombarding e n e r g i e s  have been 

normalized t o  t h e  same i n t e g r a t e d  beam c u r r e n t .  S o l i d . l i n e  i s  a  

l e a s t  squa res  f i t  with t h e  peak e n e r g i e s  cons t r a ined  and us ing  a  

l i neshape  taken  from t h e  3.198 MeV s t a t e  i n  t h e  proton s i n g l e s  

spectrum, which. .i.s accumulated ~~~~~~~~~aneously wi th  t h e  same d e t e c t o r ,  

e l e c t r o n i c s , '  a n d  ADG ac t h e  coii!c:idence opectlluri~, Dashed aurvc i s  

a l e a s t  squa res  f i t  w i th  a s i n g l e  peak whose energy was allowed t o  

vary.  

Fig.  9 a .(from r e f .  1 )  and (.p,p'.yo) coincidence s p e c t r a  (ppesc?nt work) 
Y Y  

' f o r  2 0 7 ~ b .  Window i n  gamma r a y  energy is  Ey = E k 500 keV. 
Yo 

Arrows i n d i c a t e  e n e r g i e s  of p a r t i c l e - h o l e  e x c i t a t i o n s  r e l a t i v e  t o  

2 0 7 ~ b ( . g . s .  ) (.s'ee t e x t  and captior1 t o  f i g .  7 ) .  

I ' ig .  10 E x c i t a t i o n  f u n c t i o n s  ove r  ana log  resonances f o r  s t a t e s  i n  2 0 8 ~ b  with 

- 1 
dominarl L s t r u c t u r e  l p a r t i c l e  -plI2. ) 8 2 0 8 ~ b ( g .  s .  1 (dashed curve i s  

f i t  t o  d a t a ,  fit and d a t a  from rerf. 2 9 )  and f o r  s t a t e s  i n  2 0 7 ~ b  with 

- 2 
s t r u c t u r e  p a r t i c l e  -p1/2 ) 8 2 0 8 ~ b ( g . s ; )  ( d a t a  and f i t s  from present 

work 1. 

F ig .  11 Gamma r a y  .co5,nr,icle,nr~ spectrum El-awl Llle decay o t  '07pb (4 .63) .  

Dashed curve shows response func t ion  of NaI d e t e c t o r  f o r  yo a lone ;  

solid curve i s  a  l e a s t  squa res  fit with t h e s e  t r a n s i t i o n s  allowed. 

Fig. 1 2  S ing le s  and co inc idence  p a r t i c l e  s p e c t r a  i n  v i c i n i t y ' o f  t h e  4.63 MeV 

1 /2+  s t a t e  i n  2 0 7 ~ h .  S ing le s  opec t r a  a e  shown both on and o f f  t h e  

s1/2 ana log  resonance.  Dashed l i n e  through t h e  o f f . r e s o n a n c e  d a t a  

was used f o r  background s u b t r a c t i o n .  



I 

Fig .  1 3  E x c i t a t i o n  f u n c t i o n s  f o r  popu la t i ng  t h e  4'.84 and 5 .51  MeV s t a t e s  

i n  2 0 8 ~ b  and t h e '  4 .87,  5 . 5 ,  and 5.7 MeV " s t a t e s "  i n  2 0 7 ~ b  v i a  

( p , p t y o ) .  Data p o i n t s  w i t h ' s o l i d  c i r c l e s  were averaged over  y-ray 

a n g l e s ,  p o i n t s  with c r o s s e s  a r e  ou t  o f  p lane  measurements on ly .  

S o l i d  curve i s  drawn by eye through 2 0 8 ~ b  d a t a  and reproduced f o r  

comparison with t h e  2 0 7 ~ b  d a t a ;  

F ig .  14 oyy (from r e f .  1 )  and (p ,p1y0)  co inc idence  s p e c t r a  ( p r e s e n t  work) 

f o r  2 0 6 ~ b .  Window on gamma r a y  energy i s  E + 600 keV. 
yo 

Fig.  15 Coordinate  system used i n  t h e  c a l c u l a t i o n  o f  ( p , p l y )  angu la r  

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





Table  I 

P r o p e r t i e s  of Bound 1- Leve l s  i n  :' ' ~ b  

' E x c i t a t i o n  ro (  ev 1 . Sd , p  2Jt1 S ( d , p )  
3  

C o n f i g u r a t i o n  
(MeV) ' r e f  ( 6 r e f  ( 1 0  r e f  ( 1 1  ) 

4.84 6 . 3  mixed n e u t r o n  p-h 

mixed n e u t r o n  p-h 

2 J+l a )  4 Sd , p .  Value of - 2J+1 S > 1 i n d i c a t e s  0-- and 1- l e v e l s  a s  d o u b l e t .  
3 dp . .  . . . 

b )  Leve l  s e e n  i n  r e f .  12 .  Not p o s i t i v e l y  i d e n t i f i e d  a s  1-. 

c )  P a r i t y  ass ignment  i s  p r o b a b l e ,  b u t  n o t  c e r t a i n .  
Q 



Table  I1 

R e l a t i v e  Cross  'Sections o f  S t a t e s  i n  *08pb on t h e  I A R  

A 1 1  c r o s s  s e c t i o n s  normal ized '  t o  t h i s  va lue .  

