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Abstrac t  

+ 
The (n',p) and (n ,d) r e a c t i o n s  on 1P s h e l l  n u c l e i  a r e  s t u d i e d  between 

= 32 and 81 MeV. Both t h e  c r o s s - s e c t i o n s  t o  t h e  continuum and t o  d i s -  
J 

Crete  two body f i n a l  s t a t e s  a r e  given.  

+ 
The s p e c t r a  and angular  d i s t r i b u t i o n s  o f  t h e  (.rr ,p) continuum a r e  

+ 
i n t e r p r e t e d  i n  t e n s  of a  two-nucleon pion absorp t ion  mechanism. The 13c(n ,p)  

s p e c t r a  of d i s c r e t e  s t a t e s  i s  s i m i l a r  t o  t h e  1 3 ~ ( p , d )  s p e c t r a  a t  t h e ,  same 

9 
momentum t r a n s f e r .  The two-neutron pickup (IT ,d) r e a c t i o n  i s  found t o  s t r o n g l y  

favor  t r a n s i t i o n s  i n  t h e  l p  s h e l l  o f  angular  momentum t r a n s f e r ,  L = 2. The 

r e l a t i v e  s t r e n g t h  of t h e s e  t r a n s i t i o n s  v a r i e s  t h e  same way a s  t h e  corresponding 

( p , t )  c r o s s  s e c t i o n s .  No L = 0 t r a n s i t i o n s  a r e  c l e a r l y  i d e n t i f i a b l e .  There 

7  - is an i n d i c a t i o n  o f  t h e  S = 1 ~ i ( n + , d )  ' ~ i ( 1 6 . 7  MeV) 3/2+ t r a n s i t i o n  c o n t r a r y  

+ 
t o  t h e  p r e d i c t i o n  t h a t  S = 1 t r a n s i t i o n s  a r e  suppressed.  The (n ,d) a n g u l a r  

d i s t r i b u t i o n s  a r e  compared t o  t h e  c a l c u l a t i o n s  o f  Betz and Ke- 
5 

?man. 
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11. Experimental d e t a i l s  

A. Experimental overview 

This  experiment was done a t  t h e  Cl in ton P. Anderson Meson Physics 

F a c i l i t y  (LAMPF) using t h e  Low Energy Pion (LEP) beam l i n e  [Bur 7591. 

We use  .a s t a c k  o f  8  i n t r i n s i c  germanium c r y s t a l s  (8GE) t o  d e t e c t  t h e  par-  

t i c l e s  s c a t t e r e d  from t h e  t a r g e t .  Three mult i-wire p ropor t iona l  chambers 

are used t o  c a l c u l a t e  t h e  t r a j e c t o r y  of  t h e  p a r t i c l e  from t h e  t a r g e t  t o  

t h e  d e t e c t o r .  Veto s c i n t i l l a t o r s  surround t h e  germanium d e t e c t o r s  t o  

r e j e c t  t h e  p a r t i c l e s  t h a t  d i d  not  s t o p  i n  t h e  c r y s t a l s .  Two a i r - p r e s s u r e  

i o n i z a t i o n  chambers downstream of  the  t a r g e t  monitored t h e  i n t e n s i t y  of  

t h e  i n c i d e n t  p ion beam. A 3 - s c i n t i l l a t o r  t e l e scope  looked a t  t h e  p a r t i c l e s  

s c a t t e r e d  from t h e  t a r g e t  and provided an a d d i t i o n a l  beam monitor.  
. 

7 
The L i  and 12'13c and (CH ) t a r g e t s  were 0.15 t o  0.5 gm/cmZ t h i c k .  2 n  

The 0.48 gm/cm2 13c t a r g e t  was made from 13c powder with kra ton b inder  

by t h e  WX-Z d i v i s i o n  o f  LASL. The 'OB t a r g e t  was a  powder enclosed be- 

tween mylar shee t s .  D20 and H20 ( e i t h e r  160 and 98% enriched 180) water  

t a r g e t s  were made by g lueing s t r e t c h e d  1 m i l  mylar t o  each s i d e  o f  a  

s t a i n l e s s  s t e e l  frame, and f i l l i n g  with a  sy r inge  through a  hole .  A s i m i -  

-1ar  procedure but  with s t r e t c h e d  aluminum s h e e t s  was used t o  make hydrazine 

(N H ) t a r g e t s .  2 4 

The uni formi ty  of th ickness  of  t h e  l i q u i d  t a r g e t s  was determined by 

measuring t h e  r e l a t i v e  a t t e n u a t i o n  of b e t a  rays  from a s t ront ium source 

through t h e  d i f f e r e n t  p a r t s  o f  t h e  t a r g e t .  The i n i t i a l  nonuniformity i n  

2 
t h e  th ickness  was about 10% f o r  t h e  0.24 t o  0.55 gm/cm t a r g e t s .  I t  

worsened by a  f a c t o r  of  2 o r  more a f t e r  seve ra l  days due t o  s t r e t c h i n g  



of t h e  mylar. The hydrazine t a r g e t s  were s t a b l e  f o r  on ly  a  few days 

s i n c e  t h e  l i q u i d  r e a c t s  with t h e  epoxy binding t h e  a l u ~ i n u m  s h e e t s  t o  

. * 
t h e  s t a i n l e s s  s t e e l  f r h e .  

