
t h r e sho ld  r eg ion  may have impor tant  i m p l i c a t i o n s  f o r  

t h e  f u r t h e r  unders tanding of t h e  pion product ion  

mechanism a s  w e l l  a s  f u t u r e  connect ions  t o  s t u d i e s  i n  

t h e  f i e l d  of p i o n i c  atoms. I n  t h e  l a t t e r  regard ,  from 

a  pu re ly  exper imenta l  po in t  of view, a n  unders tanding 

of  t h e  sy s t ema t i c s  of (p,n-) c r o s s  s e c t i o n s  a t  ( o r  

n e a r )  t h r e s h o l d  is impor tant  f o r  t h e  de s ign  of p o s s i b l e  

f u t u r e  IUCF Cooler Ring exper iments ,  wherein p i o n i c  

atoms could be c r e a t e d  and s t u d i e d  "from t h e  i n s i d e  
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An unexpected,  s e l e c t i v e  c o n c e n t r a t i o n  of d i s c r e t e  accommodate t h e  l a r g e  l i n e a r  and angu la r  momentum 

high s p i n  r e a c t i o n  s t r e n g t h  (Ex = 3-6 MeV) has been mismatch i n h e r e n t  t o  t h e  (p ,n)  r e a c t i o n .  The s e l e c t i v e  

shown1 t o  be a s y s t e m a t i c  f e a t u r e  of (p,n') s p e c t r a  popu la t i on  of t h e s e  s t a t e s  is favored  by t h e  assumed 

ob t a ined  from many t a r g e t  n u c l e i  ranging from the  l p  dominance3 i n  t h e  r e a c t i o n  mechanism of t h e  fundamental  

s h e l l  up t o  t h e  r eg ion  A - 90. The s t r o n g l y  e x c i t e d  and unique two-nucleon process  p  + n + p + p + n-, 

s t a t e s  were i n t e rp re t edLB2  t o  have a 2 p a r t i c l e  where t he  i n c i d e n t  pro ton  i n t e r a c t s  wi th  a  t a r g e t  

( p ro tons )  -1 ho le  (neut ron)  c o n f i g u r a t i o n  wi th  r e s p e c t  neut ron  from a  s p e c i f i c  s h e l l  model o r b i t a l .  The 

t o  t h e  t a r g e t  nucleus  ground s t a t e ,  coupled t o  maximal r e s u l t i n g  spectrum of d i s c r e t e  2p-lh c o n f i g u r a t i o n  

( s t r e t c h e d ) ,  o r  nea r  m x i m a l  s p i n ,  i n  o rde r  t o  s t a t e s  is l a r g e l y  determined by t h e  number of a v a i l a b l e  

5 8 



high-spin " t a r g e t "  neut rons ,  and corresponding 

high-spin o r b i t a l s  i n  which t o  p l ace  t h e  pro tons .  An 

e f f e c t i v e  "Rr indow" is  imposed on t h e  lower s i d e  by 

t h e  l a r g e  momentum mismatch and on t h e  upper s i d e  by 

t h e  maximum s p i n  t r a n s f e r  a v a i l a b l e  from t h e  t h r e e  

i n t e r a c t i n g  " p a r t i c l e s "  i n  a g iven  high-spin subshe l l .  

These g e n e r a l  f e a t u r e s  have been w e l l  de sc r ibed  f o r  t h e  

s y s t e m a t i c  d a t a  obta ined  i n  t h e  calcium reg ion  us ing  a 

c rude  p lane  wave model wi th  a l o c a l i z e d  p e r i p h e r a l  

i n t e r a c t i o n  and r e l i a b l e  s h e l l  model wave  function^.^ 

More d e t a i l e d  exper imenta l  s t u d i e s  of t h i s  

phenomenon have s i n c e  been c a r r i e d  ou t  w i th  

s u f f i c i e n t l y  good r e s o l u t i o n  t o  d e l i n e a t e  t h e  f i n e  

