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ABSTRACT

A tra n s m is s io n  ex p e rim en t h a s  been  perfo rm ed  in  which t o t a l
+  _  3  9  2_2

c ro s s  s e c t io n s  f o r  v  and ir on tie , Be and C w ere o b ta in e d  fo r

3 9s e v e r a l  e n e rg ie s  betw een 100 MeV and 250 MeV. The He and Be c ro s s  

s e c t io n s  have been  used  i n  th e  e v a lu a t io n  o f  th e  Kim and P rim ak o ff sum 

r u le  f o r  n u c le a r  b e ta  decay . The e v a lu a t io n  o f  th e  sum r u le  i s  f u r th e r  

ex ten d ed  to  ^Li c ro s s  s e c t io n s  o b ta in e d  by A lla rd y c e  e t > a l .
3

A second  a p p l i c a t io n  o f  th e  He d a ta  i s  made to  d e te rm in e  a 

v a lu e  f o r  th e  e f f e c t i v e  7r -n u c le u s  c o u p lin g  c o n s ta n t ,  r e £ f  T h is  i s  

g e n e ra te d  from  a  d is p e r s io n  r e l a t i o n  c a lc u la t io n ,  and i s  found to  be 

r e ^  (^He) = 0 .0 7 1  + 0 .0 1 2 , w hich com pares to  a  v a lu e  o f  0 .0 8 1  +  0 .002 

f o r  th e  n u c le o n .
3

F in a l ly  th e  He d a ta  i s  compared to  th e  r e s u l t s  o f  a  G lau b er- 

l i k e  t o t a l  c ro s s  s e c t io n  c a lc u la t io n  by G u rv itz .

v



I .  INTRODUCTION

N u c le a r  t o t a l  c ro s s  s e c t io n s  f o r  p o s i t i v e  and n e g a tiv e  p lo n s  

3 9on He and Be w ere m easured a t  s e v e r a l  e n e rg ie s  o v e r  th e  3 /2 -3 /2  r e s 

onance. The c ro s s  s e c t io n s  w ere m easured by an a t t e n u a t io n  tec h n iq u e

u s in g  p l a s t i c  s c i n t i l l a t i o n  c o u n te r s .  P io n -n u c le a r  t o t a l  c ro s s  s e c t -  

12io n s  f o r  C w ere a ls o  m easured u s in g  th e  same e x p e rim e n ta l s e t - u p , i t o  

p ro v id e  an o v e r - a l l  c a l i b r a t i o n  o f  th e  e x p e r im e n ta l  p ro ce d u re  and d a ta  

a n a ly s is  r o u t in e s .  T h is  was accom plished  by com paring o u r carbon  r e 

s u l t s  w ith  e x i s t i n g  carbon  c ro s s  s e c t io n s .

The i n i t i a l  p u rpose  o f t h i s  work was to  t e s t  a  sum r u le  deve- 

(1 -5 )loped  by Kim and P rim ak o ff f o r  n u c le a r  b e ta  decay ,

Nj-* N f *eT +■ V..
In  t h i s  th e o ry  weak in te r a c t io n s  a re  t r e a t e d  as though th e  n u c le i  w ere 

"e le m e n ta ry  p a r t i c l e s "  (E -P ). Thus, th e  weak i n te r a c t io n s  o f  n u c le i  

a re  t r e a t e d  w ith o u t e x p l i c i t l y  c o n s id e r in g  n u c le i  to  be  composed o f  

n u c le o n s . T h is E-P tre a tm e n t h as  been  invoked  to g e th e r  w ith  th e  A d le r -  

W eisberger (A-W) p r o c e d u r e ^ ’ ^  to  o b ta in  a  sum r u l e  r e l a t i n g  th e  

a x i a l - v e c to r  c o u p lin g  c o n s ta n t  f o r  n u c le a r  b e ta  decay , 

to  an i n t e g r a l  o v e r  p io n  energy  o f  p i o n - f in a l  n u c le u s  t o t a l  c ro s s  s e c 

t io n s  ,  I W ; ^ )  . (3> 5) b a s i s  f o r  t h i s  sum r u l e  depends upon

th e  v a l i d i t y  o f  1) th e  e q u a l- tim e  c u r r e n t  com m utation (ETC) r e l a t i o n s  

f o r  th e  had ron  weak c u r r e n ts  ^  and 2 ) th e  p a r t i a l l y  co n serv ed  a x i a l -  

v e c to r  c u r r e n t  (PCAC) h y p o th e s is .^ 9 * 10  ̂ Kim and P rim a k o ff^ 3 * have



2

shown t h a t  th e  r a t i o  i s  e q u a l to  th e

d i f f e r e n c e  i n  th e  number o f  p ro to n s  and n e u tro n s  in  N^, i . e .

m u l t ip l ie d  by a f a c t o r  w hich becomes u n i ty  when v i r t u a l  meson e f f e c t s

a re  n e g le c te d .  I t  i s  th e  p u rp o se  o f  t h i s  work to  p ro v id e  an  i n i t i a l

e x p e r im e n ta l  t e s t  o f  t h i s  sum r u l e .

In  a d d i t io n  to  th e  sum r u le  i n  n u c le a r  b e ta  d ecay , an  a tte m p t
3

i s  made to  d e te rm in e  from  o u r He d a ta  an e f f e c t i v e  p io n -n u c le a r  co u p l

in g  c o n s ta n t  u s in g  fo rw ard  d i s p e r s io n  r e l a t i o n s  in  th e  m anner o f  G ricso n  

and L ocher. The e v a lu a t io n  o f  th e  c o u p lin g  c o n s ta n t  in v o lv e s  a

s im i la r  i n t e g r a l  o v e r  p io n  energy  o f  th e  d i f f e r e n c e  betw een th e  p o s i t i v e  

and n e g a tiv e  c ro s s  s e c t io n s .

A G lauber ty p e  m u lt ip le  s c a t t e r i n g  c ro s s  s e c t io n  model f o r

+ 3 (12)77— He s c a t t e r in g  a s  c a lc u la te d  by G u rv itz  w i l l  a ls o  be p re s e n te d .
■f 3

A com parison  betw een  th e  e x p e rim e n ta l m easurem ent o f  7T— He t o t a l  c ro s s  

s e c t io n s  and th e  m u lt ip le  s c a t t e r i n g  model o f  G u rv i tz ’ s i s  made.

The t h e o r e t i c a l  background f o r  th e  sum r u le  in  n u c le a r  b e ta  

decay , th e  e f f e c t i v e  p io n  n u c le a r  c o u p lin g  c o n s ta n t ,  and m u lt ip le  s c a t 

t e r in g  c ro s s  s e c t io n s  w i l l  be  p re s e n te d  i n  C hap ter I I .  The e x p e rim e n t-
3

a l  p ro ce d u re  and d e s c r ip t i o n  o f  th e  He c ry o g e n ic  t a r g e t  w i l l  be d i s 

cussed  i n  C hap ter I I I ,  w h ile  th e  d a ta  a n a ly s i s  te c h n iq u e s  w i l l  be d i s 

cu sse d  in  C hap ter IV. The r e s u l t s  o f  th e  e v a lu a t io n  o f  th e  sum r u le

and e f f e c t i v e  c o u p lin g  c o n s ta n ts  w i l l  be  p re s e n te d  i n  C h ap te r V. The
3

com parison o f  th e  m u lt ip le  s c a t t e r in g  m odel and o u r  m easured He c ro s s  

s e c t io n s  w i l l  a ls o  be g iv en  in  C h ap te r V.



. I I ,  THEORY

A. Sinn Rule; in  N u c le a r  B eta  Decay

1. E lem en tary  P a r t i c l e  T reatm en t

In  th e  custom ary  th e o ry  o f  b e ta  decay  o f  complex n u c l e i ,

H i  N *  -* a  +  f

th e  w e a k - in te r a c t io n  H am ilto n ian  I s  w r i t t e n  a s  a  c o l l e c t i o n  o f  term s 

f o r  m u tu a lly  I s o l a te d  p h y s ic a l  n u c le o n s . Each term  In  th e  H am ilto n ian  

r e f e r s  to  th e  had ron  weak c u r r e n t  f o r  b e ta  decay o f  a  p h y s ic a l  i s o l a t e d  

nu c leo n  w i th in  th e  n u c le u s . The i n i t i a l  and f i n a l  n u c le a r  s t a t e s  l N i >  

and depend on th e  p o s i t i o n ,  s p in ,  and i s o s p in  o f  each  n u c le o n .

