
t he  t-matrix.  For t he  5- s t a t e ,  on t h e  o the r  hand, 

t he  ca l cu l a t ed  r e s u l t  f o r  A is predominantly s e n s i t i v e  
Y 

to 'cent ra l -sp in-orbi t  i n t e r f e r ence ,  and t h e  change 

of s i g n  of A near  40' is  r a t h e r  we l l  co r r e l a t ed  with 
Y 

t he  change of s i g n  i n  t h e  c e n t r a l  p a r t  of t he  t-matrix 

a t  t h e  corresponding momentum t r a n s f e r ,  a s  given by 

the  Love i n t e r a c t i o n .  

The d i f f e r e n t i a l  c ros s  s ec t ions  and analyzing 

powers f o r  t h e  lower-lying s t a t e s  of 2 8 ~ i  and 2 4 ~ g  

have a l s o  been measured. I n  2 4 ~ g ,  f o r  example, t he  

e x c i t a t i o n  of s t a t e s  i n  t he  K=O and K=2 bands can be 

compared t o  ca l cu l a t i ons  us ing  the  Chalk River pro- 

jected-Hartree-Fock wave funct ions .  The remarkable 

agreement between theory and experiment f o r  i n e l a s t i c  

e l ec t ron  s c a t t e r i n g 3  al lows a d e t a i l e d  s tudy of t h e  

proton s c a t t e r i n g  mechanism. The t o t a l l y  anomalous 

shape of t h e  electromagnetic form f a c t o r  f o r  t h e  

+ 
41 (K=O) s t a t e  i n  241?g is wel l  reproduced i n  t h e  

d i f f e r e n t i a l  c ros s  s e c t i o n  f o r  (p ,p ' ) .  
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SPIN-ORBIT EFFECTS I N  THE EXCITATION OF PROTON AND NEUTRON STATES 
I N  THE (p,p ')  REACTION AT 160 MeV, 120 MeV, AND 95 MeV 

Alan Sco t t ,  F. Todd Baker, M.A. G r i m m ,  J.H. Johnson, V. Penumetcha, 
R.C. S t y l e s ,  J . A .  Mowrey, and W.G. Love 

University of Georgia, Athens, Georgia 30602 

W.P. Jones and J . D .  Wiggins 
I n d h  University Cyclotron Facility,  BZoomington, I n d h  4 7405 

Large d i f f e r ences  i n  t h e  shapes of measured d i f -  t h e  c e n t r a l ,  sp in-orbi t  and tensor  ampli tudes,3 sugges- 

f e r e n t i a l  c ros s  s e c t i o n s  were found e a r l i e r 1  f o r  t h e  t i n g  t h e  need f o r  core  p o l a r i z a t i o n  ampli tudes s i m i l a r  

e x c i t a t i o n s  of t h e  4: proton s t a t e  i n  'Ozr and t h e  4f i n  magnitude t o  those  requi red  a t  lower ene rg i e s  .495 

neutron s t a t e  i n  9 2 ~ r .  To ob ta in  a good f i t  t o  t h e  These DWIA ca l cu l a t i ons  showed t h e  r e l a t i v e  importance 

da t a  f o r  t h i s  proton s t a t e  i n  9 0 ~ r  wi th  pure ly  co l l ec -  of t h e  s p i n - o r b i t  p a r t  of t h e  t-matrix increased  i n  

t i v e  ca l cu l a t i ons ,  an enhanced sp in-orbi t  con t r ibu t ion  t h i s  sequence a s  t h e  m u l t i p o l a r i t y  increased .  The 

(f3y/$4=1. 25) was requi red ,  but  no s a t i s f a c t o r y  f i t s  dominance of t h e  sp in-orbi t  con t r ibu t ions  f o r  t h e  8: 

were found f o r  t h i s  neutron s t a t e  i n  9 2 ~ r .  Co l l ec t ive  s t a t e  i n  'Ozr is shown i n  t h e  DWIA and c o l l e c t i v e  ca l -  

f i t s  t o  t h e  d a t a  f o r  t h e  2:, 4:, 6:, 8; proton s t a t e s  c u l a t i o n s  of Figures l ( a )  and l ( b )  r e spec t ive ly .  

