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With a view to compare and contrast the (d,p) 

stripping reaction with the (p,n+) reaction, angular 

+ 
distribution measurements of 2 8 ~ i  (p, .rr ) 2 9 ~ i  cross 

sections (E el91 MeV) to several low-lying excited 
P 

states in 29Si were made. In addition, existing (d,p) 

angular distribution measurements at Ed=76 MeV were 

extended to larger angles in order to overlap the 

momentum transfer (up to q~600 ~eV/c) inherent to the 

+ 
(p,n ) reaction. Of particular interest is a compar- 

+ 
ison of the (d,p) and (p,n ) results for the relative 

population of states of the same J', but different 

single-particle spectroscopic strengths, in 29~i: two 

+ + 
312 states (Ex=1.27 and 2.43 MeV) and two 512 states 

(E =2.03 and 3.07 MeV). Such a comparison should be 
X 

sensitive primarily to differences in residual-state 

wave function components sampled by the two reactions. 

Other differences between the two reactions, e.g., in 

angular momentum coupling and matching, and in distor- 

tions of the incident and outgoing waves, should 

effectively cancel in the population ratios. 

Spectra for the two reactions are shown, for nom- 

inal momentum transfer q~550 M~V/C, in Fig. 1. The low- 

+ 
yield (p,n ) and large-angle (d,p) data were obtained 

with a detectionlidentification system in the QDDM 

spectrograph focal plane similar to that used pre- 

viously at IUCF for other charged pion production 

1 
measurements . The (d,p) data (5°20L5900) were ob- 

tained with a natural Si target ~6 mg/cm2 thtck. At 

+ 
angles larger than 65O, the 3.07 MeV 312 state was 

contaminated by a contribution from the 5.28 MeV 

3- state of 3 0 ~ i  (seen in Fig. la as a high-Ex shoulder). 

The 3.62 MeV 712- state angular distribution, scaled to 

t t 1 '  t 
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+ F?:gure 1. Comparison of fd,p) and ( p ,  n ) spectra from 
S i  a t  a mminaZ mom$ntwn trar$sfer q%550 MeV/c. The 
Zocation of the 3/2 and 5/2 s tates  of in teres t  i n  
2 9 ~ i  are indicated by the arrows. 



the  forward-angle 5.28 MeV s t a t e  y i e l d ,  was used t o  make 

an accura te  sub t r ac t ion  of t he  contaminating y i e l d  t o  

t he  3.07 MeV s t a t e  of i n t e r e s t  a t  t he  l a r g e  angles.  The 

+ 
(p,n ) da ta  ( 3 0 ~ ~ 9 ~ ~ 9 0 ~ )  were taken with enriched 

2851 t a r g e t s  of 25-30 mg/cm2 thickness.  Contamination 

+ 
of t he  (p,n ) spec t r a  by products from l i g h t  t a r g e t  

nuc l e i  (12c o r  160) were el iminated by Q-value con- 

s ide ra t ions .  

One can already n o t i c e  d i f f e r ences  i n  t h e  r e l a t i v e  

populat ion of s t a t e s  i n  a comparison of t he  spec t r a  i n  

Fig. 1. However, t he  d i f f e r ence  i n  r e l a t i v e  populat ion 

+ + 
of t he  312 versus 512 s t a t e s  may not  be r e l a t e d  t o  a 

d i f f e r ence  i n  nuclear  s t r u c t u r e  s e n s i t i v i t y  f o r  t h e  two 

r eac t ions ,  but  may r a t h e r  a r i s e  simply from t h e  f a c t  t h a t  

d i f f e r e n t  angular  momentum t r a n s f e r s ,  L,  a r e  allowed f o r  

+ 
t he  two f i n a l - s t a t e  sp ins  i n  (p,n ) ,  by v i r t u e  of t he  

i n t r i n s i c  negat ive  p a r i t y  of t he  pion. The 3.62 MeV 

+ 
712- s t a t e  i n  t he  ( p , ~  ) spectrum was posi t ioned par- 

t i a l l y  of f  t he  region of 100% e f f i c i ency  of t he  foca l -  

plane de t ec t ion  system and thus couldn ' t  be meaning- 

f u l l y  included i n  t he  ana lys i s .  