The c a lc u la te d  m a tr ix  e lem en ts  in  t h i s  im pu lse  a p p ro x im atio n  a r e ,  i n  

g e n e ra l ,  s e n s i t i v e  to  th e  wave f u n c t io n  u se d . Kim and P r i m a k o f f ^  

p o in t  o u t  s e v e r a l  s e r io u s  d is c re p a n c ie s  betw een th e  t h e o r e t i c a l  v a lu e s  

u s in g  an im pu lse  a p p ro x im atio n  and e x p e r im e n ta l  f t  v a lu e s .  They p o in t  

o u t t h a t  th e s e  d is c re p a n c ie s  ap p e a r  to o  la r g e  to  be  a t t r i b u t e d  to  a  

f a i l u r e  o f  an im pu lse  ap p ro x im atio n  ( i . e .  due to  n e g le c t in g  p io n -  

exchange e f f e c t s ) , b u t  r a t h e r  p ro b ab ly  a r i s e  from  in a d e q u a te  wave fu n c

t io n s  .

I n  th e  "e le m e n ta ry  p a r t i c l e s "  t re a tm e n t  deve lo p ed  by Kim and 

P rim ak o ff th e  d i f f i c u l t i e s  o f  o b ta in in g  good wave fu n c t io n s  a r e  av o id ed  

by t r e a t i n g  th e  n u c le i  and p a r t i c i p a t i n g  in  th e  b e ta  decay as  

" e le m e n ta ry  p a r t i c l e s " .  The w e a k -c u rre n t m a tr ix  e le m en ts  betw een  th e
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i n i t i a l  and f i n a l  n u c le a r  s t a t e s  a re  e x p re s s e d  i n  term s o f  form  f a c to r s  

c h a r a c t e r i s t i c  o f  th e  n u c le a r  t r a n s i t i o n  —►N  ̂ as  a  whole r a t h e r  th an

th e  u s u a l  sum o f  n—*-p t r a n s i t i o n s .  The h y p o th e s is  o f  th e  co n serv ed  

v e c to r  h ad ron  weak c u r r e n t  (CVC) and th e  h y p o th e s is  o f  th e  p a r t i a l l y  

conserved  a x ia l - v e c to r  h ad ron  weak c u r r e n t  (PCAC) can be  a p p lie d  to  

d e te rm in e  th e  e f f e c t i v e  v e c to r  and a x ia l - v e c to r  c o u p lin g  c o n s ta n ts ,

and These c o u p lin g  c o n s ta n ts  a r e

c h a r a c t e r i s t i c  o f  th e  b e ta  decay t r a n s i t i o n  and t h e i r  num eri

c a l  v a lu e s  r e f l e c t  th e  com plex ity  o f  th e  n u c le a r  s t r u c t u r e .  F o r  com* 

p a r is o n  w ith  th e  b a s ic  e q u a tio n s  o f  th e  "E -P" t re a tm e n t  to  be p r e s e n t 

e d , i t  i s  advan tageous to  f i r s t  d e s c r ib e  th e  t r a n s i t i o n  m a tr ix  f o r  th e  

b e ta  decay o f  th e  n u c le o n  and th e  u s u a l  im pu lse  ap p ro x im atio n  th e o ry  

f o r  n u c le a r  b e ta  decay .

a .  B e ta  Decay o f  th e  N eutron

From th e  a c c e p te d  c u r r e n t - c u r r e n t  th e o ry  o f  th e  le p to n -  

h ad ron  s t r a n g e n e s s - p re s e rv in g  weak i n t e r a c t i o n s ,  th e  t r a n s i t i o n  m a tr ix  

e lem en t f o r  n e u tro n  b e ta  d ecay , n —*-p +  e  +  can be w r i t t e n  as

< & T W W >  £ l u « W K ] U |£ w |^  < p |i> )k j w

where th e  m a tr ix  e lem en t o f  th e  v e c to r  and a x ia l - v e c to r  c u r r e n ts  a re  

g iv en  by
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and

<rl/.wU>* [ u ^ . <3)

The F ^ 's  ( i  = V, M, A, and P) a r e  th e  n e u tro n -p ro to n  weak form  f a c to r s  

c a l l e d  p o la r - v e c to r ,  w eak-m agnetism , a x i a l - v e c to r ,  and induced  pseudo

s c a l a r  r e s p e c t iv e ly .  The c o n s ta n t  G i s  th e  weak c o u p lin g  c o n s ta n t  

d e te rm in ed  from  f i decay

G-- i.oi.io5/hlr .
The p a ra m e te r  q r e p r e s e n ts  th e  fo u r - v e c to r  momentum t r a n s f e r

The h y p o th eses  o f  CVC and PCAC can now b e  used  to  r e l a t e  th e

n e u tro n -p ro to n  form  f a c t o r s  (F ^ , F^, F^, and F^) to  known p h y s ic a l

(13)q u a n t i t i e s .  The CVC h y p o th e s is ,  which i d e n t i f i e s  th e  v e c to r  had ron  

weak c u r r e n ts  as com ponents o f  a  d iv e r g e n c e - f r e e  i s o v e c to r  c u r r e n t ,

r e l a t e s  th e  p o la r - v e c to r  and weak m agnetism  form  f a c to r s  f o r  n — *p to

2 2 th e  D ira c , F^(q ) and P a u l i ,  F2 (q ) e le c tro m a g n e tic  form  f a c to r s  f o r

n and p :

Fv/V; *-*p)a Fi ( f ) - Fi I f )
(4)
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where ^ and JUl q  a r e  th e  p ro to n  and n e u tro n  anom alous m ag n e tic  mom-

2 2 e n ts  ( In  u n i t s  o f  e  /2M ) .  E v a lu a tio n  o f  th e s e  form  f a c to r s  a t  q “  0
P

y ie ld s

V* (o; *■ 1
(<>: 3.70 . (5)

The PCAC h y p o t h e s i s ,^ *  can  be  w r i t t e n  a s  th e  d iv e rg e n c e  

o f  th e  s t r a n g e n e s s - p re s e rv in g  a x ia l - v e c to r  c u r r e n t

V - v b c ) ^ .  t  < 6 >

where

F n  ; t t - *  v ac .)  s  ( x T  (7)

(14)i s  th e  p io n  — ►vacuum a x ia l  v e c to r  weak form  f a c t o r  and has th e  v a lu e

Qt - DfiS± 0.01

d e te rm in ed  from  th e  o b se rv ed  i r +  —► f i+  +  decay r a t e .  The symbol

0 ^  _ i s  th e  p io n  f i e l d  w hich c r e a te s  tt , and i s  governed  by th e  f i e l d

e q u a tio n

where i s  th e  p io n -s o u rc e  c u r r e n t .  The m a tr ix  e lem en t o f  th e  d iv e r 

gence o f  th e  a x ia l - v e c to r  c u r r e n t  (eq . 6 ) betw een  th e  n u c leo n  s t a t e s
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can be  w r i t t e n  as  ( l e f t  hand s id e )

(10)

<  p| i v  < r I U» (9)
- ( 4

The r i g h t  hand s id e  o f  th e  m a tr ix  e lem en t can b e  w r i t t e n  a s  (u s in g  eq . 

