
t e s t  va r i ous  a - c l u s t e r  models2 of 160  and provide  

a d d i t i o n a l  measurements of a-widths needed f o r  

a s t r o p h y s i c a l  c a l c u l a t i o n s .  
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Previous  s t u d i e s 1  of t h e  A(p,x')A+l r e a c t i o n  have s e v e r a l  h igh  s p i n  s t a t e s  around 10 MeV e x c i t a t i o n  

demonst ra ted  t h e  h igh  s e l e c t i v i t y  of t h e  r e a c t  i on  f o r  energy.  

s t a t e s  i n  t h e  r e s i d u a l  nuc l eus  which a r e  presumed t o  To d a t e  t h e r e  is l i t t l e  expe r imen t a l  ev idence  f o r  

have a  s t r e t c h e d  o r  n e a r l y  s t r e t c h e d  two-part i c l e  h igh  s p i n  s t a t e s  i n  2 7 ~ i  bes ide s  t h a t  provided  by t h e  

one-hole c o n f i g u r a t i o n  wi th  r e s p e c t  t o  t h e  t a r g e t  (p,n-)  r e a c t i o n .  The 2 7 ~ 1 ( 3 ~ e , t ) 2 7 ~ i  r e a c t i o n  is 

nucleus .  This  f e a t u r e  of t h e  (p,x-) r e a c t i o n  has been expected  t o  popu l a t e  t h e  presumed s t r e t c h e d  

observed f o r  both l i g h t  and heavy nuc l e i1  and f o r  two two-pa r t i c l e  one-hole s t a t e s  s een  i n  t h e  2 6 ~ g ( p ,  x-) 2 7 ~ i  

c a s e s  i n  t h e  sd - she l l :  180(p,n-)19~e and r e a c t i o n ,  and t h e  2 4 ~ g ( a , p )  2 7 ~ 1  r e a c t i o n  can popu l a t e  

2 6 ~ g ( p , n - ) 2 7 ~ i . 2  S t u d i e s  throughout  t he  lower h a l f  of t h e  mi r ro r  s t a t e s  i n  2 7 ~ 1 .  We have s t u d i e d  t h e s e  two 

t h e  sd - she l l  a r e  i n  progress .3  To i n c r e a s e  t h e  r e a c t i o n s  i n  o rde r  t o  o b t a i n  s u p p o r t i n g  ev idence  f o r  

r e l i a b i l i t y  of t h e  (p,x') r e a c t i o n  a s  a  s p e c t r o s c o p i c  t h e  h igh  s p i n  ass ignments  i n f e r r e d  from t h e  (p ,  n-) 

t o o l  i n  t h e  sd - she l l ,  it is nece s sa ry  t o  o b t a i n ,  f o r  a t  r e a c t i o n .  

l e a s t  a  few ca se s ,  independent ev idence  r ega rd ing  t h e  We measured t h e  angu l a r  d i s t r i b u t i o n s  of t h e  

s p i n  s t r u c t u r e  of t h e  s t a t e s  p r e f e r e n t i a l l y  popula ted  2 4 ~ g ( a , p ) 2 7 ~ 1  and 2 7 ~ 1 ( 3 ~ e ,  t ) 2 7 ~ i  r e a c t  i ons  u s ing  t h e  

i n  t h e  (p,n') r e a c t i o n .  P r i n c e t o n  AVF (K=60) c y c l o t r o n  and Quadrupole-Three 

It has  been observed t h a t  t h e  2 6 ~ g ( p , n - ) 2 7 ~ i  Dipoles  (Q3D) magnetic spec t rog raph .  The angu l a r  

r e a c t i o n  popu l a t e s  s e l e c t i v e l y  and s t r o n g l y  two e x c i t e d  d i s t r i b u t i o n s  of t h e  r e a c t i o n  2 6 ~ g ( 3 ~ e , t ) 2 6 ~ 1  l e a d i n g  

s t a t e s  i n  2 7 ~ i  a t  e x c i t a t i o n  e n e r g i e s  of 7  MeV and 9.5 t o  t h e  known 5+ ( g . s . ) ,  0' (0.228 MeV), and 3+ (0.417 

MeV. These s t a t e s  have been t e n t a t i v e l y  a s s igned  13/2+ MeV) s t a t e s  were a l s o  measured i n  o rde r  t o  c a l i b r a t e  

s p i n  and p a r i t y .  Th i s  is t h e  h i g h e s t  s p i n  p o s s i b l e  i f  t h e  "L-signature" f o r  p o s s i b l e  h igh  s p i n  s t a t e  

a l l  t h e  a c t i v e  nucleons  a r e  r e s t r i c t e d  t o  t h e  sd - she l l .  t r a n s i t i o n s  i n  t h e  2 7 ~ 1 ( 3 ~ e , t ) 2 7 ~ i  r e a c t i o n .  