s t r u c t u r e  i n  t h e  oxygen, calcium, and most r e c e n t l y  

t h e  zirconium7 r eg ions ,  cor responding t o  2p-lh 

c o n f i g u r a t i o n s  (1d512)3, ( l f  7/2)3, and (1g912)3, 

r e s p e c t i v e l y .  For 8 8 ~ r ( p , n - ) 8 9 ~ r ,  where two d i s t i n c t  

d i s c r e t e  peaks were observed7 ( s epa ra t ed  by - 370 keV) 

a t  t h e  beginning of a n e a r l y  l i n e a r l y  r i s i n g  continuum, 

t h e  pronounced s e l e c t i v i t y  of near  t h r e sho ld  (p,n-) was 

e x p l o i t e d  t o  i d e n t i f y  p r ev ious ly  unknown high-spin 

(gg12)3 s t a t e s  i n  8 9 ~ r .  The h igher  l y i n g  s t a t e  a t  

Ex = 4.18 MeV ( i d e n t i f i e d  a s  t he  s t r e t c h e d  25/2+ s t a t e  

p r e d i c t e d  by ~ r o w n ~  a t  4.1 MeV) dominates t h e  spectrum 

a t  t h e  more backward angles .  It has  a r e l a t i v e l y  f l a t  

angu la r  d i s t r i b u t i o n  a s  expected i n  a p l ane  wave model 

f o r  t he  t r a n s i t i o n  wi th  t h e  l a r g e s t  t o t a l  L t r a n s f e r  (L 

= 12).  The s t a t e  a t  lower e x c i t a t i o n  i s  i d e n t i f i e d  a s  

t h e  21/2+ s t a t e  (L = 10) and has a c r o s s  s e c t i o n  

angu la r  d i s t r i b u t i o n  which is forward peaked, f a l l i n g  

o f f  s h a r p l y  a t  t h e  l a r g e  angles .  Note: t h e  23/2+ 

s t a t e  is assumed t o  have a (model-dependent) sup re s s ion  

a r i s i n g  from angu la r  momentum coupl ing  c o e f f i c i e n t s ,  

a s  is  i n  f a c t  observed exper imenta l ly  f o r  t h e  analogous 

1712- s t a t e  of t h e  ( l f , ~ ~ ) ~  c o n f i g u r a t i o n  i n  

4 8 ~ a ( p ,  IT-) 4 9 ~ i  .6 

Momentum matching c o n s i d e r a t i o n s  sugges t  t h a t  

popu la t i on  of analogous t r a n s i t i o n s  f o r  (p,n') on 

heav i e r  mass t a r g e t s  should  a l s o  be pos s ib l e .  E a r l i e r  

surveys1 sugges t i ng  t h a t  t h i s  c o n f i g u r a t i o n  s t r e n g t h  

was miss ing ,  i n  f a c t  l e d  t o  some degree  of s p e c u l a t i o n  

f o r  i t s  disappearance  from t h e  spectrum. The most 

l i k e l y  p l a c e s  t o  look s e r i o u s l y  i n  t h e  heavy mass 

r eg ion  a r e  i n  t h e  samarium and l ead  r eg ions  where t h e  

next  high-spin neut ron  o r b i t a l s ,  l h l l 1 2  and l i1312,  a r e  

f i l l e d ,  l e ad ing  t o  t h e  p o s s i b i l i t y  t h a t  (lh1112)3 and 

conf i g u r a t i o n  2p-lh s t a t e s ,  r e s p e c t i v e l y ,  

would be sampled. 

Recent ly  ob t a ined  angu la r  d i s t r i b u t i o n  d a t a  a r e  

d i sp l ayed  i n  t h e  form of double 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 p e c t r a  f o r  t h e  144~m(p,n')145~d and 

2 0 8 ~ b ( p , ~ ' ) 2 0 9 ~ o  r e a c t i o n s  i n  Fig. 1, l e f t  and r i g h t  

panels ,  r e s p e c t i v e l y .  The d a t a  were taken dur ing  two 

s e p a r a t e  running pe r iods  w i th  t h e  r e s u l t i n g  s p e c t r a  

summed a t  t h e  l a r g e s t  ang l e  f o r  Pb i n  o rde r  t h e  

i n c r e a s e  t h e  s t a t i s t i c s .  Here we s e e  f o r  t h e  f i r s t  

t ime heavy t a r g e t  s p e c t r a  which a r e  q u a l i t a t i v e l y  

s i m i l a r  t o  t he  (p ,~ ' )  s p e c t r a  ob t a ined  du r ing  e a r l i e r  

survey s t u d i e s  of t h e  oxygen-calcium-zirconium regions .  