8)

where ■ ' f c W l )  i s  th e  p ro to n -n e u tro n  v e r t e x  fu n c t io n . T h is ex

p re s s io n  red u ces  to

+ f> (q ';^ p )  5  M i r  (11)

Two ap p ro x im atio n s  r e s u l t  from  t h i s  e x p re s s io n . They a re

O q ' - o
G oldberger-T riem an  

(G-T) r e l a t i o n (12)

* » t r  /  * \  M r  O ne-Pion Exchange . .  .
i D q ^ o  r f ( q ,
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The p a ra m e te r  “ r n i  t WApjy i s  th e  p io n -n e u tro n -p ro to n  c o u p lin g  con

s t a n t  ( o n - s h e l l )  and can be  d e te rm in ed  on th e  b a s i s  o f  a  d is p e r s io n  

r e l a t i o n  a n a ly s is  o f  ir  -  p e l a s t i c  s c a t t e r in g  to  b e ^ ~ ^

0 ,0*1 ± 0.002 .

b . B eta  Decay o f  th e  N u c leu s: Im pulse  A pproxim ation

N ext we tu rn  to  th e  custom ary im pu lse  a p p ro x im atio n  o f  n u c le a r  

b e ta  d ecay , N^—►N̂  + e  + vg . H ere th e  n u c le u s  i s  t r e a t e d  a s  a c o l

l e c t i o n  o f  i s o l a t e d  n u c le o n s . The t r a n s i t i o n  m a tr ix  e lem en t f o r  t h i s  

p ro c e s s  i s  w r i t t e n  s im i la r  to  eq . (1) as

w here th e  had ron  weak c u r r e n t

% * D C  F v ( ,V ?V  ( < , > , ) ]  e 1 *  ,  <15>

and

(16)

in v o lv e s  th e  n u c leo n  o p e ra to rs  o n ly . The n u c le a r  s t a t e s  and

i n  th e  m a tr ix  e lem en t a re  d e s c r ib e d  by th e  wave fu n c t io n  

and w hich a re  fu n c t io n s  o f  j j l * j ,  f  ^ and f  T *  j , th e  p o s i 

t io n ?  s p in ,  and i s o s p in  c o o rd in a te s  o f  th e  a *̂ 1 n u c le o n . P ion -exchange  

e f f e c t s  a re  u s u a l ly  added to  th e  im pu lse  ap p ro x im atio n  by a d jo in in g  a



9

p io n -ex ch an g e  c u r r e n t  to  th e  v e c to r  and a x ia l - v e c to r  c u r r e n ts .  In  

th e  c a lc u la t io n  o f  t r a n s i t i o n  m a tr ix  e lem en ts  o f  n u c le a r  b e ta  d ecay , 

f u r t h e r  a p p ro x im atio n s  a r e  u s u a l ly  made b e c au se  o f  th e  e n e rg ie s  In v o lv e d  

In  th e  b e ta  decay p ro c e s s .  The s p a t i a l  p a r t  o f  th e  le p to n  wave fu n c t io n  

G  can be s e t  e q u a l to  u n i ty  I n  a llow ed  t r a n s i t i o n  b ecau se  th e

d e B ro g lle  w a v e -le n g th  o f  th e  le p to n  wave fu n c t io n  i s  l a r g e  r e l a t i v e  to  

th e  a v e ra g e  n u c le a r  d im ension . The sm a ll v a lu e  o f th e  momentum t r a n s 

f e r  a l s o  a llo w s th e  use  o f  a  n o n r e l a t i v i s t i c  l i m i t  f o r  th e  n u c leo n  

m o tion .

c . B e ta  Decay o f  th e  N u c leu s: E-P Theory

The b a s ic  e q u a tio n s  f o r  th e  "e le m e n ta ry  p a r t i c l e "  tre a tm e n t  

o f  n u c le a r  b e ta  decay f o r  th e  p a r t i c u l a r  t r a n s i t i o n

[Ni; tfiiV  4: i]-* K; 4 il+e ♦ %
a re  ana logous to  th o se  o f  n u c leo n  b e ta -d e c a y . T hus, th e  t r a n s i t i o n  

m a tr ix  can be w r i t t e n  as

lu i>  C a a ^ ) u t] [ <  _<i7>

The c u r r e n t  m a tr ix  e lem en ts  a re  now decomposed a c c o rd in g  to  th e  

s t r u c tu r e  o f  th e  n u c le u s  and can  b e  w r i t t e n  as
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and

The F - fu n c t io n s  (V, M, A, P) now r e p r e s e n t  th e  weak form  fa c 

t o r s ,  p o la r  v e c to r ,  weak m agnetism , a x i a l - v e c to r ,  and in d u ce d -p seu d o - 

s c a l a r .  The fu n c t io n s  and a re  th e  s p ln o rs  d e s c r ib in g  th e  mo

t io n  o f  th e  I n i t i a l  and f i n a l  n u c le u s  as  a  whole r a t h e r  th a n  th e  con

s t i t u e n t  n u c le o n s .

On th e  b a s i s  o f  th e  CVC and PCAC h y p o th e s e s , th e  fo llo w in g  

e q u a tio n s  can be p a t t e r n e d  on th e  n e u tro n : b e ta  decay :

I )  ana logous to  eq . (4) and (5 ) :

V (20) 

F* (o;Nt- %) * -2(N*Va]

w here and a r e  th e  I n i t i a l  and f i n a l  n u c le u s  m agnetic  mo

m en ts , r e s p e c t iv e ly .

I I )  ana logous to  e q . (9) and (1 0 ):

1 l N i > ‘  - I * ? *
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where i s  th e  p io n - in i t± a l - n u c le u 8- f i n a l - n u c l e u s

v e r te x  fu n c t io n . E q u a tio n s  (20) and (21) y i e l d  w i th in  th e  same approx

im a tio n s  as  f o r  th e  n u c le o n  c a s e ;

•n 1T kL Vi r \ G o ldberger-T riem an
r e l a t i o n  f o r  n u c le i

F o r th e  E-P tre a tm e n t o f  th e  n u c le a r  b e ta  decay p re s e n te d

h e r e ,  th e  quantum  numbers on th e  i n i t i a l  and f i n a l  n u c le i  a re  i d e n t i c a l

to  th e  n u c le o n  b e ta  decay , i . e .  3 t . %  j . For n u c le a r  b e ta

decay w ith  quantum  numbers d i f f e r e n t  from  th o se  o f  th e  n u c leo n  s t a t e s ,

th e  v e c to r  and a x ia l - v e c to r  m a tr ix  e lem en ts  m ust be m o d i f i e d . ^  In

g e n e ra l ,  more form  f a c to r s  a re  in v o lv e d .

2 . A d le r-W e isb e rg e r  P ro ced u re  . ;

The sum r u le  deve loped  by Kim and P rim a k o ff  i s  fu n d am en ta lly

dependen t upon th e  PCAC h y p o th e s is  and th e  e q u a l- tim e  c u r r e n t  commuta-

(8)t io n  (ETC) r e l a t i o n  in tro d u c e d  by Gell-M ann:

h:) (*) = ,  «2>

-i/[ ± i tx  .
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The sym bols 3 f t ; ^  and a r e ,  r e s p e c t iv e ly ,  th e  l s o v e c to r ,  a x i a l

v e c to r  s tr a n g e n e s s - p re s e rv in g  weak c u r r e n t  and th e  t h i r d  component o f  

i s o s p in .

The m a tr ix  e lem en t o f  th e  ETC r e l a t i o n  tak en  betw een th e  f i n a l  

n u c le a r  s t a t e  in  b e ta  decay y ie ld s

( z v i )  < M > , <24>

w hich becomes

(2^ 1) ^  \ Qft -  Q* (°) Q* 1° ) ! ^  ~ ^  •

In tro d u c in g  a  com plete  s e t  o f  h ad ron  s t a t e s ,  I N . >  t h i s  e q u a tio n  can 

be  w r i t t e n  as

(zt,u )£  [2  1 4 4 * .)  1 -  Irbrti}. (25)

S in ce  th e  i n t e r a c t i o n ,  (o ) , w hich  ta k e s  Ng —► i s  ch arg e  r a i s 

in g  (+) and (o) charge  lo w e rin g  ( - ) ,  o n ly  c e r t a i n  s t a t e s  w i l l  con

t r i b u t e  to  th e  sum. Because o f  th e  s e le c t i o n  r u le s  on (o) and 

^  o n ly th e  in te rm e d ia te  d i s c r e t e  and continuum  s t a t e s  w i th
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TJ(n«)-'B(kJ*A»

lWs)-I(Wf)*i;XK) (26>

s w =  s % )

and a l l  v ^ -  H f  s t a t e s  w i l l  c o n t r ib u te  to  th e  suns o v e r  N and N ,8 8

(where B, Q, 1 , S a re  b a ry o n , c h a rg e , i s o s p ln  and s tr a n g e n e s s  quan

tum num bers). T h e re fo re , th e  sums o v e r N and N i o f  th e  I n t e r -S 8
m ed ia te  s t a t e s ,  w hich c o n ta in  b o th  d i s c r e t e  and continuum  s t a t e s ,  can

be w r i t t e n  a s  th e  sum o v e r s t a t e s  below  and above th e  th re s h o ld  f o r

Ng— + 7r (se e  A ppendix I ) .