B. Germanium Detectors  

The germanium d e t e c t o r  s t a c k  used i n  t h i s  experiment was developed 

by t h e  d e t e c t o r  group a t  Lawrence Berkeley Laboratory [ 1. The d e t e c t o r  

c o n s i s t s  o f  a  s t a c k  of  e i g h t  c y l i n d r i c a l  i n t r i n s i c  germanium c r y s t a l s  o f  

th icknesses  ranging from 0 .25 . to  1 .2  cm. The.diameter  of  t h e  c r y s t a l s  i s  

approximately 4 cm. The c r y s t a l s  a r e  he ld  i n  p lace  i n  a  copper ho lde r  

which i s  i n  con tac t  wi th  a  r e s e r v o i r  o f  1 i q u i d . n i t r o g e n  i n  a  dewar. An- 

n u l a r  r i n g s  made of  boron n i t r i d e  ( a  good thermal conductor  and an e l e c -  

. t r i c a l  i n s u l a t o r )  .provide t h e  c r y s t a l s  thermal con tac t  wi th  t h e  copper 

holder .  These a r e  c a l l e d  ' co ld  f i n g e r s 1  and have a 3 .5  cm diameter  h o l e  

t o  l e t  t h e  p a r t i c l e s  pass  through. 

m e  t o t a l  e f f e c t i v e  th ickness  o f  t h i s  s t a c k  i s  about 8 cm of  germanium. 

With t h i s  we can d e t e c t  pions o f  maximum energy of  100 MeV, p ro tons  o f  

200 MeV and deuterons of 300 MeV. The minimum energy t o  i d e n t i f y  t h e s e  

c' p a r t i c l e s  is determined by t h e  th ickness  of  t h e  f irst  c r y s t a l  i n  t h e  s t a c k ,  

which i s  0.25 cm. This  implies a  minimum energy f o r  p ions  o f  15 MeV, 

30 MeV f o r  protons ,  50 MeV f o r  d e ~ t ~ e r o n s .  

In  measuring t h e  energy of charged p a r t i c l e s  us ing  t h i s  d e t e c t o r ,  i n -  

accuracies  can a r i s e  i n  t h e  fol lowing ways: ( i )  If t h e  p a r t i c l e ,  through 

coulomb mul t ip le  s c a t t e r i n g  escapes from t h e  s t a c k  without  d e p o s i t i n g  a l l  

i t s  energy. ( i i )  I f  i t  loses  a  s i g n i f i c a n t  p o r t i o n  o f  i t s  energy i n  t h e  

deadlayers.  ( i i i )  I f  it passes  through t h e  ' co ld  f i n g e r s t  i n  going between 

c r y s t a l s .  ( i v )  I f  i t  has a  nuclear  i n t e r a c t i o n  i n  a  c r y s t a l  and (v) f i n a l l y ,  



f o r  uns tab le  p a r t i c l e s  l i k e  pions o r  muons, i f  i t  decays and a  varying 

amount of energy is deposi ted  i n  t h e  c r y s t a l s  by i t s  decay products .  We - 

es t ima te  t h e  con t r ibu t ion  o f  mul t ip le  s c a t t e r i n g  t o  t h e  e f f i c i e n c y  us ing 

a monte c a r l o  code ANGLE [Doss 753 .  The program ANGLE s imul tes  t h e  passage 

of p a r t i c l e s  through a  s t a c k  of  d e t e c t o r s  t ak ing  i n t o  account t h e  coulomb 

m u l t i p l e  s c a t t e r i n g  o f  p a r t i c l e s  and energy l o s s  s t r a g g l i n g .  I t  inc ludes  

t h e  e f f e c t s  due t o  deadlayers and cold  f i n g e r s  and ignores  t h e  e f f e c t s  

due t o  nuc lea r  i n t e r a c t i o n s  and p a r t i c l e  decay. We ob ta in  t h e  e f f i c i e n c y  

c o r r e c t i o n  from nuclear  i n t e r a c t i o n s  from previous measurements o f  nuc lea r  

r e a c t i o n  c ross - sec t ions  f o r  t h e  va r ious  p a r t i c l e  [Eisberg 72,771. For 

p ions ,  we assume t h a t  t h e  nuc lea r  r e a c t i o n  c ross - sec t ion  i s  about t h e  same 

1 a s  t h a t  f o r  protons.  We es t ima te  t h e  l o s s  of  p ions  due t o  sr-v-e decay t o  

be 15% based on ana lys i s  o f  in-beam runs .  From t h e s e  f a c t o r s ,  we can c a l -  

c u l a t e  t h e  t o t a l  e f f i c i e n c y  f o r  d e t e c t i n g  t h e  p a r t i c l e s  a s  a  func t ion  o f  

i t s  energy. The r e s u l t  of  mul t ip le  s c a t t e r i n g  c a l c u l a t i o n s  show t h a t  t h e  

- e f f i c i e n c y  t o  d e t e c t  p a r t i c l e s  decreases  a s  t h e  p a r t i c l e  has h igher  energy 

and s t o p s  i n  l a t e r  d e t e c t o r s .  Due t o  t h e  e f f e c t s  o f  t h e  cold  f i n g e r s ,  t h e  

e f f i c i e n c y  has a  s t a i r c a s e  shape a s  a  func t ion  of  inc iden t  energy, remain- 

i n g  approximately a  cons tant  f o r  p a r t i c l e s  s topping i n  t h e  same c r y s t a l .  

The 'h ighes t  energy p ions ,  protons ,  and deuterons de tec ted  i n  t h i s  experiment 

have e f f i c i e n c i e s  of  about 40%, SO%, and 60% r e s p e c t i v e l y .  

There a r e  a  few methods by which we can exper imenta l ly  check our  e f -  

f i c i e n c y  c a l c u l a t i o n .  The energy of  e l a s t i c a l l y  s c a t t e r d  pions from protons  

1; 
( i n  a  polyethylene, t a r g e t )  v a r i e s  with s c a t t e r i n g  a n g l e ; . u s i n g  w a n d  t h e  

+ 
known d i f f e r e n t i a l  c ross - sec t ion  of  sr p  s c a t t e r i n g  [Ber t in  761, we can 

determine t h e  r e l a t i v e  v a r i a t i o n  of  pion de tec t ion  e f f i c i e n c y  with pion 



. . 
energy. To cover t h e  f u l l  pion energy range o f  i n t e r e s t  it i s  necessa ry  

E r iv;c - t o  choose s e v e r a l  i n c i d e n t  pion ?ne rg ies .  fu8K 1 shows t h a t  t h i s  mea- 

sured  e f f i c i e n c y  is  c o n s i s t e n t  with t h e  s t a i r c a s e  shape o f  t h e  e f f i c i e n c y  

from t h e  monte c a r l o  c a l c u l a t i o n .  