i n  9 0 ~ r  showed2 t h e  increas ing  dominance of t h e  spin-  Large sp in-orbi t  e f f e c t s  a t  t h i s  energy 

o r b i t  con t r ibu t ion  a s  t h e  m u l t i p o l a r i t y  increased.  (Ep= 160 MeV) c l e a r l y  suggested t h e  need f o r  (p,p ')  

Recent ca l cu l a t i ons  show t h e  c r o s s  s ec t ions  f o r  t h e  2:, asymmetry measurements. Analyzing power da t a  have been 

4:, 6:, and 8; s t a t e s  i n  9 0 ~ r  t o  be underpredicted i n  obta ined  a t  1 4  angles  from 16' t o  44' f o r  t h e  2:, 4:, 

t he  DWIA by f a c t o r s  of 30, 10, 3, and 2 r e spec t ive ly  5;, 3;, and 2: s t a t e s  i n  9 0 ~ r  and f o r  t h e  2:, 4:, 3;, 

when only t h e  (gg12) va lence  terms a r e  included f o r  2:, 2:, and 57 s t a t e s  i n  9 2 ~ r ,  and a t  8 ang le s  from 26' 
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Figure I .  (a )  DWIA calcu- 
lation multiplied by factor 
o f  two. (b)  Collective 
calcutations with DSO only; 
DWIA calcuZat$on shown for 
comparison. 

t o  44' f o r  t h e  6: and 8: s t a t e s  i n  9 0 ~ r .  Large d i f f e r -  f i t  t o  t he  measured cross  s e c t i o n  f o r  t h i s  9 0 ~ r  s t a t e  

ences a r e  found between t h e  analyzing power da t a  f o r  is a poor f i t  t o  t h e  measured analyzing power data,. 

t h e 4 : p r o t o n s t a t e i n  9 0 ~ r  and t h e 4 : n e u t r o n s t a t e  i n  DWIAcalculations (with t h e  t - m a t r i x o f  Refs. 3 a n d  

9 2 ~ r ,  d i f f e r ences  which inc rease  a s  t h e  angle  of 6,  and c o l l e c t i v e  core  po la r i za t ion  amplitudes) which 

s c a t t e r i n g  inc reases  (see Fig.  2). The 9 0 ~ r  da ta  a r e  g ive  good f i t s  t o  t h e  measured cross  s ec t ions  f o r  these  

p lo t t ed  with crosses ,  t he  9 2 ~ r  d a t a  with dots .  Figure 4: s t a t e s  i n  9 0 ~ r  and 9 2 ~ r  f a i l  q u i t e  badly t o  descr ibe  

2 a l s o  shows t h a t  t h e  c o l l e c t i v e  c a l c u l a t i o n  (with t h e  shape of t he  measured analyzing power da t a  f o r  each 

enhanced sp in-orbi t  cont r ibut ion)  which gave the  b e s t  of these  cases.  Col lec t ive  model ca l cu l a t i ons  give 

2 C2.ossss are data 
= O Z ~  4: state m d  
d ~ t s  are data for the 9 2 ~ r  
4; state .  co fiective cal- 
culations do not f i t  e i ther 

1 tmns i t ion  we 22 .  



much poorer f i t s  t o  the  analyzing power data  f o r  t h i s  

4: s t a t e  i n  9 2 ~ r  than f o r  the  4: proton s t a t e  i n  9 0 ~ r .  