F o r th e  sum o v e r  th e  s t a t e s  below  th e  p io n  th re s h o ld ,  I s  

(3  5)w r i t t e n  by Kim and P rim a k o ff  '  u s in g  t h e i r  "e le m e n ta ry  p a r t i c l e "
2

t re a tm e n t  f o r  th e  n u c le a r  s t a t e s  i n  th e  ap p ro x im atio n  q —► 0 as

£ [  F,(0; N x - n / M  U 7,

w here $  ^Cf) r e p r e s e n ts  a  " k in e m a tic "  c o e f f i c i e n t , ^  w hich

i s  a  f u n c t io n  o f  th e  s p in  and p a r i t y  o f  th e  n u c le a r  s t a t e s .

F o r complex n u c le i  w ith  c o m p lica ted  en erg y  l e v e l  d iag ram s,

many o f  th e  c o u p lin g  c o n s ta n ts  F ^ (0 ; a re  n o t  known, and

th e r e f o r e ,  th e  c o n v e n tio n a l m ethod o f  i s o l a t i n g  th e  c o n t r ib u t io n

F . ( 0 ;  N.— ► N_) i s  n o t  u s e f u l .  Kim and P r im a k o ff , i n s t e a d ,  e v a lu a te  
A i  f



t h i s  sum o v e r th e  s t a t e s  below  th e  th re s h o ld  by t r a n s i t i o n  from  th e  

"e le m e n ta ry  p a r t i c l e "  tre a tm e n t to  an im pu lse  app ro x im atio n  w ith  a 

p io n  exchange c o r r e c t io n .

Because o f  th e  po o r o v e rla p  o f  th e  n u c le a r  s t a t e s ,  

and §?£ f o r  th e  mass th e  sum o v e r Nj. ( s t a t e s  below

th re s h o ld )  i s  now ex ten d ed  to  in c lu d e  a l l  in te rm e d ia te  s t a t e s .  This 

a llo w s th e  c lo s u re  p ro p e r ty  o f  th e  com plete  s e t  to  be  u sed . T h e re fo re , 

Kim and P rim a k o ff  w r i te

12.

(28)

M i)

=  < ^ & +G« ) K ,r  * « ) -  ( < v £ ) ( < &

-  ( 4 < £ -

■ 1 |  ( t 3)J  ? f> ,

-  I Fn (o;*-»f)| (1*S)2 1 A fiV j]
w here , f o r  th e  p u rpose  o f  e s t im a t in g  th e  ’meson exchange1 te rm s , the  

o p e ra to r  O g n  has been  r e p la c e d  by where i s  assum ed to

v a ry  m o n o to n ic a lly  and s lo w ly  w ith  Ac • ^  The im pu lse  ap p ro x im atio n  

a x ia l  o p e ra to r  0 ^ f\ i s  w r i t t e n  as

ftj

The sum o f  th e  n u c le a r  s t a t e s  above th e  p io n  th re s h o ld  can 

be  w r i t t e n  a s  (se e  A ppendix I I )
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where

V ( 0 ; T ^ i H t ) s  f ( o - r h i M , ) I ? (-n * ,; t N i R * }  ,  (31>

and

l(-j4 jirN f)*  T  j *N*)~0 (-tC;tN,)J (32)

The fu n c t io n s  a re  th e  rf*3-  n u c le a r  t o t a l  c ro s s

s e c t io n s  f o r  IT** a t  th e  t o t a l  l a b o r a to r y  energy  E f  . The

c o n s ta n t  K {0;* N jN * )  p r e s e n ts  a  m easure o f  how f a s t  th e  form  f a c to r  

■ f (o ;  moves o f f - s h e l l .

Combining th e  term s f o r  th e  m a tr ix  e lem en t o f  th e  ETC r e l a 

t i o n ,  th e  sum r u le  f o r  a  f i n a l  s t a t e  b e ta  decay  n u c le u s ,  can be  w r i t 

te n  as
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For th e  s p e c i a l  c a se  o f  A - » p « e % v ;  , t h i s  e q u a tio n  red u c e s  to

I Fa (o; **♦]>)( +• Qv X/o; T*ip) T}>)~ 1 . (34)

Combining th e s e  two e q u a tio n s  y i e ld s  th e  e x p re s s io n

I f  we make th e  a p p ro x im atio n s  t h a t  th e  m eson-exchange b e ta  

decay c o r r e c t io n  f a c t o r ,  S' » i s  n e g l i g ib l e  r e l a t i v e  to  o n e , i . e .

5 * ^  ^  and t h a t

th en  th e  above e x p re s s io n  becomes sim ply

I f - ' v ; i r p j  .  (36>

T h e re fo re , s u b je c t  to  th e s e  a p p ro x im a tio n s , and I k j T p )

would behave as an a d d i t iv e - ty p e  quantum  number as  a  consequence o f  

th e  ETC r e l a t i o n  and th e  PCAC h y p o th e s is .

B. E f f e c t iv e  P io n -N u c le a r  C oupling C o n stan t

D is p e rs io n  r e l a t i o n s  founded on th e  b a s ic  c o n cep ts  o f  c a u s a l

i t y  and a n a l y t i c i t y ,  have been  o f  s i g n i f i c a n t  v a lu e  i n  many f i e l d s  o f  

p h y s ic s  a s  a  phenom enolog ica l fram ework f o r  th e  i n t e r p r e t a t i o n  o f e x p e r-  

m en ta l s c a t t e r i n g  d a ta .  The u se  o f  fo rw ard  d is p e r s io n  r e l a t i o n s  to
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d e te rm in e  p io n  c o u p lin g  c o n s ta n ts  have  been  used  e x te n s iv e ly  f o r  th e  

(18 19 20)n u c leo n  ’ * and more r e c e n t ly  t h i s  approach  h as  been  ex ten d ed

(21 11)to  complex n u c le i .  ’ The b a s ic  fram ework f o r  d e te rm in in g  th e

e f f e c t i v e  p io n -n u c le a r  c o u p lin g  c o n s ta n t  f o r  i s o s p in  I  ■ 1 /2 ,  w i l l  be  

o u t l in e d  h e re .

1. P io n -N u c le a r  Forw ard D isp e rs io n  R e la tio n

E ric so n  and Locher have  shown t h a t  an e f f e c t i v e  p io n -  

n u c le a r  c o u p lin g  s t r e n g th  can be o b ta in e d  from  p io n  s c a t t e r i n g  by nuc

l e i ,  A, w ith  1 = 1 /2 .  D e fin in g  an a n tisy m m e tr ic  s c a t t e r i n g  a m p litu d e ,

th ey  w r i te  th e  d is p e r s io n  r e l a t i o n  f o r  th e  r e a l  p a r t  o f  th e  a n t i 

sym m etric  am p litu d e  as

<»>

T h is  i s  d e f in e d  f o r  a  t a r g e t  w ith  e x c ess  n e u tro n s .  The p io n  

charge  can be re v e r s e d  i f  th e  i s o s p in  component 1^ i s  p o s i t i v e .
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thw here w i s  th e  p io n  t o t a l  ene rgy  and i s  th e  energy  o f  th e  i  p o le .  