I n  both  Sm and Pb ca se s ,  t h e r e  is  evidence  f o r  a 

s t r o n g l y  e x c i t e d  group of unresolved r e s i d u a l  d i s c r e t e  

s t a t e s  a t  r e l a t i v e l y  low e x c i t a t i o n  energy (no evidence  

f o r  a ground-s ta te  t r a n s i t i o n )  and a s t r o n g l y  r i s i n g  

"continuum" c r o s s  s e c t i o n .  The forward ang l e  d i s c r e t e  

c r o s s  s e c t i o n  s t r e n g t h  summed over  a r eg ion  on t h e  

o rde r  of 1 MeV amounts t o  15  and 25 nb / s r  f o r  1 4 5 ~ d  and 

2 0 9 ~ o ,  r e s p e c t i v e l y .  This  is comparable t o  t h e  

s t r e n g t h  observed f o r  l i g h t e r  mass t a r g e t s  having 

f i l l e d  high-spin neut ron  o r b i t a 1 s . l  It is c l e a r ,  

however, from t h e  r a p i d l y  changing shape w i th  ang l e  of 

t h e  concen t r a t ed  s t r e n g t h  e x c i t a t i o n  t h a t  f o r  t he se  

heavy t a r g e t  c a se s  many l e v e l s  a r e  c o n t r i b u t i n g  t o  t h e  
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Figure 1. Double differential  cross section spectra for the 144~m(p,x')145~d and the 208~b(p ,n- )209~o  reactions 
taken at  several lab angles for 176 MeV proton bombarding energy. 
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c ross  s e c t i o n  i n  t h i s  energy region. Some few of the  forward angles ,  r i s i n g  t o  a  s u b s t a n t i a l  p o s i t i v e  Ay 

d i s c r e t e  t r a n s i t i o n s  involved s t i l l  show some s t r e n g t h  

(a l though only of order  a  few nb/sr )  a t  t he  l a r g e s t  

measured l abora to ry  angles .  The problem of observing 

these  t r a n s i t i o n s  previously  appears  t o  be a s soc ia t ed  

wi th  the  gene ra l  d i f f i c u l t y  of measuring r e l a t i v e l y  

sma l l  c ross  s e c t i o n s  f o r  such heavy t a r g e t s ,  

exacerbated by the  f a c t  t h a t  t he  continuous p a r t  of t he  

c r o s s  s e c t i o n  extends wel l  below the  e x c i t a t i o n  energy 

r eg ion  of the  d i s c r e t e  s t a t e s ,  providing a  s t rong  

"background" f o r  t he  measurement. 

How can one a t tempt  t o  d i s t i n g u i s h  the  s t r e t c h e d  

s t a t e  conf igu ra t ions  among the  s e v e r a l  d i s c r e t e  

t r a n s i t i o n s  unresolved exper imenta l ly  a t  t he  forward 

ang les?  It is  a l r eady  c l e a r  t h a t  t h i s  is somewhat more 

d i f f i c u l t  than was the  case  f o r  t he  l i g h t e r  mass 

regions .  Were the  Brown, Toki, Scholten plane wave 

model4 t o  apply f 6 r  t he  heavy t a r g e t s ,  then a t  l e a s t  

q u a l i t a t i v e l y ,  angular  d i s t r i b u t i o n s  f o r  t r a n s i t i o n s  t o  

these  s t r e t c h e d  s t a t e s  would be governed by the  

behavior of the  r e l evan t  s p h e r i c a l  Bessel func t ions  

(.2--4) beyond roughly 60-70 degrees.  