Another method used t o  check our e f f i c i e n c y  c a l c u l a t i o ~ s  was t o  de- 

+ 
t e c t  t h e  protons  from t h e  n  d-tm r e a c t i o n  a t  a  forward ang le  and a t  t h e  * * - 

T-- 
complementary back angle .  t h e  c ross - sec t ions  f o r  t h e s e  two angles' i r e  - 

kinemat ica l ly  r e l a t e d  and t h e  e f f i c i e n c y  v a r i a t i o n  wi th  p ro ton  energy can 

be checked without us ing t h e  knowledge o f  t h e  magnitude o f  t h e  ntd-tPp 
tr 

c r o s s  s e c t i o n . .  This  was done a t  complementary ang les  of  37 and 106 de- 

grees  f o r  an inc iden t  pion energy o f  105 MeV. This  de termines  t h e  r a t i o  

o f  t h e  proton e f f i c i e n c i e s  f o r  84 and 150 MeV t o  be ~ ( 1 5 0 ) / ~ ( 8 4 )  = 0.73 

which i s  c o n s i s t e n t  with t h e  c a l c u l a t e d  r a t i o  of  0.68 t o  w i t h i n  10%. 

Using these  . e f f i c i e n c y  c a l c u l a t i o n s  t h e  a b s o l u t e  c r o s s  s e c t i o n  i s  - . -.% -A 

9 
obtained e i t h e r  by measuring and normalizing t o  t h e  T p  e l a s t i c  s c a t t e r i n g  

c r o s s  s e c t i o n  obtained from the  Dodder phase s h i f t s  [ ] o r  t o  t h e  known 

+ 
n d-tpp c r o s s  s e c t i o n s  [ 1. When both normal iza t ions  were used t h e y  were ! 

i 
found always t o  agree t o  wi th in  t h e  experimental e r r o r  o f  about  15%. 

The GE c r y s t a l s  a r e  o r i en ted  such t h a t  t h e  Li  c o n t a c t  dead layers  
1 

(50-100 um) on c r y s t a l s  2 and 3,  4 and 5 ,  and s i x  and seven f a c e  each 
! 

o t h e r .  The energy l o s s  i n  a  deadlayer cannot be c o r r e c t e d  f o r  i f  t h e  p a r -  

t i c l e  s t o p s  i n  t h e  deadlayer .  However, f o r  those  p a r t i c l e s  which p a s s  

through t h e  deadlayer and depos i t  energy i n  t h e  next  c r y s t a l  a  c o r r e c t i o n  

: 
can be made. This  i s  shown i n  f i g u r e  2 . Figure  2a shows t h e  mea- 

sured  energy spectrum of t h e  GE d e t e c t o r  p laced i n  a  low i n t e n s i t y  beam. 

The proton energy i s  ad jus ted  s o  t h a t  most protons  s t o p  n e a r  t h e  2 , 3  



deadlayer. Figure 2b shows the same data restricted to events depositing 

. . energy in crystal 3. We can see that the measured energy of these protons 

is up to 5 MeV less than events stopping in crystal 2 even though the beam 

is nearly monochromatic. If E is the energy of the particle before it 

enters the deadlayer, and Et the energy measured in the last crystal, then 

the particle identification P is given by 
-. P' - 

P = ( E ~  - E ~ ~ ) / D  

where D is the thickness of the deadlayer. Solving for E, 

' E = ( E t a  + P D )  l/a 

No&, the utility of the in-beam spectrum becomes obvious. We can adjust 

the value of D so that the corrected energy of proton for the particles 

going through the deadlayer is the same as the energy of proton that did 

not enter the deadlayer, thus determining the deadlayer thickness. Fig. 

-. 2-c shows the corrected spectrum with D = ?. This determination of D 

has uncertainties due to $traggling in energy loss and an accuracy of 20% 

is expected. Since the deadlayer corrections to energy are usually less 

-$ie 
than P MeV the error in corrected energy is quite small. Once D is deter- 

mined, equation 2 gives the corrected energy for any particle. 
psP 

The particle identification for a particle reaching the nth crystal, 
4' 

can be calculated n-1 ways by choosing D in eqn. 1 as the thickness of 

either the first 1,2, ... n-1 crystals and defining Et as the energy deposited 

in the last n-1,n-2, ...I crystals respectively. Requiring all PIDts to 

agree results in a clean PID spectrum. For example the PID for particles 

stopping in crystal 4 is shown in fig. 3. 



The energy calibration of the GE crystals was obtained by using y- 

sources and high gains on the amplifiers. The decrease in the gain neces- 

sary for the experiment was measured by observing the change in height 

of a pulser signal. Comparing runs separated by one year, we found one 

of the runs had a systematic calibration error of 2-4% for all crystals. 

Fortunately the peaks in the proton spectra are readily identificable with 

the known levels of the residual nucleus and the lack of an accurate cali- 

bration was not a major problem. For deuteron spectra, however, due to 
r 

the low cross-section and poor statistics, we-need to know the peak 

positions more accurately. So an empirical procedure based An the known 

observed peaks in the proton and pion spectra was used to predict the 

locations of the expected peak positions in the deuteron spectra. This 

also effectively corrected for straggling loses in the target, air, etc. 

