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The r eac t ions  ~ O B ( ~ , T + )  l l ~ ( ~ . s  .) and 4 0 ~ a ( p , ~ + )  

4 1 ~ a ( g . s  .) have been s tudied  wi th  proton beams i n  t he  

energy range 140 t o  200 MeV. Angular d i s t r i b u t i o n s  a t  

s eve ra l  energies ,  supplemented with f ixed angle c ros s  

s ec t ion  da t a  a t  s eve ra l  o t h e r  energies ,  e s t a b l i s h  f o r  

t he  f i r s t  time the energy dependence of these  r eac t ions  

i n  t h e  near-threshold region.  

The d i f f e r e n t i a l  c ross  s ec t ions  were measured with 

two d i f f e r e n t  magnetic spectrometers.  The l a r g e r  quad- 

de t ec to r  te lescope  a t  t h e  non-dispersed foca l  poin t .  

The DD was developed e s p e c i a l l y  f o r  (p,.rr+) measurements 

and is described i n  d e t a i l  elsewhere. 2, Systematic 

e r r o r s  i n  t he  absolu te  c ros s  s ec t ions  measured wi th  

t h i s  instrument a r e  believed t o  be l e s s  than 20 percent .  

Pions of energies  between 9 and 1 3  MeV can be measured 

with both instruments and the  overlapping da t a  a r e  i n  

good agreement. This argues s t rong ly  f o r  a c o r r e c t  

absolu te  s c a l e  f o r  d a t a  from e i t h e r  device.  

rupole-dipole-dipole-multipole (QDDM) instrument,  l) used D i f f e r e n t i a l  c ros s  s ec t ions  f o r  t he  r e a c t i o n  

f o r  t h e  pion energy region above 9 MeV, is  i n  rou t ine  use ~ O B ( ~ , T + )  l l ~ ( ~ . s  .) a t  seven proton energies  a r e  shown 

f o r  p rec i se  proton e l a s t i c  s c a t t e r i n g  s tud ie s ,  which i n  Fig. 1 p l o t t e d  aga ins t  momentum t r a n s f e r  q. The 

confirm the  s o l i d  angle and beam charge co l l ec t ion ,  f i g u r e  shows t h a t  t o  a f i r s t  approximation the  shape 

giving t o t a l  sys temat ic  unce r t a in t i e s  i n  t he  range 5% is  exponential  wi th  q below 540 M e ~ / c ,  and t h a t  while 

t o  15% f o r  t he  absolu te  c ross  s ec t ions  i n  t he  present  t h e  y i e l d  a t  t he  smaller  angles increases  markedly wi th  

pion measurements. The smaller  instrument,  used f o r  bombarding energy, t h e  s lope  of the  exponential  changes 

pion energies  below 13 MeV, c o n s i s t s  of  two opposing only s l i g h t l y  over t h i s  s u b s t a n t i a l  range of energies .  

d ipoles  C D ~ I  . It has  a 3.5 m s r  s o l i d  angle,  77 cm Two of t h e  d i s t r i b u t i o n s  (T = 153.8 and 160.1 MeV) 
P 

f l i g h t  path, and a mixed s c i n t i l l a t o r  and s i l i c o n  extend forward t o  0' and o f f e r  l i t t l e  experimental evi- 

of t h e  pion production opera tor  and appears a s  a mult i-  

p l i c a t i v e  f a c t o r  i n  t h e  expression f o r  t he  d i f f e r e n t i a l  

c ros s  s e c t i o n  given by t h e  one-nucleon-model (ONM) i n  

t h e  plane-wave approximation. 

The energy dependence of  t he  exponential  po r t i on  

of t h e  Boron angular  d i s t r i b u t i o n s  can be parameterized 

by a normalizat ion f a c t o r  ( d i f f e r e n t i a l  c ross  s ec t ion  

a t  f ixed  q) and a s lope  f a c t o r .  For a f ixed  forward 

I I angle  t h e  r e a c t i o n  kinematics shows q changing only 
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f a c t o r ,  which comes from t h e  non- re l a t i v i s t i c  reduct ion  
lo3:. 
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pig* 1 '"~(p, n') " ~ ( g .  8 -  1 di f ferent ia l  cross see- of t he  energy v a r i a t i o n  of t h i s  normalizat ion f a c t o r .  t ions a t  seven energies plotted as a function of momen- 
tum transfer. The curves are guides for the eye. 