The r e a l  c o n s ta n t  J"l^ i s  th e  d im e n s io n le ss  r e s id u e  o f  th e  i ^  p o le  and

i s  p r o p o r t io n a l  to  th e  sq u a re  o f  th e  c o u p lin g  c o n s ta n t  a s  th e  it -AA^ 

v e r te x .  The p o le  term s c o rre sp o n d  to  th e  ground s t a t e  and th e  e x c i te d  

s t a t e s  o f  th e  n e ig h b o r in g  n u c le i  w ith  th e  same n u c leo n  num ber, b u t  

d i f f e r i n g  i n  ch arg e  from  A a c c o rd in g  to  th e  p io n  c h a rg e . The low er

and h as  a  v a lu e  c lo s e  to  z e ro . T h is  c o n d it io n  i s  due to  p h y s ic a l  p io n  

a b s o rp t io n  and i s  r e f e r r e d  to  as  an u n p h y s ic a l  c u t  below  th e  th re s h o ld  

f o r  s c a t t e r i n g .

To o b ta in  an e f f e c t i v e  c o u p lin g  c o n s ta n t ,  E r ic so n  and Locher 

e v a lu a te  e q u a tio n  (38) a t  w h ile  ig n o r in g  term s o f  o rd e r

to  o b ta in

l i m i t  o f  th e  i n t e g r a t i o n  ( 0 o l i e s  i n  th e  u n p h y s ic a l r e g io n  ( CO <  H *  >

The e f f e c t i v e  c o u p lin g  s t r e n g th ,  A g p ?  may be  re g a rd e d  as  th e  sum o f  

th e  r e s id u e s  o f  th e  p o le s ,  , and th e r e f o r e  e q . (39) can be r e 

w r i t t e n  as

| lg  | |
w here *  58 «

U sing  th e  o p t i c a l  theorem

e q . (40) can  be r e w r i t t e n  as



2 . U nphysica l Region

The u n p h y s ic a l  c u ts  f o r  p io n -n u c le u s  ( ir -  ^  ) s c a t t e r in g

adds a  s p e c i a l  f e a t u r e ,  r e l a t i v e  to  th e  n u c le o n ,! in  t h a t  Im f(w ) does 

n o t  e q u a l ze ro  below  th e  p h y s ic a l  th re sh o ld ^  h r • The im ag inary  

p a r t ,  Im f (w ) ,  i n  th e  u n p h y s ic a l  r e g io n  f o r  (0A<<0< M |f  can n o t be 

d i r e c t l y  m easu red . The e x t r a p o la t io n  o f  Im f(w ) from  th e  e l a s t i c  

th re s h o ld  to  I 0 , * 0  have been  made p h e n o m e n o lo g ic a lly ^ "^

by a  c o n tin u a t io n  o f  th e  com plex am p litu d e  above th re s h o ld  by a  r e 

p lacem en t o f  . T h is  le a d s  to  th e  form

1 * ^ IW) «  o f  +  ^(fel +Y IM* + S IM% €  \ k \*  (42)

w here th e  c o e f f i c i e n t s  a r e  g iv en  by th e  complex s ,  p ,  and d wave s c a t 

t e r i n g  l e n g th s ;

o fs f  q !  - 2 R e d 0 I A c i o  X *

g e  o  6 -  5

These low en e rg y  p io n  n u c le a r  s c a t t e r i n g  p a ra m e te rs , ( s c a t 

t e r i n g  le n g th s ,  vo lum es, e t c . )  can b e  o b ta in e d  from  m easurem ent o f  th e  

e le c tro m a g n e tic  l e v e l s  o f  t t  -m e s ic  a tom s. The Bohr l e v e l s  a re  p e r 

tu rb e d  by th e  ir  - n u c le a r  s t r o n g  i n t e r a c t io n  w hich r e s u l t s  in  a s h i f t ,  

& E .  o f  th e  en erg y  l e v e l  as w e l l  a s  b ro a d e n in g ,f* ,  o f  th e  energy  

l e v e l  due to  s tr o n g  a b s o rp t io n  o f  th e  p io n . W ritin g  th e  complex
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energy  s h i f t s  as 

and p wave s c a t t e r in g  le n g th s  a Q and a^ as ( l i n e a r  term s o n ly )

1  k, — 1
E i s  *

(43)

a t-  hi
where Z i s ‘th e  n u c le a r  ch arg e  and a  th e  f in e  s t r u c tu r e  c o n s ta n t .

R e tu rn in g  to  e q u a tio n  (4 1 ) ,  we see  t h a t  th e  e f f e c t i v e  p io n -  

n u c le u s  c o u p lin g  c o n s ta n t  can be o b ta in e d  from  th e  v a lu e  o f  R ef' '(<V 
and from  th e  i n t e g r a l  o f  th e  ir  — - n u c le a r  c ro s s  s e c t io n s  w ith  an ex

te n s io n  b e in g  made i n to  th e  u n p h y s ic a l  re g io n . The s c a t t e r i n g  am p litu d e  

Re f  ( ) i s  d e d u c ib le  from  ir  -n u c le u s  s c a t t e r i n g  le n g th s .  The e v a lu 

a t io n  o f  R e f  as w e l l  as  th e  c o n t r ib u t io n  o f  th e  i n t e g r a l  w i l l  be
3

g iven  i n  s e c t io n  C o f  C hap ter V f o r  th e  He e f f e c t i v e  c o u p lin g  c o n s ta n t .

+  3C. S tro n g  I n te r a c t io n  C ross S e c tio n s  i r — He

+  3N u c le a r  t o t a l  c ro s s  s e c t io n  f o r  i r — He have  been  c a lc u l -  

(12}a te d  by G u rv itz  by means o f  a  Feynman d iagram  te c h n iq u e . The s c a t 

t e r in g  o f  th e  meson by th e  n u c le u s  was re g a rd e d  in  term s o f  s in g l e  

s c a t t e r in g  by each  n u c leo n  and a l l  p o s s ib le  r e s c a t t e r i n g  by th e  rem ain

in g  n u c le o n s . The c o n tr ib u t io n  to  th e  s c a t t e r i n g  am p litu d e  from  th e  

c o rre sp o n d in g  d iagram  f o r  s i n g l e ,  d o u b le , and t r i p l e  s c a t t e r in g  w ere 

c o n s id e re d  to  y i e l d  an e x p re s s io n  f o r  th e  t o t a l  c ro s s  s e c t io n ,

(22)Trueman e x p re s s e s  th e  s -

The s y m b o l i s  th e  r a t i o  o f  th e  r e a l  to  im ag inary  p a r t s  o f  th e  s c a t -
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t e r l n g  am p litu d e  In  th e  fo rw ard  d i r e c t i o n  and

*  O.fcf? k JO** cK *
The s p in  and i s o s p in  o f  th e  n u c le o n s  w ere n o t  tak en  i n to  acco u n t i n  th e  

c a l c u la t io n s .

The r e s u l t s  f o r  th e  c o n tr ib u t io n  o f  th e  r e s c a t t e r i n g  c a lc u l 

a te d  by G u rv itz  c o in c id e s  w ith  th e  c o n tr ib u t io n  c a lc u la te d  u s in g  th e

(23) (24)G lauber m odel. S im ila r  c a lc u la t io n s  were c a r r ie d  o u t by G ribov

f o r  i t  -D s c a t t e r in g  u s in g  th e  d iagram  te c h n iq u e . The r e s u l t s  o b ta in e d

u s in g  th e  Feynman d iagram  te c h n iq u e  a re  v a l id  up to  an  in c id e n t ,  p io n

momentum a t  w hich a  p io n  can be p roduced  in  th e  v i r t u a l  s t a t e



I I I .  EXPERIMENTAL PROCEDURE

The ex p e rim en t was pe rfo rm ed  a t  th e  600 MeV s y n c h ro c y c lo tro n

o f  th e  N .A .S.A . Space R a d ia tio n  E f f e c ts  L a b o ra to ry  (SREL) in  Newport

News, V ir g in ia .  D ata w ere accum ulated  in  th re e  s e p a r a te  c y c lo tro n

ru n s ,  each  ap p ro x im ate ly  a week in  d u r a t io n .  Two c o n v e n tio n a l beam-

l in e s  w ere used  w ith  th e  p io n s  p roduced  by  th e  c y c lo tro n  b e in g  b ro u g h t

to  a  one in c h  d ia m e te r  d e f i n i t i o n  a t  th e  t a r g e t .  D ata  f o r  th e  f i r s t

two ru n s  w ere ta k e n  in  th e  N eutron—Meson a re a  (NMA4), w hich w i l l  be

r e f e r r e d  to  as  Beam I ,  and y ie ld e d  c ro s s  s e c t io n s .  For th e  l a s t

ru n , d a ta  w ere accum ulated  i n  th e  P ro to n —T a rg e t a re a  (PTA), w hich  w i l l  be

d e s ig n a te d  as  Beam I I .  These m easurem ents produced  c ro s s  s e c t io n s

and an a d d i t io n a l  ir~ m easurem ent.