Hence cond i t ions  expected t o  emphasize the  

s t r e t c h e d  conf igu ra t ions  a r e  r e f l e c t e d  i n  s p e c t r a  

obta ined a t  a  f a i r l y  backward (beam l e f t )  ang le  wi th  

s p i n  up i n c i d e n t  protons  and shown i n  g r e a t e r  d e t a i l  i n  

Fig. 2  f o r  t he  two t a r g e t s .  P red ic t ions  f o r  t he  

s t r e t c h e d  s t a t e  p o s i t i o n s  a r e  ind ica t ed  by the  arrows. 

In  the  case  of Pb, we indeed s e e  a  weak peak (Ex = 6.4 

MeV) near the  predic ted9 s t r e t c h e d  s t a t e  e x c i t a t i o n  

( h e r e  of order  15 and 18, f o r  t he  Sm and Pb, W ,- 60.0 
r e s p e c t i v e l y )  i n  the  region of the  nuclear  surface .  

Y 
b 

These s t a t e s  should be favored s i n c e  they a r e  the  ones N, 45.0 

which a r e  wel l  matched a t  t he  nuclear  surface .  In  
30.0 

genera l  they should a l s o  show a  much g r e a t e r  s t r e n g t h  

a t  t he  l a r g e r  angles ,  r e l a t i v e  t o  t r a n s i t i o n s  of lower 15 .o 

t o t a l  L, owing t o  a  c ross  s e c t i o n  d i s t r i b u t i o n  which is 
0 

r e l a t i v e l y  f l a t  with angle.  15.0 10.0 5.0 0.0 

From a  d i f f e r e n t  tack, t he  analyzing power Ex  (MeV) 

d i s t r i b u t i o n s  f o r  the  s t r e t c h e d  conf igu ra t ions  reached 

by the  ( p , ~ ' )  r eac t ion  i n  the  oxygen, calcium, and 

zirconium regions ,  e x h i b i t  an exper imenta l ly  determined F i  u re  2. Spin up double d i f f e r e n t i a l  c ross  s e c t i o n  
s p z c t r a  f o r  t he  1 4 4 ~ m ( p , ~ - ) 1 4 5 ~ d  and 2 0 8 ~ b ( p , n - ) 2 0 9 ~ o  

u n i v e r s a l  behavior7, corresponding t o  a s t r e t c h e d  r e a c t i o n s  a t  8 = 130'. Previous s h e l l  model 
p r e d i c  t i ons9  lha;or the  l o c a t i o n  of the  31/2- and 

s t a t e  "s ignature" ;  namely smal l  o r  negat ive  Ay a t  37/2+ s t r e t c h e d  s t a t e s  with eonf i g u r a t i o n s  (lh11/2)3 
and (1i13/2)3, r e spec t ive ly ,  a r e  ind ica t ed  by the  
arrows. 



energy (the latter based on simple considerations of 

the relevant single hole and two particle excitations 

in neighboring nuclei). It has an analyzing power that 

is substantially positive at 130" and a cross section 

distribution which is consistent with its being fairly 

flat in the angular range 130" - 150". Thus, the 

6.4-MeV peak may indeed be a 37/2+ candidate state 

exhibiting strength of the (1i13/2)3 configuration. At 

somewhat lower excitation energy we observe the 

persistence of an additional peak, E, = 5.3 MeV, in the 

low statistics spectrum obtained at the largest angle 

(see Fig. 3). This level appears to be the most 

significant component of a group states observed near 

this excitation in the 130" spectrum. This 

Ex = 5.3-MeV peak has a slightly positive Ay at 130°, 

but falls off in cross section strength by about 30% in 

going from 130" to 150". Because of the spectral 

uncertainties, it is unclear whether this level might 

be considered a fragment of the stretched configuration 

or a state of lower total spin. The rapid increase in 

the number of discrete states apparently populated in 

this excitation region as one goes to more foward 

angles (see Fig. 1) precludes establishing more 

globally the behavior of the angular distributions (for 

either of these states). Hence, identification based 

on the simple arguments outlined above are much less 

persuasive than was the case in studies of lighter 

targets. 