+ 
The error in the predicted location of the (n ,d) transitions is estimated 

to be about 0.5 MeV. 

+ f 
111. The (ir ,p) and (n ,d) continuum data 

We have measured the inclusive proton cross-sections for positive 

pions of energy 34, 47, 65 and 81 M ~ V  incident on 12c. Some typical spic- 

tra for 34 MeV are shown in Figure 4. (The dip seen at.about 50 MeV in - 

the proton spectra is due to the enerzy loss in the deadlayer between 

8GE2 and 8GE3.) These spectra are in general characterized by a broad 

bump at approximately the energy corresponding to the kinematics of the 

+ 
a d+pp reaction. The position of the bump moves with scattering angle at 

+ 
approximately a rate expected in the n d+pp reaction, suggesting that the 

,protons observed in the bump are from absorption of a pion on two nucleons. 



The peak value of the observed cross-section is plotted in Figure 5 as a 

function of scattering angle. The curve drawn is proportional to the lab 

~ + 
angular distribution of the IT d-tpp reaction. We see that the peak value 

I 

cross-section has a shallow minimum at a scattering angle of about 90 de- 

+ 
grees, shallower than the minimum seen in the n d-tpp process at the same 

energy. Th scattering of the pion before it is absorbed, the fermi motion ei 
of the nucleon pair on which it is being absorbed and the final state 

.interactions of the exiting protons all tend to fill the minimum observed 

+ 
in the IT d-tpp reaction. The energy-integrated cross-section shown on the 

same figure has a similar angular distribution. The low limit of inte- 

gration was equal to E =E -E low k offset' where Ek is the energy of the proton 

+ 
from a d-tpp reaction at the angle of interest, 

and Eoffset 
is a constant. 

The shape of the integrated cross-section was found to be independent of 

the value of Eoffset, for small changes in Eoffset. blot\ only does the 

double differential cross section da/dRdE at E = E have the same angular k 

distribution as the energy-integrated differentail cross-section, they 

also have the same energy dependence, both increasing by 25% as the pion 

+ 
energy increases from 34 to 81 MeV. The elementary IT +d-tp+p increases by 

a factor of 2 over the same energy region. 

The similarity of the angle and energy dependence of the peak cross- 

section suggests a common reaction mechanism for the production of all 

high energy protons. The fact that the energy location of the peak follows 

+ 
the IT d-tp+p kinematics suggests that the pion is annihilating on two nu- 

cleons. In this 2 nucleon absorption process the two nucleons are expected 

to recoil at nearly 180° with respect to each other. If the reaction takes 

place on the nuclear surface, one of the nucleons would always escape 



I .  

without pass ing through t h e  nucleus In t h i s  s i t u a t i o n ,  we would expect  

t o  see  a very dominant peak i n  t h e  spectrum a t  E t h e  energy o f  t h e  p ro ton  k ' 
+ 

using t h e  n d-tpp kinema.tics. Ins tead  we s e e  o i i .1~ a s l i g h t  enhancement o f  

t h e  c r o s s  s e c t i o n  a t  E For t h e  two-nucleon absorp t ion  model t o  be  con- k ' 

s i s t e n t  wi th  t h e  d a t a ,  t h e  absorpt ion  must t a k e  p l a c e  predominantly deep 

i n s i d e  t h e  nucleus ,  al lowing both nucleons t o  s c a t t e r  on t h e i r  way o u t  o f  

t h e  nucleus.  

Recently McKeown e t  a l .  [ 1, us ing  d a t a  between T = 100 and 220 MeV, 
7r 

have.shown t h a t  t h e  e f f e c t i v e  number o f  nucleons,  N ,  s h a r i n g  t h e  momentum 

' and energy o f  t h e  a n n i h i l a t e d  p ion i s  3 f o r  A = 12,  and i n c r e a s e s  t o  5 .5  

f o r  A = 181. Doss and \ h a r t o n  [ ] have examined t h e  A dependence (nea r  . 

t h e  3-3 resonance) o f  (1) t h e  t o t a l  p ion  absorp t ion  c r o s s  s e c t i o n  (2) t h e  

e f f e c t s  numher o f  nucleons shar ing  t h e  p ion momentum and energy and (3) t h e  

+ 
proton y i e l d s  from n and n- induced r e a c t i o n s .  They show t h a t  t h e  A- 

dependence can be explained by b a s i c  geometrical  arguments assuming t h e  

pion p e n e t r a t e s  t h e  nuc lea r  vo.lume and a n n i h i l a t e s  on a p a i r  o f  nucleons .  

We a l s o  have simultaneously measured t h e  continuum deuteron s p e c t r a  

f o r  Ed > 70 MeV. There i s  no s t r u c t u r e  and t h e  c r o s s  s e c t i o n  f a l l s  o f f  

monotonically f o r  h igher  deuteron energy. The energy i n t e g r a t e d  c r o s s -  

s e c t i o n  f o r  E > 70 MeV i s  shown i n  Sigure  6 along wi th  t h e  energy i n t e -  d 

g ra ted  angular  d i s t r i b u t i o n s  f o r  p ro tons ,  f o r  E > 50 MeV. The c r o s s -  
P 

s e c t i o n  is  forward eaked and has approximately t h e  shape of  t h e  p ro ton  t 
c ross - sec t ion ,  sugges t ive  o f  a pickup mechanism f o r  t h e  deuteron p roduc t ion .  