P lo t s  of t he  measured angular  d i s t r i b u t i o n s  a r e  

shown i n  Fig. 2. For t he  (d,p) r e s u l t s ,  t he  cross  

+ 
sec t ion  f o r  t h e  3.07 MeV 512 s t a t e  has been mul t ip l ied  

by a f a c t o r  of 2 ( t he  r a t i o  of spec t roscopic  s t r eng ths  

+ 
f o r  the  two 512 t r a n s i t i o n s  observed2 i n  (d,p) a t  

+ 
Ed=18 MeV). The weak 2.43 MeV 312 s t a t e  has been mul- 

t i p l i e d  by a f a c t o r  of 30 ( t h i s  s t a t e  has a non-strip- 

2 
ping charac ter  a t  lower energies  ). The s i m i l a r i t y  

+ 
over a wide range of q (up t o  ~ 4 0 0  M ~ V / C  f o r  t he  312 

s t a t e s )  of t he  d i s t r i b u t i o n s  observed f o r  s t a t e s  of 

t h e  same s p i n  and p a r i t y ,  but  very d i f f e r e n t  microscopic 

s t r u c t u r e ,  suggests  t h a t  he re  t he  (d,p) r eac t ion  is  

sampling pr imar i ly  t he  s ing l e -pa r t i c l e  components of 

t he  bound s t a t e  wave functions.  For t he  weak 2.43 MeV 

+ 
312 s t a t e  t he  onset  of another r eac t ion  mechanism may 

be the  cause of t he  cross  s e c t i o n  enhancement ( r e l a t i v e  

t o  t he  1.27 MeV s t a t e )  a t  t he  very l a r g e  q. The s o l i d  

l i n e s  i n  each case  a r e  DWBA ca l cu l a t i ons  f o r  t he  1.27 

and 2.03 MeV s t a t e s  with spec t roscopic  f a c t o r s  of 

0.74 and 0.12, respect ive ly ,  taken from lower energy 

2 
(d,p)  work . The deuteron p o t e n t i a l  was cons t ruc ted  

from t h e  ad i aba t i c  model of Johnson and soper3, us ing  

g lobal  neutron and proton parameters of Becchet t i  

e t  a ~ . ~  For t h e  proton p o t e n t i a l s ,  a  recent  re-analy- 

sis of 135 MeV p + 2 8 ~ i  da ta  obtained a t  I U C F  was s ca l ed  

down t o  80 MeV p -t- 2 8 ~ i  using g lobal  proton parameter 

5 
systematics f o r  t h i s  energy region . The DWBA calcu- 

l a t i o n s  a r e  i n  f a i r l y  good agreement with t he  magnitude 

of t he  observed (d,p) c ross  s ec t ions .  I n  p a r t i c u l a r  

t he  agreement f o r  t he  312 s t a t e s  is  very good ( a l l  t he  

way out  t o  l a r g e  q f o r  t he  1.27 MeV s t a t e ) .  The ca l -  

+ 
cu la t ion  f a i l s  i n  p a r t  f o r  t he  512 s t a t e s  i n  not  des- 

c r ib ing  the  experimental ly observed J-dependence ( in-  

creased cross  s e c t i o n  f o r  J = L + 1/2  a t  l a r g e r  angles) .  