The e x p e rim e n ta l te c h n iq u e  and a p p a ra tu s  used  to  d e te rm in e

th e  c ro s s  s e c t io n s  w i l l  be d e s c r ib e d  in  t h i s  s e c t io n .  A d e s c r ip t io n  
3

o f  th e  He c r y o s ta t ,  a s  w e l l  a s  a  d is c u s s io n  o f  th e  beam c h a r a c t e r i s t i c s ,  

w i l l  a ls o  be  g iven  in  t h i s  s e c t io n .

A. C oun ter D e s c r ip t io n  

The t o t a l  c ro s s  s e c t io n s  w ere m easured by a  t ra n s m is s io n  te c h 

n iq u e . The e x p e rim e n ta l c o u n te r  a rrangem en t used  to  m easure c ro s s  s e c -  
3

t io n s  f o r  th e  He i s  shown in  F ig . ( 1 ) .  A l l  c o u n te rs  e x c e p t th e  

Cerenkov c o u n te r  (n o t shown) w ere p l a s t i c  s c i n t i l l a t i o n  c o u n te rs  ( P i l o t  

B) w ith  each  s c i n t i l l a t o r  view ed th ro u g h  a  L u c ite  l i g h t  p ip e  by Amperex 

56AVP p h o to m u l t ip l i e r s .  The d e s c r ip t io n  o f  th e  Cerenkov c o u n te r  and
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tim e o f  f l i g h t  c o u n te rs  w i l l  be  g iv en  i n  s e c t io n  C.

The in c id e n t  beam from  th e  c y c lo tro n  was c o ll im a te d  to  a  1 1 /2 "  

d iam e te r  by a  le a d  s h ie ld in g  w a l l ,  3 ' w id th , by 2 ' h e ig h t ,  by 2 /3 ' 

d e p th . T h is  w a l l  was e r e c te d  fo u r  f e e t  downstream  o f  th e  l a s t  q u a d ra -  

p o le  m agnet. T hree c i r c u l a r  c o u n te r s ,  S ^ , S2 , and d e f in e d  th e  

in c id e n t  beam s i z e .  C oun ters and S2 w ere p o s i t io n e d  d i r e c t l y  b e h in d  

th e  le a d  s h ie ld in g  and w ere 2" and 1" i n  d ia m e te r  r e s p e c t iv e ly .  Count

e r  S ^ , w hich was p o s i t io n e d  d i r e c t l y  in  f r o n t  o f  th e  M ylar e n tra n c e  

window o f  th e  c r y o s t a t ,  was 1" in  d ia m e te r . C oun ters  S2 and w ere 

s e p a ra te d  by 40". Both and S2 had  a th ic k n e s s  o f  1 /8 " ,  w h ile  

was 1 /32"  th ic k .  The th ic k n e s s  o f  was d e te rm in ed  by a  compromise 

betw een k eep in g  th e  e f f i c i e n c y  o f  th e  c o u n te r  g r e a t e r  th an  95% and 

re d u c in g  th e  number o f  p a r t i c l e s  s c a t t e r e d  o u t o f  th e  in c id e n t  beam by 

th e  c o u n te r  i t s e l f .

F o r th e  f i r s t  d a ta  run  i n  Beam I ,  th e s e  th r e e  c i r c u l a r  co u n t

e r s  d e f in e d  th e  in c id e n t  p io n  s i g n a l ,  T h is  c o u n te r  c o in c id 

ence  was d e s ig n a te d  th e  beam m o n ito r  t r i g g e r  (MT). For th e  second  d a ta  

run i n  Beam 1 and th e  d a ta  run  in  Beam I I ,  two a n t i c o u n te r s ,  and A2 , 

w ere u sed  i n  c o n ju n c tio n  w ith  th e  c i r c u l a r  c o u n te rs  to  d e f in e  th e  i n c i 

d e n t beam a c c o rd in g  to  A jS -^ A ^ S ^ . The p rim ary  p u rp o se  o f  th e s e  coun t

e r s  was to  d e f in e  a  more p a r a l l e l  beam and to  a id  i n  e l im in a t in g  a c c i 

d e n ta l  c o in c id e n c e s . C oun ter A^, w hich had  a  8" x 8" x  1 /4 "  a c t iv e  

p l a s t i c  re g io n  w ith  a  1 1 / 8" d ia m e te r  h o le  a t  i t s  c e n te r ,  was p o s i t io n 

ed betw een th e  le a d  s h ie ld in g  w a l l  and S^. The p u rp o se  o f  A^ was to  

e l im in a te  p a r t i c l e s  from  th e  in c id e n t  beam w hich had  l i p - s c a t t e r e d  from  

th e  in s id e  o f  th e  le a d  c o l l im a to r  and t r a v e r s e d  a  d ia g o n a l p a th  betw een
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th e  edges o f  S2 and S^. The geom etry o f  such  a  p a th  w ould have  r e q u i r 

ed th e  p a r t i c l e  to  p a s s  th ro u g h  A^, th e re b y  r e j e c t i n g  such  an e v e n t as 

a  v a l i d  m a s te r  t r i g g e r  e v e n t.  W ith c o u n te r  In  a n t ic o in c id e n c e ,  th e  

lo s s  o f  beam was l e s s  th an  4%. The a n t ic o u n te r  A2 , w hich had a  6" x  6" 

x 1 /4 "  a c t iv e  r e g io n  w ith  a  1 1 /4 "  d ia m e te r  h o le  a t  I t s  c e n te r ,  was 

p o s i t io n e d  up stream  o f  S^. The I n i t i a l  p u rp o se  o f A2 was to  e l im in a te  

a c c id e n ta l  c o in c id e n c e  In  th e  t ra n s m is s io n  c o u n te rs  caused  by two p a r t 

i c l e s  t r a v e r s in g  th e  beam a x is  w i th in  th e  r e s o lv in g  tim e  r  o f  th e  i n c i 

d e n t beam c o in c id e n c e . Suppose a  p a r t i c l e  t r i g g e r in g  S^, S2 , and 

were fo llo w e d  w i th in  tim e T by a  second  p a r t i c l e  w hich m issed  S^. T h is  

second  p a r t i c l e  co u ld  r e g i s t e r  a  f a l s e  co u n t in  one o f  th e  t ra n s m is s io n  

c o u n te r s .  The number o f  such  e v e n ts  v e to e d  by th e  a n t ic o u n te r  A2 meas

u red  l e s s  th an  .5% o f  th e  in d id e n t  beam.

The u se  o f  an a n t ic o u n te r  p o s i t io n e d  b e fo re  th e  t a r g e t  to  

e l im in a te  t h i s  second  p io n  p rob lem  c a n , how ever, g iv e  r i s e  to  a  s y s te 

m a tic  e r r o r  i n  th e  m easured c ro s s  s e c t io n .  I n c id e n t  p io n s  i d e n t i f i e d  

by th e  m o n ito r  t r i g g e r  may i n t e r a c t  in  th e  t a r g e t  se n d in g  a  p a r t i c l e  

i n to  th e  backw ard h em isp h e re . I f  th e  a n t ic o u n te r  d e te c ts  t h i s  p a r t 

i c l e ,  th e n  a  v a l i d  e v e n t w i l l  be  r e j e c t e d  c a u s in g  a  s y s te m a t ic a l ly  

low er v a lu e  i n  th e  c ro s s  s e c t io n .  The m agnitude o f  th e  e f f e c t  depends 

on th e  s o l i d  a n g le  su b ten d ed  by th e  a n t ic o u n te r  a t  th e  t a r g e t .  The 

c o r r e c t io n  made f o r  t h i s  e f f e c t  was t y p ic a l l y  l e s s  th a n  1% and w i l l  be 

d e s c r ib e d  in  s e c t io n  I  o f  C hap ter IV.