Figure 3a shows twelve O,(lab) = 25' measurements of 

t he  O B  (p ,  IT+) IB  ( g .  s . ) c ros s  s ec t ion  p lo t t ed  aga ins t  

t he  pion center-of-mass momentum n, ( i n  u n i t s  of m,c). 

The range of pion energies  i n  the  center  of mass extends 

from 1.7 t o  47.6 MeV. Po in t s  from uppsala3) and 0rsay4) 

a r e  shown f o r  comparison. Although t h e  c ros s  s ec t ions  

measured wi th  t h e  DZ and QDDM spectrographs using q u i t e  

d i f f e r e n t  de t ec to r s  agree  wel l  w i th in  t he  systematic 

measurement e r r o r s  a t  n,(cm) = 0.37, they a r e  l a r g e r  

than those measured a t  Uppsala3) and Orsay4) by f a c t o r s  

of about 1.7 and 5, r e spec t ive ly .  

To i l l u s t r a t e  t he  importance of Coulomb and angu- 

l a r  momentum b a r r i e r s  i n  determining t h e  energy depend- 

ence f o r  t h i s  t a r g e t ,  Fig. 3a shows a curve generated 

from t h e  e x t e r i o r  Coulomb p e n e t r a b i l i t y  PQ(n) = TI,/ 

( F , ~  + G ~ ~ )  evaluated a t  R = 1 . 2 5 ~ " ~ f m .  The curve is 

a l i n e a r  combination of t h e  form APO + BJPOP~ + CP1 
where the  cons tants ,  A, B and C a r e  determined 

Fig. 2. The 40~a@,nt141~a@.s.) di f ferent ial  cross 
sections a t  seven energies. Note the motion of the 
minimwn toward foruard angles as the energy approaches 
threshold and the near-constancy of the 90' yield ex- 
cept a t  the lowest and highest energies. The curves 
are guides for the eye. 
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Fig. 3(a) .  The dependence of the l o ~ ( p , ~ t ) l l ~ g . B  
d i f ferent ia l  cross sectwn a t  e,(lab) = 25' on pzin 
center-of-mass momentum ( i n  uni t s  of m,c). Where not 
shown, the error bars are smaller than the data points. 
( b ) .  The dependence of the 40~a(p ,n t )41~ag.se  to ta l  
cross sec twn on pion center-of-mass momentwn. The 
curves are explained i n  the tex t .  



pr imar i ly  by the  shape of t he  angular  d i s t r i b u t i o n  a t  

one pion energy (Q 15 MeV) chosen such t h a t  only s and 

p wave pions can be emitted with apprec iable  probabi l i -  

t y ,  and Po and P i  a r e  t he  s and p wave p e n e t r a b i l i t i e s  

respect ive ly .  The reasonably c lose  correspondence be- 

tween t h i s  curve and the  da t a  i n  Fig. 3a i nd i ca t e s  t h a t  

t he  energy dependence is dominated by b a r r i e r  f a c t o r s  

f o r  t h i s  nucleus over an apprec iable  energy range. 

D i f f e r e n t i a l  c ros s  s ec t ions  f o r  t he  r eac t ion  

O C ~  (p, T+) Ca(g . s . ) a t  seven bombarding energies  a r e  

shown i n  Fig.  2. Smooth curves have been drawn through 

the  da t a  poin ts  t o  guide the  eye. The 182.5 MeV curve 

is the  ~ ~ ~ s a l a ~ ~  5, 185 MeV angular  d i s t r i b u t i o n  normal- 

ized  to  our four  da t a  poin ts .  The Orsay 154 MeV data6) 

(muliplied by a f a c t o r  of 2.2 t o  normalize t o  our 8, 

( lab)  = 25' poin t )  were used t o  determine the  shape of 

t he  153 MeV curve a t  forward angles.  