+ 
I V .  Cn ,p) t r a n s i t i o n s  t o  d i s c r e t e  s t a t e s  

1 3  + Figure 7 shows thk s p e c t r a  of t h e  C(n , p ) l Z ~  r e a c t i o n  a t  T = 32 MeV 
A 

and 0 = 55 and 9 5 " .  The r e s o l u t i o n  i s  about 2 bleV and i s  dominated by 



t a r g e t  t h i c k n e s s  e f f e c t s . .  With th i . s  r e s o l u t i o n  i t  i s  imposs ib le  t o  r e -  

s o l v e  t h e  14 .1 ,  15.1, and 16.1 MeV s t a t e s  and c e r t a i n  assumptions were 

made i n  f i t t i n g  t h e  s p e c t r a .  The s p e c t r a  have been f i t  u s ing  t h e  peak 

shape  o f  t h e  4.4 MeV 2' t r a n s i t i o n .  The p o s i t i o n s  o f  t h e  peaks were 

f i x e d  r e l a t i v e  t o  t h e  4.4 MeV peak l o c a t i o n .  A smooth background which 

beg ins  n e a r  t h e  beginning o f  t h e  t h r e e  body continuum and v a r i e s  smoothly 

from a n g l e  t o  was drawn by eye.  I n  t h e  i n i t i a l  f i t t i n g  o f  t h e  55" 

(95") spectrum and 15.1 (15.1 and 14.1) MeV t r a n s i t i o n s  were 

assumed t o  have equal  s t r e n g t h .  A f t e r  a d j u s t i n g  t h e i r  s t r e n g t h ,  which 

. i s  s u b t r a c t e d  wi th  t h e  background from t h e  spectrum, t h e  l e f t - o v e r  counts  

a r e  f i t  u s i n g  a d d i t i o n a l  peaks a t  t h e  a p p r o p r i a t e  e x c i t a t i o n  energy ,  In  
* '  . 

t h i s  second s t e p ,  a d h i t i o n a l  counts  were a s s igned  t o  t h e  15.'1 MeV s t a t e  

i n  t h e  95' spectrum. Although t h i s  procedure  gave u s  c r o s s  s e c t i o n s  f o r  

t h e  13.5,  14.1, 15.1,  and 16.1 MeV s t a t e s ,  on ly  t h e  c r o s s - s e c t i o n s  t o  t h e  

15.1 and 16 .1  MeV s t a t e s  were s t a b l e  a g a i n s t  v a r i a t i o n s  i n  t h e  i n i t i a l  

f i t t i n g  c o n d i t i o n s .  The c r o s s  s e c t i o n s  a r e  l i s t e d  i n  t a b l e  I a long  wi th  

e r r o r s  which were e s t ima ted  by making r easonab le  changes i n  t h e  back- 

ground and f i t t i n g  procedure .  

I n  f i g .  8 t h e  s i n g l e  nucleon pickup s p e c t r o s c o p i c  s t r e n g t h s  f o r  t h e s e  

+ 
s t a t e s  a r e  g iven .  I n t e r e s t i n g l y ,  t h e  4 . 4  MeV 2 s t a t e  i s  much s t r o n g e r  

t han  t h e  16 .1  MeV 2+ (T = 1 )  s t a t e  a l though t h e i r  s p e c t r o s c o p i c  s t r e n g t h s  

a r e  n e a r l y  equa l .  Also t h e  15 .1  MeV L+ (T = 1) s t a t e  i s  much s t r o n g e r  t han  

+ 
t h e  12.7 MeV 1 s t a t e  a l though t h e i r  s p e c t r o s c o p i c  s t r e n g t h s  a r e  n e a r l y  

equa l .  F igu re  8 shows t h a t  t h i s  same behavior  occu r s  f o r  t h e  (p,d)  r e a c t i o n  

[Smith 781 n e a r  t h e  same momentum t r a n s f e r .  These r e l a t i v e  i n t e n s i t i e s  o f  



+ + 
t h e  2 and 1 s t a t e s  sugges ts  t h e  importance of two-step processes  i n -  

volving i n e l a s t i c  s c a t t e r i n g  of e i t h e r  t h e  i n i t i a l  pion (proton) o r  t h e  

f i n a l  proton (deuteron).  Such i n e l a s t i c  processes  would f a v o r  t h e  co l -  

l e c t i v e  4.4 MeV 2+ s t a t e  over t h e  16.1 MeV 2+ s t a t e  and a l s o  favor  t h e  

15.1 MeV 1' s t a t e  over t h e  12.7 MeV 1' s t a t e .  The 15.1  i s  favored be- 

cause t h e  nucleon magnetic moments s t r o n g l y  favor  T = d M 1  t r a n s i t i o n s  

over T = .O M 1  t r a n s i t i o n s . .  These two-step processes  become more important  

[ ] a t  l a r g e  momentum t r a n s f e r  because t h e  i n e l a s t i c  p rocess  absorbs  

some o f  t h e  momentum t r a n s f e r .  

Fur the r  evidence f o r  t h e  two-step process  i s  t h e  shape o f  t h e  angu la r  - - 

d i s t r i b u t i o n .  Using t h e  DWBA coupled channels  code, chopper, [ ] we 

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

1 ,  ' forward  angles  . j s  g e n e r a l l y   large^ f o r  two-step p rocesses  than  f o r  one- 

s t e p  pickup processes .  Experimentally t h e  angular  d i s t r i b u t i o n s  o f  t h e  

~ 4.4 and 15.1 MeV s t a t e s  f a l l  o f f  much l e s s  s t e e p l y  than  t h e  angu la r  d i s t r i -  

~ bu t ions  o f  t h e  ground s t a t e  and 16.1 MeV s t a t e .  