F or th e  s o l i d  t a r g e t s ,  th e  m o n ito r  t r i g g e r  was s l i g h t l y  mod-
q “

i f i e d  from  t h a t  d e s c r ib e d  f o r  th e  H e - ta r g e t ;  T h is  was done b ecau se  

i t  was n o t  alw ays f e a s i b l e ,  from  a  c o n s id e r a t io n  o f  a v a i l a b le  ru n n in g
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t im e , to  remove th e  h e liu m -3  c r y o s t a t  from  th e  beam l i n e ,  once i n  p o s i 

t i o n .  With th e  c r y o s t a t  i n  p o s i t i o n ,  a  f o u r th  c i r c u l a r  c o u n te r ,  S ^ , o f  

1" d ia m e te r  and 1 / 8" th ic k n e s s ,  was p la c e d  d i r e c t l y  b e h in d  th e  e x i t  

window o f  th e  c r y o s t a t .  The s o l i d  t a r g e t s  w ere m ounted Im m edia te ly  ’ 

dow nstream  o f  t h i s  c o u n te r . The m o n ito r  t r i g g e r ,  d e f in in g  th e  in c id e n t  

f lu x  upon th e  t a r g e t ,  th en  became T h is  b e a m -d e fin in g

c o in c id e n c e  was used  b o th  i n  Beam 1 and Beam I I .  Some d a ta  w ere , how

e v e r ,  accum ulated  in  Beam I  w ith o u t th e  h e liu m -3  c r y o s t a t  in  p o s i t i o n .  

Under t h i s  c o n d i t io n ,  o n ly  th e  th r e e  c i r c u l a r  c o u n te r s ,  S^, S£> and S^, 

w ere u sed .

A sm a ll p robe  c o u n te r  1 /4 "  x  1 /4 "  p l a s t i c  s c i n t i l l a n t  meas

u re d  th e  beam p r o f i l e  a t  th e  t a r g e t  p o s i t i o n .  The c o u n te r  was mounted 

upon a  rem o te ly  o p e ra te d  t r a v e r s in g  p la t fo rm  w hich a llo w ed  a  beam p ro 

f i l e  to  be  ta k e n  in  a  h o r iz o n ta l  and v e r t i c a l  d i r e c t i o n .  The m easured 

p r o f i l e s  w ere G aussian  in  shape  w ith  a  t y p i c a l  f u l l - w id th  a t  h a lf -m a x i

mum (FWHM) o f  0 .7 5  in c h e s .  These p r o f i l e s  w ere used  to  a s s u re  p ro p e r  

beam a lig n m e n t and w ere a ls o  used  in  e v a lu a t in g  th e  Coulomb s c a t t e r in g  

c o r r e c t io n  f o r  a  d e f i n i t e  beam s i z e  (se e  s e c t io n  C, C hap ter IV ) .

The t ra n s m is s io n  c o u n te rs  c o n s is te d  o f  a  3 1 /2 "  d iam e te r  d i s c 

shaped  s c i n t i l l a t o r  and fo u r  a n n u la r  shaped  c o u n te rs  w ith  in c r e a s in g  

r a d i i .  The d is c -s h a p e d  s c i n t i l l a n t  was 1 /16" t h ic k  and th e  a n n u la r  

c o u n te rs  w ere 1 /2 "  th ic k .  Each o f  th e  t ra n s m is s io n  c o u n te rs  was view 

ed  from  one s id e  o n ly  by a  w edge-shaped  L u c ite  l i g h t  p ip e .  The d i s c 

shaped  c o u n te r  was d e s ig n a te d  as c o u n te r  T and th e  a n n u la r  c o u n te rs  

l a b e le d  i n  o rd e r  o f  in c r e a s in g  r a d iu s .  The d im ensions o f  th e

in n e r  and o u te r  r a d i i  o f  th e  r in g  c o u n te r s ,  a s  w e l l  as a l l  o th e r
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s c i n t i l l a t o r s  u se d , a re  l i s t e d  i n  T ab le  1.

The t ra n s m is s io n  c o u n te rs  w ere m ounted c o n c e n t r i c a l ly  abou t 

th e  beam a x i s ,  as shown i n  F ig . ( 1 ) ,  w ith  c lo s e s t  to  th e  s c a t t e r in g  

t a r g e t s .  The c o u n te rs  w ere spaced  a p p ro x im ate ly  1 mm a p a r t .  The sy s

tem  o f  r in g  c o u n te rs  was m ounted i n  th e  Beam 11 work on a  rem o te ly  con

t r o l l e d  r a i l  system  which a llo w ed  th e  r in g  c o u n te rs  to  t r a v e r s e  the  

beam a x is ,  chang ing  th e  i n t e r v a l  o f  s c a t t e r i n g  a n g le s  a c c e p te d  by each  

c o u n te r . C ounter T m easured th e  a t t e n u a t io n  o f  th e  in c id e n t  beam, 

w h ile  c o u n te rs  R^-4 maPPe<* o u t a  d i f f e r e n t i a l  t o t a l  c ro s s  s e c t io n  o f  

th e  s c a t t e r i n g  p a r t i c l e s .  The d i f f e r e n t i a l  c ro s s  s e c t io n  was used to  

make th e  c o r r e c t io n  f o r  th e  fo rw ard  n u c le a r  s c a t t e r in g  in to  th e  c o u n te r  

T. The p ro ce d u re  f o r  e x t r a c t in g  th e  fo rw ard  n u c le a r  s c a t t e r in g  in to  

c o u n te r  T u s in g  th e  a n n u la r  c o u n te r s ,  a s  w e l l  as th e  a n a ly s is  o f  th e  

t ra n s m is s io n  m easurem ents to  y i e l d  t o t a l  c ro s s  s e c t io n s  w i l l  be g iven  

in  s e c t io n  B o f  C hap ter IV.

The r a d i i  o f  th e  r in g s  and th e  th ic k n e s s  o f  c o u n te r  T w ere 

chosen to  m inim ize th e  e f f e c t  o f  back  s c a t t e r in g  o f  th e  t r a n s m it te d  

p a r t i c l e  i n to  an a d ja c e n t  r i n g .  In  an e a r ly  d a ta  ru n , under Beam I  

c o n d i t io n s ,  two a d ja c e n t  c o u n te rs  o v e rla p p ed  by 1 /4 " ,  and c o u n te r  T 

h ad  a  th ic k n e s s  o f  1 /2 " .  The rem oval o f  c o u n te r  T from  th e  beam l i n e  

p roduced  a  10% e f f e c t  i n  th e  number o f  p a r t i c l e s  r e g i s t e r e d  i n  coun t

e r s  R^_^. T h is  was a t t r i b u t e d  to  th e  f a c t  t h a t  c o u n te r  T, w hich  n o r

m ally  r e c e iv e d  90-95% o f  th e  t r a n s m i t te d  beam, was back  s c a t t e r in g  

p io n s  i n to  c o u n te rs  C oun ter T was th e n  re d e s ig n e d  as a 1 /16"

th ic k  s c i n t i l l a n t  o f  th e  same d iam e te r , and th e  in n e r  r a d i i  o f  the  

c o u n te rs  ^ w ere in c re a s e d  to  th e  n o n o v e rlap p in g  v a lu e s  l i s t e d  in
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T able  I .  W ith th e s e  new d im en sio n s , th e  rem oval o f  c o u n te r  T produced  

l e s s  th a n  a 2% change in  th e  number o f  p a r t i c l e s  r e g i s t e r in g  in  th e  

a d ja c e n t  c o u n te r s .  A s im i la r  e f f e c t  was o b ta in e d  f o r  th e  rem oval o f  

any o f  th e  o th e r  c o u n te rs  S in ce  th e  e f f e c t  i s  th e  same f o r  b o th

t a r g e t  f u l l  and t a r g e t  empty d a ta  ru n s  to  f i r s t  o r d e r ,  no e x p l i c i t  

c o r r e c t io n  was made.