Recent s h e l l  model c a l c u l a t i o n s 4  p r e d i c t  a  13/2+ s t a t e  The s p e c t r a  ob t a ined  from t h e  2 4 ~ g ( a , p ) 2 7 ~ 1  and 

i n  2 7 ~ i  a t  an  e x c i t a t i o n  energy between 7  and 8  MeV and 2 7 ~ 1 ( 3 ~ e ,  t ) 2 7 ~ i  r e a c t i o n s  a t  bombarding e n e r g i e s  of 



48.2 and 29.8 MeV, r e s p e c t i v e l y ,  and a s c a t t e r i n g  angle  2 6 ~ g ( 3 ~ e , t ) 2 6 ~ 1  r e a c t i o n  a t  29.7 MeV bombarding energy 

of 15", f o r  t h e  e x c i t a t i o n  energy r eg ion  around 7 MeV l ead ing  t o  5+, 0+ and 3' s t a t e s  a r e  shown i n  Fig.  5. 

and 9.5 MeV where t h e  s t r o n g l y  populated r e s i d u a l  The energy r e s o l u t i o n  f o r  t h e s e  measurements, which is 

s t a t e s  were observed i n  t h e  2 6 ~ g ( p , n - ) 2 7 ~ i  r e a c t i o n ,  determined mainly by t he  t a r g e t  t h i cknes s ,  is l e s s  than  

and s e l e c t e d  angular  d i s t r i b u t i o n s ,  a r e  d isp layed i n  30 keV. 

Figs .  1-4. The angu la r  d i s t r i b u t i o n s  of t he  

8o t 24 ~g (a, p) 2h~ 
Ta=48.2 MeV 
E,=7.0 MeV 

8 =  15' 

Zero-range DWBA c a l c u l a t i o n s  have been made f o r  

t h e  2 4 ~ g ( a , p ) 2 7 ~ 1  r e a c t i o n  (Fig.  2).  A c l u s t e r  

( t r i t o n )  t r a n s f e r  t o  t h e  sd - she l l  was assumed t o  form 

t h e  same s t r e t c h e d  s t a t e s  a s  those  seen  i n  t h e  (p,n-) 

r e a c t i o n .  The a lpha  and proton  o p t i c a l  p o t e n t i a l  

parameters  were taken from t h e  compi la t ion  of perey.  

The known 11/2+ (6.483 MeV) and 9/2$ (7.170 MeV) s t a t e s  

were used t o  c a l i b r a t e  t h e  DWBA c a l c u l a t i o n s .  We no t e  

t h a t  t h e  DWBA c a l c u l a t i o n s  wi th  c l u s t e r  o r b i t a l  angu la r  

momentum t r a n s f e r s  of L=6 and L=4 reproduce t h e  d a t a  

f o r  t h e  1112' and 912' s t a t e s  reasonably  w e l l  [Figs.  

2 ( a ) , ( b ) ] .  The same o p t i c a l  model parameters can t hen  

be used w i th  some conf idence  f o r  o t h e r  t r a n s i t  i ons .  

The r e s u l t s  show t h a t  t h e  9.599 MeV t r a n s i t i o n  may have 

L=6 [Fig.  2 ( d ) ] ,  s o  t h a t  t h i s  s t a t e s  is a cand ida t e  f o r  

a 13/2+ assignment.  The 6.885 MeV t r a n s i t i o n  appears  t o  

i nvo lve  a mixture  of L=4 and L=6 [Fig.  2 ( c ) ] .  

There is evidence  t h a t  t h e  ( 3 ~ e , t )  r e a c t i o n  

mechanism is  d i r e c t  even a t  bombarding ene rg i e s  a s  low 

601 I a s  26 M ~ v . ~  By comparing t h e  shapes of t he  angu la r  

I 24 

~g ( a ,  p) 2k1 
T,=48.2 MeV 
E x =  9.5 MeV 

c 

d i s t r i b u t i o n s  f o r  t h e  2 7 ~ 1 ( 3 ~ e , t ) 2 7 ~ i  r e a c t i o n  (Fig.  4)  

t o  t hose  of t h e  c a l i b r a t i o n  r e a c t i o n  2 6 ~ g ( 3 ~ e ,  t ) 2 6 ~ 1  

(Fig .  5 ) ,  we make t h e  fo l lowing t e n t a t i v e  s p i n  

Z 
3 assignments t o  va r ious  s t a t e s  i n  2 7 ~ i .  The t r a n s i t i o n s  
0 

20 t o  t he  6.723 MeV and 7.052 MeV s t a t e s  appear t o  have 

L=2, which is i n  agreement wi th  t h e  s p i n  assignments 

f o r  t h e  i s o b a r i c  analogue s t a t e s  i n  2 7 ~ 1  a t  6.885 MeV 
0 