12 Other c r o s s  s e c t i o n s  which we measured were a t  Tn 47 MeV c(nf  ,p) 

12 + 11 . [ ] and a t  Tn = 65 MeV, C(n ,p) C(g.s .)  30' - 48k5 pb / s r  and 1209  - 
16 + 

-485015 pb/sr ,  and O(n ,p) s . )  30' -. 2 . 3  t 0 . 9  pb / s r  i n  t h e  l a b o r a t o r y  

frame. Recently h'harton. and Ke i s t e r  [ ] using t h i s  d a t a  and o t h e r  d a t a  

have shown t h a t  a s i n g l e  neutron pickup distorted-wave c a l c u l a t i o n  has 

s e r i o u s  problems- i n  descr ib ing t h e  sys temat ic  energy.-and A-dependence o f  

t h e  cross.  s e c t i o n s  of ground s t a t e  t r a n s i t i o n s  i n  t h e  l p  s h e l l .  They b r i e f l y  

examined t h e  d a t a  i n  terms of  a two-nucleon absorp t ion  model and found t h a t  

f e a t u r e s  of  t h e  two-nucleon model showed a good p o s s i b i l i t y  of d e s c r i b i n g  

t h e  sys temat ics  of the  d a t a .  



+ 
V. (IT ,d) transitions to discrete states 

+ 
Simultaneously with the (n ,p) data collection, the (s+,d) data 

was also collected. The particle identification, figure 3, was good enough 

to obtain essentially pure spectra. These spectra are shown in figures 

9 
9-14. The (n ,d) reaction, similar to the (p,t) reaction is a two-neutron 

+ + 
pickup reaction. In contrast to the (p,t) reaction where 0 -4 ground 

state transitions often dominate the spectra, no such transitions are 

9 
clearly identifiable in the (IT ,d) spectra. There is a complete lack of 

+ 18 + 16 
counts in the region of the 0 ground state for all O(n ,d) 0 and 

14 + 10 
160(n9,d) 0 spectra. There is some hint of the l2c(, ,d) C of ground 

state transition, but it is much weaker and not clearly resolved from the 

transition to the "~(3.36) 2+ state. Not only do we have poor statistics 

and energy resolution (2.0-3.0 MeV) but our absolute energy calibration 

, . is uncertain to 0.5 MeV, making our spectra analysis a little difficult. 

+ + 
These 0 -+O transitions are necessarily zero angtilar momentum trans- 

fer, L = 0, processes. If the dominant pion partial waves are 2 = 0,1,2, 
n 

angular momentum .conservation restricts the deuteron impact parameter to 

less than 0.5 fermi.. In contrast, a L = 2 transition would allow deuteron 

impact parameters larger than 1.0 fermi. The only L = 0 transition which 

5 is clearly identifiable in our spectra is the '~i(n+,d) Li(gs) 3/2-+3/2- 

transition. At T = 65 MeV 9 = 30' the laboratory cross section for this 
IT 

transition is about 0.22 2 .06 pb/sr. Although this transition is pre- 

I cominantly L = 0 it also has a L = 2 amplitude [dl]. 
I 

Removing two neutrons from the p shell restrict the angular momentum 

transfer to 0 and 2. Our spectra clearly show that the L = 2 transitions 

are generally much stronger than the L = 0 transitions. Data at forward 



8 12 + angles on four  of these  t r a n s i t i o n s  1 ° ~ ( n f  ,d) ~ ( ~ s ) 2 + ,  C(n ,d)  

13 + 11 18 + loc(3.36)2+,  - C(n ,d) ~ ( g s ) 3 / 2 - ,  and O(n ,d)  160(9.85)2+ i r e  given 

i n  t a b l e  11. The. ( p , t )  r e a c t i o n  a t  T % 45 MeV shows a  n e a r l y  pure  
P 

I,.= 2 angular  d i s t r i b u t i o n  f o r  a l . l  f o u r  of t h e s e  t r a n s i t i o n s ,  wi th  a  

maximum i n  t h e  angular  d i s t r i b u t i o n  occuring Qear  25'. The ( p , t )  c r o s s  

s e c t i o n  a t  t h i s  maximum is  given i n  column 5 of  t a b l e  11. A s  expected ,  

+ 
both t h e  (IT ,d) and ( p , t )  r e a c t i o n s  a r e  p ropor t iona l  t o  t h e  two-neutron 

spect roscopic  s t r e n g t h .  Although t h e  c r o s s  s e c t i o n s  f o r  these  t r a n s i t i o n s  . . - 

+ 
vary by more than a  f a c t o r  of 10, t h e  r a t i o  da(n , d ) / d a ( p , t )  i s  i d e n t i c a l  

wi th in  experimental e r r o r  f o r  t h e  f i r s t  t h r e e  t r a n s i t i o n s .  The probable  

+ 
reason why t h e  .160(9.85) t r a n s i t i o n  i s  not  seen i n  (n ,d) i s  because t h e  

l a r g e r  momentum t r a n s f e r ,  651 EieV/c, should i n h i b i t  t h i s  t r a n s i t i o n .  

Having examined t h e  favor ing of l a r g e  angular  momentum t r a n s f e r  f o r  . 

+ 
t h e  (IT ,d) r e a c t i o n ,  we t u r n  t o  t h e  s p i n  dependence o f  t h e  r e a c t i o n .  The 

( p , t )  r e a c t i o n  can pick  up two neutrons only i n  a  S = 0 s t a t e .  S  = 1 

+ 
t r a n s i t i o n s  a r e ,  i n  add i t ion ,  a l lowed f o r  t h e  (T ,d) r e a c t i o n .  To examine 

7  + 5 
t h e  s p i n  dependence, we look a t  t h e  Li(n ,d) L i  r e a c t i o n .  The on ly  narrow 

s t a t e  which is  known t o  e x i s t  i n  t h e  p a r t i c l e  uns tab le  ' ~ i  nucleus  i s  t h e  

3/2+ s t a t e  a t  16.7 MeV. This s t a t e  i s  known t o  be a  two-par t i c l e -1  ho le  

,---)I 
s t a t e  with conf igura t ion 4 ( t h e  s u p e r s c r i p t  i s  2S+1) [d6]. S ince  t h e  

' j S 3 / 2 "  
7 ~ i  ground s t a t e  is  Z p  , t h e  t r a n s i t i o n  between t h e  two s t a t e s  must be 

3/ 2  
S = 1, L = 1. In  t h e  ( p , t )  r eac t ion  it i s  forbidden and no t  seen [ d l ] .  