There a r e  smaller but s t i l l  q u i t e  l a rge  d i f f e r -  

ences between the  shapes of the  asymmetries measured 

f o r  the  2: proton s t a t e  i n  9 0 ~ r  and the  2: neutron 

s t a t e  i n  9 2 ~ r ,  but the re  a r e  only s l i g h t  d i f ferences  

i n  the  analyzing powers measured f o r  the  co l l ec t ive  3- 

s t a t e s  i n  9 0 ~ r  and 9 2 ~ r .  It appears, therefore ,  t h a t  

+ the  di f ferences  i n  the  data  f o r  these  2: and 41 proton 

and neutron s t a t e s  i n  9 0 ~ r  and 9 2 ~ r  may w e l l  be due t o  

d i f ferences  i n  the r e l a t i v e  importance of the  valence 

and core polar iza t ion amplitudes caused by the  d i f fe ren t  

wave functions and by di f ferences  i n  the  p-p and p-n 

pa r t s  of the  nucleon-nucleon force  i n  these proton 

and neutron t r a n s i t i o n s ,  

Figure 3 shows the  analyzing power measured f o r  

the  8; proton s t a t e  i n  9 0 ~ r .  Collective model calcula- 

t ions  a r e  shown f o r  the  r a t i o  ~ ; O / f 3 ~  equal t o  zero, 1.5 

and 8.0. The data  a r e  c l ea r ly  bes t  f i t t e d  by the  cal-  

cula t ion most dominated by the  sp in -o rb i t  contribution,  

the s i t u a t i o n  already found f o r  the  co l l ec t ive  and 

DWIA f i t s  t o  the  cross sec t ion  measured f o r  t h i s  

t r ans i t ion .  

90 
- Zr (P.P') 8: 

- 
- ---- WITHOUT DSO 

Another beam run is scheduled f o r  March 1980, t o  

obta in  da ta  a t  angles beyond where t h e  preliminary da ta  

show the  l a r g e s t  d i f ferences  i n  the  observed analyzing 

powers f o r  the  2: and 4; s t a t e s  i n  these two nucle i ,  

and a t  angles between 10' and 44' where the re  a r e  

maxima and minima i n  the analyzing powers s ince  the  

magnitudes of theore t i ca l  ca lcula t ions  a t  these points  

appear s e n s i t i v e  t o  the  s i z e  of the  spin-orbit  

contributions.  

I n  the  case of the  8 9 ~ ( p , p ' )  react ion a t  160 MeV, 

d i f f e r e n t i a l  cross sect ions  have been obtained f o r  a l l  

low-lying s t a t e s  up t o  about 3 MeV of exc i t a t ion ,  over 

the  angular range from 10' t o  56'. 

Of spec ia l  i n t e r e s t  is  the  exc i t a t ion  of t h e  

single-proton 9/2+ s t a t e  a t  0.908 MeV, because i n t e r -  

pre ta t ions5 of data  from an e a r l i e r  experiment a t  Ep= 

61  MeV required the  inclus ion of a s i g n i f i c a n t  L=3 

sp in - f l ip  amplitude and an M 4  core polar iza t ion ampli- 

tude, i n  addi t ion t o  the  L=5 amplitudes. The inclu- 

s ion of t h i s  L=3 amplitude caused the  o v e r a l l  theoret-  

i c a l  cross sec t ion  t o  match the  shape of the  data  f o r  

t h i s  t r a n s i t i o n  i n  8 9 ~ .  This shape is q u i t e  d i f f e r e n t  

t o  the shape of the  cross  sec t ion  f o r  the  exc i t a t ion  

of the  5- s t a t e  i n  9 0 ~ r  a t  the  same Ep= 61 MeV because 

no L=3 amplitude is allowed t o  contr ibute  t o  t h i s  

t r a n s i t i o n  i n  9 0 ~ r .  Figure 4 shows t h a t  the  measured 

cross sec t ion  f o r  t h i s  s t a t e  i n  8 9 ~  ( in  the  present 

experiment a t  Ep= 160 MeV) is q u i t e  d i f f e r e n t  i n  

shape from t h a t  f o r  the  5' s t a t e  i n  9 0 ~ r  a t  the  same 

p r o j e c t i l e  energy. The higher contributions a t  forward 

angles of t h i s  cross  sect ion,  when compared with 

the  data  and co l l ec t ive  L=5 calcula t ions  (with Bg0/B5= 

L O ~ l & l r l l l l l l r l ' I  26 30 34 38 42 46 2.9) f o r  t h i s  5' s t a t e  i n  9 0 ~ r ,  suggest t h a t  microscopic 