+ 
From the  (p,n ) r e s u l t s  a l s o  shown i n  Fig. 2, one 

+ 
can s e e  t h a t  t he  two 512 s t a t e  d i s t r i b u t i o n s  a r e  qual- 

i t a t i v e l y  s i m i l a r  although not  a s  c lo se  a s  i n  (d , p) . 
However, t he  weak 2.43 MeV s t a t e  d i s t r i b u t i o n  bears 

l i t t l e  resemblance t o  t h a t  of t he  1.27 MeV s t a t e  , 

suggest ing populat ion of these  l a t t e r  s t a t e s  by s i g n i f i -  

+ 
can t ly  d i f f e r e n t  mechanisms. The r a t i o s  of ( p , ~  ) 

+ + 
cross  s ec t ions  f o r  t he  two 3/2 and f o r  t he  two 512 

s t a t e s  va r i e s  g r e a t l y  over the  angle range covered, 

+ + 
from ~l t o  %6 f o r  512 and from ~5 t o  %40 f o r  312 . 
A simple average of these  r a t i o s  over t he  whole angular  

+ 
range gives ~ 3 . 5  f o r  t he  512 s t a t e s  [compared t o  a 

near ly  cons tant  va lue  of 2.0 f o r  (d,p)]  and ~ 1 6  f o r  3/2+ 

(compared t o  t he  apparent r a t i o  of %30 f o r  t he  s i n g l e  

p a r t i c l e  s t r eng ths ,  a s  determined from the  (d,p) r e s u l t s  

a t  q6400 MeV/c). Over the  momentum t r a n s f e r  range 

+ 
covered by t h e  (p,n ) da ta ,  t he  (d,p) r e s u l t s  f o r  
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Figure 2. Angular distribu- 
tions for *si (d,p) 9 ~ i  * and 
9 ~ i  (p, n+) 9 ~ i *  t o  jT=3/2+ 

( E 8 . 2 7  and 2.43 MeV) and 
5/2+ (Ex =2.03 and 3.07 MeV) 
s tates  plotted against momen- 
twn transfer q (note scale 
difference for q i n  top 
and bottom panels). For the 
(d,p) distributions, the 
data for the 2.42 MeV 3/2+ 
and 3.07 MeV 5/2 s tates  
are plotted with multiplying 
factors o f  30 and 2, respec- 
t i v e  l y  . The error bars, 
where shown, r e f l ec t  count- 
ing s ta t i s t i c s  and an es- 
timation of background sub- 
traction. The solid curves 
are DWBA calculations as 
described i n  the tex t .  
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+ 
t he  3 /2  s t a t e s  y i e l d  an average s t r eng th  r a t i o  of ~ 9 .  

For both p a i r s  of s t a t e s ,  then, we observe sub- 

+ 
s t a n t i a l l y  g r e a t e r  d i f f e r ences  between the  (p,n ) an- 

gular  d i s t r i b u t i o n s  than  between those f o r  t he  (d,p) 

+ 
reac t ion .  The ( p , ~  ) d i f f e r ences  cannot be a t t r i b u t e d  

t o  Q-value e f f e c t s :  c a l cu l a t i ons  using a code with 

d i s t o r t i o n s  included i n  both ent rance  and e x i t  channels 6 

confirm the  expecta t ion  t h a t ,  wi th in  t h e  p ionic  s t r i p -  

ping model, no apprec iable  change i n  angular  d i s t r i b u -  

t i o n  shape can r e s u l t  from t h e  small  change i n  d i s t o r -  

t i o n s  (corresponding t o  t h e  ~ 2 %  change i n  outgoing 

pion k i n e t i c  energy) o r  a  d i f f e r ence  i n  neutron binding 

energy f o r  t he  t r a n s i t i o n s  t o  t h e  two s t a t e s  of each 

+ pa i r .  The present  comparison thus  sugges ts  t h a t  (p,n ) 

is more s e n s i t i v e  than (d,p) t o  o t h e r  than s ing le -  

neutron components i n  t h e  bound-state wave funct ions  

(although t h e r e  is  reason t o  suspect  t h a t  such o the r  

conf igura t ions  do a l s o  con t r ibu t e  appreciably a t  high 

momentum t r a n s f e r  t o  t he  weakest of t h e  four  (d,p) 

t r a n s i t i o n s  s tud i ed ) .  I n  order  t o  reach more s p e c i f i c  

conclusions concerning the  na tu re  of t h e  mechanism 

+ 
d i f f e r ences  between t h e  (d,p) and (p,n ) r eac t ions ,  
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I n  t h i s  experiment (#95) we p l a n  t o  measure 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  and ana lyz ing  powers f o r  

t h e  r e a c t i o n s  2~ (s, no) 3 ~ e  and 3 ~ ( $ ,  no) 4 ~ e  w i t h i n  

4.0 MeV of t h r e s h o l d .  I n  few nucleon systems t h e  h igh  

momentum components of t h e  n u c l e a r  wave f u n c t i o n s  a r e  

w e l l  e s t a b l i s h e d  ( ( e , e l ) ,  ( p , p 1 ) ,  Fadeev c a l c u l a t i o n s ) .  