For Pb, the situation may be additionally 

complicated by the presence of quite a few relatively 

high-spin filled neutron and empty proton orbitals, 

(e.g., lhg/2, 2f712, etc.). These orbitals can 

Ep =I76 MeV 
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Figure 3. Double differential cross section spectra for the 144 ~m(p and the O*P~(~, n') 2 0  9 ~ o  reactions 
obtained at the most backward angles. 



c o n t r i b u t e  c r o s s - s h e l l  c o n f i g u r a t i o n  s t a t e s  of  

modera te ly  h igh  s p i n  adding  t o  t h e  t h e  s p e c t r a l  

complexi ty  a t  t h e  l a r g e r  ang l e s .  Such c r o s s - s h e l l  

t r a n s i t i o n s ,  however, were no t  observed i n  t h e  (p,n-) 

s t u d i e s  of  t h e  ca lc ium r eg ion ,  where t h e  lowes t - ly ing  

a v a i l a b l e  p ro ton  o r b i t a l  i s  t h a t  cor responding  t o  t h e  

f i l l e d  high-spin neut ron  s h e l l .  

S i m i l a r  arguments app ly  g e n e r a l l y  t o  t h e  Sm ca se ,  

a l t h o u g h  h e r e  t h e r e  a r e  no competing empty p ro ton  

h igh-sp in  sub - she l l s  o t h e r  t han  t h e  l h l l 1 2  o r b i t a l  of  

i n t e r e s t .  The f o r  t h e  s t r e t c h e d  

3112- s t a t e  a t  B, = 5.79 MeV [ c o n f i g u r a t i o n  (lh1112)3] 

i s  a  r e s u l t  of a  r e a l i s t i c  s h e l l  model c a l c u l a t i o n ,  y e t  

i s  some .5 MeV away from t h e  h ighes t - l y ing ,  s t r o n g l y  

e x c i t e d  d i s c r e t e  s t a t e s  i n  t h e  130" spectrum ( s e e  Fig.  

2). The nucleus  145Gd is of p a r t i c u l a r  i n t e r e s t  s i n c e  

i t  i s  one neut ron  away from 1 4 6 ~ d  which e x h i b i t s  some 

p r o p e r t i e s  of  double  s h e l l  c l o su re .  Because of  

expe r imen t a l  d i f f i c u l t i e s  i n  t h i s  mass reg ion ,  l i t t l e  

i s  known about  t h e  s t r e t c h e d  and n e a r l y  s t r e t c h e d  2p-lh 

c o n f i g u r a t i o n s  from more conven t i ona l  (H1,xny) 

measurements. 

A comparison of s p i n  up and s p i n  down s p e c t r a  a t  

Olab = 130°,  a s  w e l l  a s  a  comparison t o  peak width  

s y s t e m a t i c s ,  i n d i c a t e  t h a t  t h e  h ighe r  l y i n g  s t r u c t u r e  

i n  t h e  130" 1 4 5 ~ d  spectrum is  a  doub l e t .  The h ighe r  

l y i n g  member of t h e  doub l e t  ( e s t ima t ed  t o  be a t  

approximate ly  E, = 5.24 MeV) appea r s  t o  have a  s t r o n g l y  

p o s i t i v e  ana lyz ing  power a t  130°, whereas t h e  lower 

l y i n g  member ( e s t ima t ed  t o  be a t  5.08 MeV) has an  

ana lyz ing  power near  zero  a t  t h i s  angle .  Although t h e  

h i g h e r  l y i n g  member of t h e  doub l e t  is about  .5 MeV 

lower  i n  e x c i t a t i o n  than  t h e  p r e d i c t e d  31/2', i t s  

s e p a r a t i o n  from the  lower member ag r ee s  we l l  w i th  t h e  

p r e d i c t e d  s e p a r a t i o n l o  ( -  0.28 MeV) of t h e  3112- from 

t h e  second 27/2' s t a t e  i n  145Gd. I n  ana logy t o  l i g h t e r  

t a r g e t  c a se s ,  t h e s e  two s t a t e s  should  be t h e  two 

l a r g e s t  peaks i n  t h e  spectrum ( t h e  29/2' i s  suppressed  

by coup l i ng  coef f i c i e n t s 4 )  a t  t h e s e  l a r g e  ang l e s .  