Energy 

( M ~ v )  

4 .84 

5 .29  

5 . 5 1  

5 .63 

5.94 

( 
6.49 

6 .73  

( 1  

d5/2 

db - u 
dn9 00 

( t h i s  work) ( r e f  ,121 

1 4  + 1 -- 

3 r l .  t 2 2G 

. 25jf  2 46 

11 f1  ' 1 5  

9 f l  10  

1 4  + 1 26 

7 + 1  ' 7 

3 + 1 - - 

6 f 1 11 

S1/2 

d a - u 
dn9 00 

. ( t h i s  work) ( r e f  1 2 )  

16 f 1 - - 

1 0 0 ~  l o o t  

2 3 f  2 5 7 

- - -- 

9 5 7 1  - - 

49 f 2 58 ' 

11 + 1 ' 7 

6 + 1  -- 

9 f 1  9 
. .  . . . .  . . . . . . . . . . . . . . . . .  

d3/2 

d u - u 
dR9 00 

( t h i s  work) . . ( r e f  1 2 )  

17  + 1 -- 

17 1 27 

19 f 2 3 3 

- - -- 

44 + 2 50 . 

21 f 1 2 6 

1 5  + 1 11 

30 . +  1. 11 

1 2  f 1' 12  
. . . . . . . . . . .  . . . .  



Table  I11 

Ground S t a t e  Branching R a t i o s  of Leve l s  i n  2 0 e ~ b  

r / r  (2) 
Yo 

Nucleus E (MeV) r e f .  12 P r e s e n t  r e f .  1 4  F o o t n o t e s  

-- - - 

a )  4 . 1  MeV gamma r a y s  i n  c o i n c i d e n c e  spectrum.  On t h e  b a s i s  of p r o t o n  

+ + 
energy t h e s e  2 .  -t 0 decays  are probab ly  f e d  from a s t a t e  a t  4.86 

MeV r e p o r t e d  i n  r e f .  (25) t o  have a  p r o b a b l e  m u l t i p l e t  s t r u c t u r e .  

We cannot  a b s o l u t e l y  r u i e  o u t  a  10% branch from t h e  4.84 t o  t h e  4.08 

MeV s t a t e .  

b)  4 . 1  MeV gamma r a y s  i n  c o i n c i d e n c e  spectrum,  pe rhaps  from s ta te  a t  5 .27 

MeV r e p o r t e d  i n  r e f .  ( 2 5 ) ,  b u t  we cannot  r u l e  o u t  a 5% branch t o  t h e  
b 

4.08 MeV s t a t e .  A 0- s t a t e  found i n  r e f .  (14) t o ' b e  o n l y  8 keV lower 

i n  e x c i t a t i o n  t h a n  t h e  1 s t a t e  and e x c i t e d  i n  t h e  ( d , p )  r e a c t i o n  cou ld  

be  i n c l u d e d  i n  t h e  (p,p") c r o s s  s e c t i o n  f o r  t h e  5.29 MeV s t a t e .  I f  s o ,  

w i t h  t h e  (21+1) w e i g h t i n g  t h e . g . s .  branch f o r  t h e  5 .29 MeV s t a t e  becomes 

107 + 9%. 

c) High r e s o l u t i o n  (p ,p )  d a t a  of r e f .  (25) i n d i c a t e  p r o b a b l e  m u l t i p l e t  

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

d )  7.07-7.09 MeV d o u b l e t  n o t  r e s o l v e d .  S e e ' t e x t .  



Table  I V  

Leve l s  o2se rved  i n  2 0 7 ~ b ( P , P 1 y o  and t h e i r  R e l a t i v e  Yie lds  on Resonance 

ENERGY 
(MeV ) 

4.10) . 

4.14 

4.39 

4 .63  

4 .87 

4 .98 

5.22 

5 . 5  

5 .6  

5 .7  

5.9 

6.15 

RELATIVE YIELD C N  ~.ESONANCE - 

d5/2 s 1 / 2  d3/2  

. 156 1 . 5 1  11?5 

1 7  5 6 

4 3 100 9 

2 4 20 1 8  

1 3  L 8 1 7  

1 8  20 96 

1 8  2 9 20 

2 3 2 8 1 6  

2 8 '1 2 7 

1 4  2 2 . 4 3  

10 4 1  1 9  

Ref 6 ,  ( Y  , - f )  
ENERGY gl.g/ T ( e ~  ) 

' 

4.84': } 1 3 ,  4.875 

4.980 7 

5.223 8' 

5.49C 1 2  

5.60C 8 

5.71E 3 

Ref 7 ,  ( v , y )  
ENERGY LTT , 

4.104 3j2-  
. 4 . 1 4 0  - . 5 i 2 -  

. . 

4.627 

4.872 . . .. l / i , 3 / 2  

4.982 1 / 2 , 3 / 2  

Re f  2 7 ,  ( d , p )  
ENERGY JT 

4.389 5/2+ 

4.627 1 / 2 +  

4.846 
4 .871 5/2+,7/2- ,7/2+ 

4.985 1 /2+  ' 

5.219 3/2+ 



ENERGY (MeV) 
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I 
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