eC, model ca lcula t ions  w i l l  need a s ign i f i can t  forward- 

peaked L=3 cross  sect ion added t o  the  L=5 cross  sec t ion  
CoZZective caZcuZations for the 0+ + 

'*-tion d t h  G0=8.0 B8. t o  f i t  t h i s  8 9 ~  data ,  Comparison of microscopic model 



f i t s  t o  t hese  d a t a  f o r  Ep= 160 MeV wi th  f i t s  t o  t h e  6 1  1 1 1 1 1 1 1 1 1 1 1 1 1  

90 
MeV data5  should thus provide va luable  information on x ~f (p,p') 5; at 2.32 MeV 

t he  energy dependence of t h e  con t r ibu t ing  amplitudes, 

e spec i a l l y  f o r  t h e  spin-dependent amplitudes. 

The shapes of t he  measured cross  s ec t ions  f o r  

t he  o the r  two single-proton s t a t e s  a t  1.51 MeV and 

1.74 MeV a r e  q u i t e  d i f f e r e n t  a t  Ep= 160 MeV. Since 

t h e r e  a r e  valence amplitudes which can con t r ibu t e  t o  

t he  t r a n s i t i o n  t o  t h e  1.51 MeV s t a t e  which cannot f o r  

t he  1.74 MeV s t a t e ,  and t h e  s p i n - o r b i t  f o r c e  is  more 

dominant a t  Ep= 160 MeV, i t  is expected t h a t  d i f f e r e n t  

r e l a t i v e  magnitudes of t h e  con t r ibu t ing  amplitudes a t  

t h i s  energy and a t  t he  lower Ep= 61 MeV w i l l  a s s i s t  i n  

t he  determination of t h e  magnitudes of t he se  ampli tudes,  

e spec i a l l y  t h e  sp in-orbi t  amplitude. 

Data have been obtained a t  Ep= 120 MeV i n  t h e  

9 0 ~ r ( p , p ' )  r eac t ion  f o r  t he  2;, 4:, 6:, 8:, 5;, 3;, I I I I I I I I 
0 10 20 30 40 50 60 70 

and 2; s t a t e s  i n  O Z ~ ,  over t h e  angular  range from 10' 
ecm 

t o  70'. Peak s t r i p p i n g  and d a t a  a n a l y s i s  a r e  now Fi-qure 4.  Conparison of data for the 5- state i n  9 0 ~ r  
and the 9/2+ state i n  09y. AZso s h m  are DWBA M = 5  

almost completed. Comparisons of microscopic model caZcuZations . 
analyses f o r  t he se  da t a  a t  Ep= 120 MeV with analyses  

f o r  our previous experiments1¶ 2,5 a t  6 1  MeV and 160 

MeV a r e  expected t o  provide information on t h e  energy 

dependence of valence and core  po la r i za t ion  amplitudes, 

e spec i a l l y  t h e  sp in-orbi t  amplitudes. 

D i f f e r e n t i a l  c ross  s ec t ions  have been measured 

i n  t he  2 0 7 ~ b ( p , p ' )  r eac t ion  a t  95 MeV f o r  t h e  fou r  

low-lying neutron-hole s t a t e s  which involve angular  

momentum t r a n s f e r s  of 2, 2 ,  4, and 7, and f o r  t h e  

doublet  a t  2.64 MeV. Microscopic model DWBA calcula-  
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