With t h i s  i n  mind, t h e  s tudy  of p ion  produc t ion  from 

very  l i g h t  n u c l e i  should enab le  u s  t o  s e p a r a t e  t h e  

e f f e c t  of p a r t i c u l a r  r e a c t i o n  mechanisms from t h e  in -  

f l u e n c e  of t h e  wavefunct ions of t h e  p a r t i c i p a n t s .  

The t a r g e t s  f o r  t h i s  experiment a r e  CD2, and 3~ 

i n  a T i  f o i l .  We f i l t e r  o u t  t h e  3 ~ e  o r  4 ~ e  r e c o i l  

nucleus by p l a c i n g  t h e  QDDM spec t rometer  a t  oO, re-  

q u i r i n g  a co inc idence  w i t h  t h e  two gamma-rays from a 

decaying a', d e t e c t e d  by Pb g l a s s  d e t e c t o r s  p laced  on 

o p p o s i t e  s i d e s  of t h e  t a r g e t .  The d i s t r i b u t i o n  i n  

energy of t h e  r e c o i l s  w i l l  g ive  u s ,  a f t e r  c e r t a i n  cor- 

r e c t i o n s ,  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 .  Because t h e  

f l i g h t  t ime of t h e  r e c o i l s  of a given momentum is a 

f u n c t i o n  of t h e  a n g l e  a t  which they e n t e r  t h e  spec t ro-  

mete r ,  a measure of t h a t  d i s t r i b u t i o n  i n  time w i l l  

y i e l d  t h e  ana lyz ing  power f o r  t h e  r e a c t i o n .  

I n  o r d e r  t o  s t o p  t h e  beam we must p l a c e  a copper 

b lock  w i t h i n  t h e  QDDM i t s e l f .  Th is  b lock  a l s o  f u n c t i o n s  

a s  a Faraday cup. The background genera ted  by t h i s  

arrangement was measured i n  a s h o r t  t e s t  run  and was 

found t o  produce a count  r a t e  i n  t h e  QDDM f o c a l  p lane  

i n  excess  of 1 MHz a t  t h e  %30 nA p o l a r i z e d  beam i n t e n -  

s i t i e s  which w i l l  be  used i n  t h e  experiment. However, 

wi th  reduced i n t e n s i t y  we were a b l e  t o  i d e n t i f y  r e c o i l  

3 ~ e ,  presumably from s p a l l a t i o n  i n  t h e  CD2 t a r g e t .  To 

handle  t h e  very  h igh  count ing  r a t e s  a n t i c i p a t e d  i n  t h e  

a c t u a l  experiment ,  we a r e  b u i l d i n g  a 12  element s c i n t i l -  

l a t o r  hodoscope f o r  t h e  f o c a l  p lane .  W e  hope t o  i n i -  

t i a t e  t h e  a c t u a l  measurements i n  t h e  s p r i n g  of 1980. 
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Experiment 18 ,  t h e  f i r s t  i n  a series of exper i -  t h i s  s t u d y  i t  was necessary  t o  develop Pb g l a s s  

ments t o  i n v e s t i g a t e  f e a t u r e s  of t h e  (D,IT') r e a c t i o n  lferenkov d e t e c t o r s  whose response was r e p r o d u c i b l e  

n e a r  t h r e s h o l d ,  is now complete. I n  t h e  c o u r s e  of over  l o n g  p e r i o d s  of t ime,  and which had c l o s e  t o  