+ 5 
I n t e r e s t i n g l y  t h e r e  i s  a  narrow peak i n  t h e  7 ~ i ( n  ,d) L i  spectrum i n  f i g u r e  

9, centered a t  E = 17 MeV with 7  counts.  The only o t h e r  s t a t e s  bes ides  
X 
+ 

t h e  16.7 MeV 3/2 s t a t e  'known t o  e x i s t  i n  t h i s  v i c i n i t y  a r e  very  broad 



s t a t e s  a t  E = 18 and 20 MeV. We e x t r a c t  a l a b o r a t o r y  c r o s s  s e c t i o n  f o r  
X 

t h i s  peak of  0.38 u b / s r  a t  Tn = 65 MeV, eLab = 30°. 

Next, we wish t o  examine t h e  1 3 ~ ( n f  ,d)  "C s p e c t r a  i n  f i g u r e  12.  In  

a d d i t i o n  t o  t h e  " c ( ~ s )  peak t h e r e  i s  a s t r o n g  peak i n  t h e  v i c i n i t y  o f  

t h e  6.48 MeV 7/2- and 4 . 3  MeV 5/2- s t a t e s ,  which becomes dominant i n  t h e  

s p e c t r a  a t  back angles .  These s t a t e s  a r e  we l l  desc r ibed  a s  12c(4 .4)2+ B 

- 1 c o n f i g u r a t i o n s  and a r e  s t r o n g l y  seen  i n  o t h e r  l a r g e  momentum t r a n s f e r  

+ 
pickup r e a c t i o n s  (IT ,p)  and (p,d)  [d7] .  These s t a t e s  have sma l l  s p e c t r o -  

s c o p i c  s t r e n g t h  wi th  t h e  t a r g e t  and presunlably a r e  popula ted  through two 

s t e p  p r o c e s s e s  i nvo lv ing  i n e l a s t i c  quadrupole e x c i t a t i o n .  Such two s t e p  

p roces ses  a r e  conducive t o  l a r g e  momentum t r a n s f e r  r e a c t i o n s  because t h e  

+ 
i n e l a s t i c  p roces s  can absorb  some o f  t h e  momentum t r a n s f e r .  The (IT ,d) 

angu la r  d i s t r i b u t i o n  t o  t h e s e  7/2- and 5/2- s t a t e s  a r e  l e s s  forward peaked 

than  t h e  ground s t a t e  t r a n s i t i o n  ( see  f i g u r e  1 5 ) .  Th i s  i s  s i m i l a r  t o  

+ 
t h e  (n ,p )  angu la r  d i s t r i b u t i o n s  t o  t h e s e  s t a t e s  and i s  c h a r a c t e r i s t i c  o f  

a two-step p roces s  ( s ee  s e c t i o n  1 1 1 ) .  

The on ly  (nt ,d)  c a l c u l a t i o n s  [d8,d9] which have been performed a r e  

+ 12 
based on a  s i n g l e - s t e p  i n t e r a c t i o n  which couples  t h e  i n i t i a l  s t a t e  (IT C) 

t o  t h e  f i n a l  s t a t e  (d + l 0 c ) .  A s i n g l e  nucleon absorbs  t h e  p ion  and p i c k s  

up a  second nucleon immediately t h e r e a f t e r .  The nucleon-nucleon i n t e r -  

a c t i o n  neces sa ry  t o  accomplish t h i s  l a s t  s t e p  i s  conta ined  i n  t h e  deu te ron  

wave f u n c t i o n .  In  t h i s  model t h e  S  = 1 t r a n s i t i o n s  a r e  a  f a c t o r  o f  100 

weaker t h a n  t h e  S = 0 t r a n s i t i o n s .  Therefore  i t  would be s u r p r i s i n g  i f  

+ 5  
t h e  s t r u c t u r e  n e a r  E = 17 MeV i n  t h e  7 ~ i ( n  ,d)  L i  r e a c t i o n  i s  t h e  L = 1, 

X 

S = 1 16.7 MeV t r a n s i t i o n .  



" I . . 
- ,  

Using t h i s  model, 
Betz and Kerman [d9] have included d i s t o r t i o n  i n  both  t h e  p ion and 

deuteron wavefunctions. The o f f - s h e l l  propagation o f  t h e  p ion i n c r e a s e s  

t h e  c a l c u l a t e d  c ross  s e c t i o n  at l a r g e  momentum t r a n s f e r  ( l a r g e  ang les )  

r e l a t i v e  t o  t h e  Born .approximation. The s t rong  damping o f  t h e  deuteron 

wave i n  t h e  nucl.ear medium s.uppress.es t h e  forward angle  c r o s s  s e c t i o n  

+ 
by almost t h r e e  o rde r s  o f  magnitude. The n e t  e f f e c t  i s  t h a t  t h e  (n ,d)  

d i f f e r e n t i a l  c r o s s  s e c t i o n  i s  l a r g e s t  a t  180°. 'We checked t h i s  by mea- 

12 + su r ing  t h e  C(n ,d) 1°c c r o s s  s e c t i o n  a t  30' and 120°. The d i f f e r e n t i a l  

+ + 
c r o s s  s e c t i o n  t o  t h e  0  g . s .  p l u s  2  3.35 MeV s t a t e s  a t  T = 65 MeV ' n  

a r e  shown i n  f i g u r e  16 along with t h e  Betz and Kerman c a l c u l a t i o n s  a t  

C 
50 MeV. Although we can n o t  c l e a r l y  r e s o l v e  t h e  0  and  2+ s t a t e s  i t  ap- 