However, a l ook  a t  t h e  150" spectrum (Fig.  3 )  

shows t h a t  n e i t h e r  member of t h i s  doub l e t  is  s t r o n g l y  

e x c i t e d  a t  t h e  l a r g e s t  angle .  I n  f a c t  t h e  on ly  s t a t e  

s u r v i v i n g  w i th  about  t h e  same s t r e n g t h  a s  i n  t h e  130' 

spec t rum i s  t h e  r e l a t i v e l y  weak s t a t e  a t  Ex = 4.7 MeV 

(and t o  a  much l e s s e r  e x t e n t  t h e  s t a t e  a t  4.3 MeV). 

However, i t  appea r s  t h a t  Ay i s  n e a r l y  z e ro  f o r  t h e  

4.7-MeV s t a t e  and s l i g h t l y  p o s t i v e  f o r  t h e  4.3-MeV 

s t a t e .  As  was t h e  c a s e  f o r  t h e  Pb s p e c t r a ,  t h e  

s t a t i s t i c s  f o r  t h e  r e l e v a n t  s t a t e s  a t  t h e  l a r g e s t  

a n g l e s  a r e  r e a l l y  q u i t e  poor ( c r o s s  s e c t i o n s  h e r e  a r e  

t h e  o r d e r  of  1 n b l s r ! ) .  I f  t h e s e  lower-lying s t a t e s  

t h a t  p e r s i s t  i n  t h e  l a r g e s t  a n g l e  1 4 5 ~ d  spec t rum ( t h e  

4.7 MeV s t a t e  i n  p a r t i c u l a r )  were indeed t h e  h ighes t  

s p i n  s t a t e s  of  t h e  (lh1112)3 c o n f i g u r a t i o n ,  t hey  would 

be s i g n i f i c a n t l y  f a r  away i n  energy from t h e i r  s h e l l  

model c a l c u l a t e d  p o s i t i o n s .  

I n  summary, t h e s e  d a t a  sugges t  t h e  o b s e r v a t i o n  of 

h igh-sp in  s t a t e s  w i th  2p-lh c o n f i g u r a t i o n s  (lh1112)3 

and (1i1312)3 i n  Gd and Po, r e s p e c t i v e l y .  Sys t ema t i c s  

of  s t r e t c h e d  c o n f i g u r a t i o n s  observed i n  ( p , ~ ' )  s t u d i e s  

on l i g h t e r  mass t a r g e t s  were used i n  an  a t t emp t  t o  

i d e n t i f y  s t r e t c h e d  s t a t e  c and ida t e s  i n  1 4 5 ~ d  and 2 0 9 ~ o .  

S t a t e s  a t  6.4 (and p o s s i b l y  5.3 MeV) i n  2 0 9 ~ o  and 4.7 

(and p o s s i b l y  4.3 MeV) i n  1 4 5 ~ d  a r e  such cand ida t e s .  At 

p r e s e n t ,  however, n e i t h e r  t h e  r e s o l u t i o n  no r  l a r g e  

a n g l e  s t a t i s t i c s  ob t a ined  a r e  s u f f i c i e n t  t o  enab l e  one 

t o  produce a  s i g n i f i c a n t  p o r t i o n  of t h e  angu l a r  

d i s t r i b u t i o n  i n  o r d e r  t o  a t t a c h  much c e r t a i n t y  t o  ou r  

s p e c u l a t i o n s .  ( I t  should  be noted t h a t  t h e  IUCF Cooler 

r i n g  may, i n  p r i n c i p l e  a t  l e a s t ,  be a b l e  t o  he lp  w i th  

t h e  r e s o l u t i o n  problem.) S ince  t h i s  cho i ce  of t a r g e t s  

was i n  some s ense  op t ima l ,  i n  terms of  having a  f i l l e d  
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