The 40~a(p , . r r+)41~a(g .s . )  angular  d i s t r i b u t i o n  

exh ib i t  a  well-defined and systematic v a r i a t i o n  i n  

shape wi th  changing bombarding energy which is i n  sharp 

con t r a s t  t o  t h e  behavior of t h e  OB (p, T+) IB (g. s . ) 
reac t ion .  The deep minimum seen near 60' a t  185 NeV 

5) bombarding energy becomes deeper ( r a t i o  agoo/amin 

approaches 100: l  a t  T, = 7.6 MeV) and moves toward 

forward angles a s  the energy is lowered toward thres-  

hold. The y i e ld  a t  90° s t a y s  nea r ly  cons tant  u n t i l  

T, (sm) is below 10 MeV. The momentum t r a n s f e r  q a t  

the  forward minimum v a r i e s  l i n e a r l y  w i th  p according 

t o  dq/dpT - 0.82 k 0.09 over a range inc luding  t h e  

148, 153, and 160 MeV energies  shown he re  and t h e  t h ree  

higher energies  quoted i n  Ref. 3 .  The energy dependence 

of t he  depth  and p o s i t i o n  of t he  f i r s t  minimum was n o t  

reproduced i n  t he  DWBA one-nucleon mechanism calcula-  

t i o n s  of ~ a i s t a d .  Similar  ca l cu l a t i ons  have been made 

by Tsangarides 2. ,'I who inves t iga ted  the  s e n s i t i v i t y  

of t h e  model t o  d i f f e r e n t  pion-nucleus o p t i c a l  poten- 

t i a l s .  AJ-though they found i t  was poss ib l e  t o  reproduce 

the  behavior of t h e  f i r s t  minimum i n  t he  4 0 ~ a ( p , ~ + )  

angular  d i s t r i b u t i o n s  by using a modified baplacian 

pion-nucleus p o t e n t i a l  with damping of o f f - she l l  

e f f e c t s ,  t he  ca l cu l a t ed  cross  s ec t ions  were too l a r g e  

by about a  f a c t o r  of two, t he  second minimum i n  t he  

Uppsala 185 MeV angular  d is t r ibut ion5)  was no t  repro- 

duced and f i t s  t o  t he  p ion-e las t ic  s c a t t e r i n g  da t a  

were poor, e s p e c i a l l y  a t  l a r g e  angles.  It is we l l  

known t h a t  ca l cu l a t i ons  of t h i s  type a r e  extremely 

s e n s i t i v e  t o  d e t a i l s  of t h e  pion-nucleus o p t i c a l  

p o t e n t i a l s .  

The motion of t h e  minimum i n  these  d a t a  can con- 

t u s e  the  i n t e rp re t a t i on8 '  ') of t he  energy dependence 

of forward angle  c ross  s ec t ions  f o r  t h i s  nucleus,  The 

t o t a l  c ros s  s ec t ions  obtained by in t eg ra t ion  of the  

d i f f e r e n t i a l  c ros s  s ec t ions  a r e  shown p lo t t ed  agains t  

pion momentum i n  Fig. 3b. The ~ ~ ~ s a l a ~ ) m e a s u r e m e n t s  

a r e  shown f o r  comparison. For t h i s  case,  i n  con t r a s t  

wi th  Fig. 3a, Coulomb p e n e t r a b i l i t y  arguments can ex- 

p l a i n  t h e  energy v a r i a t i o n  only f o r  t he  lowest energy 

poin ts .  There i s  s t rong  suppression of y i e l d  a t  pion 

energies  g rea t e r  than 10  MeV. The Coulomb penetra- 

b i l i t y  funct ions  p lo t t ed  i n  t h i s  f i g u r e  a r e  evaluated 

a t  R = 1 . 2 5 ~ " ~  fm a s  i n  Fig. 3a bu t  show the  2=0 and 

R = l  components s epa ra t e ly  (normalized to  t he  da t a  a t  

'I, = 0.35). The energy-dependent behavior of t he  

second minimum which has  begun t o  develop a t  185 MeV, 

and which may be a t r u e  minimum i n  t h e  form-factor of 

t h e  bound neutron,  i s  of p a r t i c u l a r  i n t e r e s t  f o r  

f u t u r e  i nves t iga t ion .  
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