Ex (MeV) and 7.170 MeV (9/2+), i f  we keep only L=4 i n s t e a d  of 

t h e  mixture between L=4 and L=6. The angular  

F igu re  1. Spectrum from t h e  2 4 ~ g ( a , p ) 2 7 ~ 1  d i s t r i b u t i o n  f o r  t h e  6.981 MeV s t a t e  i n  2 7 ~ i  is  
r e a c t i o n  a t  a bombarding energy of 48.2 MeV and a 
s c a t t e r i n g  ang l e  of 15O f o r  t h e  e x c i t a t i o n  energy c h a r a c t e r i s t i c  of an L=O t r a n s i t i o n  (we do not s e e  a 
region  around 7 MeV ( a )  and 9.5 MeV ( b ) .  
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Figure 2.  Angular distr ibutions of the reaction 2 4 ~ g ( a , p ) 2 7 ~ 1  at  a bombarding energy of 48.2 MeV leading t o  
s ta tes  at  6.48 MeV ( a ) ,  7.17 MeV (b) ,  6.885 MeV ( c ) ,  and 9.599 MeV (d) .  The curves are from zero-range DWBA 
calculat ions with c luster  orbital  angular momentum transfers of L=2,4, and 6. 
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Figure  3. Spectrum from t h e  2 7 ~ 1 ( 3 ~ e ,  t ) 2 7 ~ i  r e a c t i o n  a t  a  bombarding energy of 29.8 MeV and a  s c a t t e r i n g  ang l e  of 
15 f o r  t h e  e x c i t a t i o n  energy region  around 7 MeV ( a )  and 9.5 MeV (b ) .  

cor responding s t a t e  i n  2 7 ~ 1 ) .  The angu la r  d i s t r i b u t i o n  

f o r  t h e  7.124 MeV s t a t e  i n  2 7 ~ i  is not f i t  by L=0,2 or  

4. This  is c o n s i s t e n t  wi th  the  f a i l u r e  of DWBA 

c a l c u l a t i o n s  f o r  L=2,4 or  6 t o  f i t  t he  d a t a  f o r  t h e  

7.286 MeV s t a t e  i n  27~1,  which is t h e  analogue of t he  

2 7 ~ i  7.124 MeV s t a t e .  This  impl ies  t h a t  t h e s e  s t a t e s  

may have nega t ive  p a r i t y ,  r e s u l t i n g  from the  t r a n s f e r  

of one nucleon i n t o  a  h ighe r  s h e l l .  The 9.490 MeV 

s t a t e  i n  2 7 ~ i  is t h e  only cand ida t e  f o r  L=4 t r a n s f e r ,  

and hence a  pos s ib l e  13/2+ s p i n  and p a r i t y  assignment.  

This  is i n  agreement wi th  t he  r e s u l t  of t h e  DWBA 

c a l c u l a t i o n  f o r  t h e  analogue 9.599 MeV s t a t e  i n  27~1; 

however, t h e r e  is  cons ide rab l e  u n c e r t a i n t y  due t o  t he  

poor s t a t i s t i c s  and few d a t a  po in t s  f o r  t h i s  s t a t e .  

The 13/2+ assignment f o r  t h e  2 7 ~ i  9.5 MeV s t a t e  is 

suppor ted  by our e a r l i e r  2 7 ~ 1 ( 3 ~ e ,  t )  2 7 ~ i  d a t a  taken a t  

IUCF us ing  t h e  QDDM spect rograph.  I n  t h a t  experiment,  

we found only one s t a t e ,  a t  an e x c i t a t i o n  energy around 

9.5 MeV, t h a t  s t ood  ou t  prominently when t h e  s c a t t e r i n g  

angle  was i nc rea sed  from 12" t o  20'; however, t h e  

s t a t i s t i c s  were a l s o  poor f o r  t h e s e  da ta .  The ( 3 ~ e , t )  

r e a c t i o n  is not w e l l  s u i t e d  f o r  s t u d i e s  of high s p i n  

s t a t e s  because of t h e  small l i n e a r  momentum t r a n s f e r .  

On t h e  b a s i s  of t he  emp i r i ca l  L-signatures f o r  t h e  



2 7 ~ ~  ( 3 ~ e 7  t )  2 7 ~ i  
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Figu re  4. Angular d i s t r i b u t i o n s  of t h e  r e a c t i o n  2 7 ~ 1 ( 3 ~ e , t ) 2 7 ~ i  a t  a bombarding energy of 29.8 MeV l ead ing  t o  
s t a t e s  a t  6.981 and 7.052 MeV ( a ) ,  6.723 and 7.124 MeV ( b ) ,  and 9.490 MeV (c) .  
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T3He= 29.7 MeV T3"== 29.7 MeV 

.ye\ 
E,=0.417 MeV 

Figu re  5. Angular  d i s t r i b u t i o n s  of t h e  r e a c t i o n  
2 b ~ g ( 3 ~ e ,  t )  2 6 ~ 1  a t  a  bombarding energy of 29.8 MeV 
l e a d i n g  t o  s t a t e s  a t  Ex-0 MeV ( 5 + ) ,  0.228 MeV (o+) 
and 0.417 MeV (3+). 

2 7 ~ 1 ( 3 ~ e ,  t )  2 7 ~ i  r e a c t i o n  and t h e  zero-range DWBA 

c a l c u l a t i o n s  f o r  t h e  2 4 ~ g ( a , p ) 2 7 ~ 1  r e a c t i o n ,  we f i n d  no 

ev idence  f o r  a  13/2+ s t a t e  near  7  MeV e x c i t a t i o n  energy 

i n  2 7 ~ i ,  but p o s s i b l e  ev idence  f o r  such a  s t a t e  around 

9.5 MeV. 
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