+ + 
pears  a s  i f  t h e  2  t r a n s i t i o n  i s  a t  l e a s t  a  f a c t o r  4  l a r g e r  than t h e  0 

+ 
t r a n s i t i o n .  The c a l c u l a t i o n  shows t h e  2  t o  be on ly  20-40% l a r g e r  a t  

30' and 120'. The 120° t o  30' c r o s s  s e c t i o n  r a t i o  i s  c a l c u l a t e d  t o  be 

about 3 . 2  + 1.1 l a r g e r  than t o  experiment, b u t  n e v e r t h e l e s s  both  

t h e  magnitude and shape of  t h e  2+ angular  d i s t r i b u t i o n  a r e  remarkably 
o f  

well  reproduced. The main f a i J u r e / t h e  model appearing h e r e  is t h e  under- 

e s t ima te  of  t h e  L-dependence on t h e  c r o s s  section.. I t  is  a  puzz le  why 

I t h e  model doesn ' t  g ive  a  s t r o n g e r  L-dependence. The s t r o n g  a t t e n u a t i o n  

o f  t h e  deuteron wave func t ion ,  which more heav i ly  weights  t h e  s u r f a c e  

region o f  t h e  nucleus ,  w i l l  n a t u r a l l y  lead  t o  a  s e v e r e  angu la r  momentum 
I 

mismatch f o r  small angular  momentum t r a n s f e r s .  

+ 
A l l  ( B  ,p) d a t a  t o  s t a t e s  with l a r g e  spec t roscop ic  s t r e n g t h  i n  t h e  

l p  s h e l l  [ ] obey a  simple exponential  behavior  wi th  momentum t r a n s f e r ,  

. q,  a t  forward angles ,  a(0) = C e  ' . I n t e r e s t i n g l y  Betz and Kerman p r e -  

+ 
diet a  s i m i l a r  exponential  behavior f o r  t h e  (T  ,d) r e a c t i o n  but  wi th  a 



. s lope ,  1 / A  = (22  MeV/c)-I, which i s  twice a s  s t e e p  a s  observed i n  

1 2  + - 1 
C(n , p ) ,  (41 hleV/c) . Experimental ly,  t h e  data. g ives  even a  s t e e p e r  

s t o p e  bu t  wi th in  t h e  l a r g e  e r r o r  b a r s  i s  c o n s i s t e n t  with t h e  ca lcu la t ion  

(see f i g u r e  19) .  

Another p r e d i c t i o n  of t h e  Betz-Kerman ca lcu l ' a t ion  i s  t h a t  t h e  

1 8 0 ( d , d )  160(g.s.) t r a n s i t i o n  should be a  f a c t o r  of 10 l a r g e r  than 

12 + e i t h e r  t h e  C(n ,d)  ' 'C(~S)  o r  t h e  " ~ ( 3 . 3 6  MeV) t r a n s i t i o n .  In con- 

t r a s t  t h e  observat ion  shows it t o  be a t  l e a s t  a  f a c t o r  o f  2  weaker than 

t h e  " ~ ( 3 . 3 6  MeV) t r a n s i t i o n .  This  f a u l t y  p r e d i c t i o n  comes from two 

e f f e c t s :  1)  t h e  180 ground s t a t e  i s  a  well  known p a i r i n g  condensate with 

2 2 2 a c o n s t r u c t i v e ,  coherent mixture o f  ( Id  ) , (ld3,2) and (2SlIZ) con- 
512 

2 + fugura t ions ,  2)  the  (2s ) and (Id ) (n ,d) t r a n s i t  i on  matr ix  e l e -  ~. 1/2 3/ 2 

ments a r e  ve ry  l a rge .  Whether e f f e c t s  1 and 2 a r e  v a l i d  a s  appl ied  t o  

9 
t h e  ( R  ,d) r e a c t i o n  i s  p r i m a r i l y  a  ques t ion  of  r e a c t i o n  mechanism and 

only  secondly a  ques t ion  o f  nuc lea r  s t r u c t u r e .  Ul t imate ly  t h e r e  may be 

some i n t e r e s t i n g  nuclear  s t r u c t u r e  ques t ions  because two-neutron pickup 

r e a c t i o n s  have never been s t u d i e d  a t  such high momentum t r a n s f e r  with 

+ 
any r e a c t i o n .  Betz and Kerman a l s o  make a  p r e d i c t i o n  t h a t  t h e  (n ,d) 

forward angle c ross - sec t jon  inc reases  a  f a c t o r  of  10 from T = 50 t o  -n 

87.5 MeV. The da ta  f o r  1 2 ~ ( n + , d )  "~(3 .363 ,  8 = 30°, shows no inc rease  

+ 
i n  c ross - sec t ion  between T = 49 and 55 MeV. The model f o r  t h e  (TI ,d) 

lr 

r e a c t i o n  has shown both success  and f a i l u r e  i n  desc r ib ing  t h e  d a t a .  Whether 

t h e  successes ,  such a s  p r e d i c t i n g  t h e  approximate magnitude o f  t h e  c ross -  

s e c t i o n  i s  f o r t u i t o u s  o r  i n d i c a t i v e  of t h e  model's b a s i c  v a l i d i t y  must 

await f u r t h e r  s tudy.  
I 
I 



Table I 

13~(n+,p) Lab Cross Sections (pb/sr) at 32 MeV 



Table I1 

'4 
L = 2 (n ,d) c ross  sec t ions  

Final do 9 
9 

da do (n+ , d)  
Y --(prt) dc(pyt) 

s t a t e  Tn 'd (M~v/c )  afl dRmax 
('b/Sr) (mb/sr) (X  

1) reference d2 

2) reference d 3  

3) reference d4 

4) reference d5 
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