Because o f  th e  a n n u la r  shape  o f  r in g  c o u n te rs  R^_^, th e  

l i g h t  c o l l e c t i o n  e f f i c i e n c y  f o r  a  p a r t i c l e  t r a v e r s in g  th e  s c i n t i l l a n t  

c lo s e s t  to  th e  p h o to m u l t ip l ie r  was much h ig h e r  th an  f o r  a  p a r t i c l e  

t r a v e r s in g  th e  o p p o s ite  s u r f a c e  o f  th e  r in g .  T h is  e f f e c t  p roduced  

" j i t t e r i n g "  i n  th e  tim in g  cu rv e  b ecau se  o f  th e  d i f f e r e n c e  i n  p u lse  

h e ig h t  from  th e  p h o to tu b e . To m inim ize t h i s  e f f e c t ,  a  t r i a n g u la r  

shaped  d i f f u s e  r e f l e c t i n g  s u r f a c e  was form ed on th e  L u c ite  l i g h t  p ip e  

o f  each  c o u n te r  by p a in t in g  w ith  Tygon p a in t  (S B -3 6 1 -w h ite ) . The a re a  

o f  th e  t r i a n g l e  p a in te d  was p r o p o r t io n a l  to  th e  a re a  o f  th e  r in g  coun t

e r .  T h is  r e f l e c t i n g  s u r f a c e  gave a  p u ls e  h e ig h t  re sp o n se  u n ifo rm  to  

w i th in  30% o v e r  th e  e n t i r e  a n n u la r  s u r f a c e .

The p o s s i b i l i t y  o f  f a l s e  co u n ts  from  Cerenkov l i g h t  produced  

in  th e  l i g h t  g u id es  o f  th e  t ra n s m is s io n  c o u n te rs  was a l s o  i n v e s t ig a te d .  

A l i g h t  g u id e  i d e n t i c a l  to  th e  one used  f o r  c o u n te r  T, b u t  w ith o u t  any 

s c i n t i l l a t o r ,  was m ounted in  p la c e  o f  c o u n te r  T. The number o f  co u n ts  

r e g i s t e r e d  under s ta n d a rd  beam c o n d it io n s  p roved  to  be l e s s  th an  . 1% 

o f  th e  norm al T f lu x .

B. L og ic  C i r c u i t r y

A b lo c k  d iagram  o f  th e  lo g ic  c i r c u i t r y  used  in  th e  experim en t
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i s  shown in  F ig . (2 ) .  A l l  th e  u n i t s  w ere m odular in  form  and w ere com

m e rc ia l ly  m an u fac tu red  (C h ro n e tic s , I n c . ,  E. G. & G ., I n c . ,  o r  O r te c , 

I n c . ) .  The b lo ck s  la b e le d  D a re  s ta n d a rd  100 MHz d is c r im in a to r s  and 

th o se  la b e le d  C a re  c o in c id e n c e  u n i t s .  F o r a l l  th e  c o u n te rs  u sed  in  

th e  ex p e rim en t h ig h  v o l ta g e  p la te a u  and d e la y  cu rv es  w ere tak e n  a t  f r e 

q u e n t i n t e r v a l s .  The o u tp u ts  o f  a l l  d is c r im in a to r s  w ere t y p i c a l l y  s e t  

a t  6 n se c  FWHM e x c e p t f o r  th e  a n t i c o u n te r s , w hich w ere s e t  a t  15 n se c  

FWHM. The in c id e n t  beam c o in c id e n c e  u n i t ,  th e  m o h ito r t r i g g e r ,  was 

g a te d  o f f  f o r  1 m il l is e c o n d  d u r in g  th e  prom pt s p ik e  o f  th e  beam 's m acro

s t r u c t u r e .  For t h i s  1 m sec, p e r io d  th e  in s ta n ta n e o u s  r a t e s  w ere h ig h  

and co u ld  o v e rlo a d  th e  e l e c t r o n i c  c i r c u i t r y ,  in c r e a s in g  th e  p r o b a b i l i t y  

o f  a c c id e n ta l  c o in c id e n c e . Only th e  s t r e t c h e d  p o r t io n  o f  th e  s p i l l  was 

a c c e p te d  f o r  Beam I  and I I .

S ig n a ls  from  th e  t ra n s m is s io n  c o u n te rs  w ere s e n t  to  a  s t ro b e  

c o in c id e n c e  u n i t  (E. G. & G. C126/N)., w hich was s tro b e d  by th e  m o n ito r 

t r i g g e r ,  MT. The w id th s  o f  th e  r e s o lu t io n  cu rv es  f o r  each  c o in c id en c e  

(MT(T) and M T(R^)), w ere a d ju s te d  to  be th e  same w i th in  0 .5  n s e c . T h is  

in s u re d  t h a t  th e  r in g  c o u n te rs  had  th e  same p r o b a b i l i t y  f o r  a d c id e n ta l  

e v e n ts .  The f iv e  o u tp u ts  o f  th e  s t r o b e  u n i t  w ere th e n  s e n t  to  f iv e  

in d iv id u a l  fa n o u t u n i t s .  T h is  p e rm itte d  u s ,  w ith  th e  a id  o f  e q u a l le n 

g th  s ig n a l  c a b le s ,  to  form  e v e ry  c o n c e iv a b le  tw o -fo ld  c o in c id e n c e  among 

th e  t ra n s m is s io n  c o u n te r s ,  i . e . , MT(R^)(T) and MT(R^)(R^) ( i * j ) .

These c o in c id e n c e s  w ere s c a le d ,  a s  w ere th e  f iv e  o u tp u ts  o f  th e  s t ro b e  

u n i t .  The complex c o in c id e n c e s , MT(R^)T and MT(R^) (R j) ( *» *  j  ) w ere 

exam ined m ere ly  f o r  p ro b a b le  s y s te m a t ic  e r r o r s  and w ere n o t  used  in  th e  

c ro s s  s e c t io n  a n a ly s i s .  Each o f  th e  c o in c id e n c e s  t h a t  made up th e
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m o n ito r t r i g g e r  was a ls o  s c a le d .

As a  m easurem ent o f  a c c id e n ta l  c o in c id e n c e s  betw een th e  beam 

m o n ito r , MT, and th e  v a r io u s  t ra n s m is s io n  c o u n te r s ,  th e  m o n ito r t r i g g e r  

in p u t  to  th e  s t r o b e  u n i t  was d e la y e d  54 n s e c .  By d e la y in g  i n  t h i s  way, 

we o b ta in e d  m easurem ents o f  th e  p r o b a b i l i t y  o f  a c c id e n ta l  c o in c id e n c e s . 

The c o r r e c t io n s  made f o r  a c c id e n ta l  c o in c id e n c e s  w i l l  be  d e s c r ib e d  in  

s e c t io n  G o f  C hap ter IV.

C. M easurement o f  Beam C om position

The co m p o sitio n  o f  th e  beam in c id e n t  upon th e  s c a t t e r in g  t a r 

g e t  was m easured in  th e  e a r ly  ru n s  by tim e o f  f l i g h t  (TOF) m ethod, and 

in  th e  l a t e r  runs  by a  t o t a l  a b s o rp t io n  Cerenkov c o u n te r  te c h n iq u e .

The tim e o f  f l i g h t  system  w hich was used  under Beam I  c o n d it io n s  con

s i s t e d  o f  two s c i n t i l l a t i o n  c o u n te rs  w hich w ere s e p a ra te d  by a p p ro x i

m ate ly  4 m e te rs . The s c i n t i l l a t o r s  w ere coup led  d i r e c t l y  to  t h e i r  

p h o to tu b e s  w ith o u t  l i g h t  p ip e s  and gave a tim in g  r e s o lu t io n  o f 300 p se c .

F ig . (3-A) shows a  sc h em a tic  o f  th e  tim e o f  f l i g h t  system '.’ The 

o u tp u t  o f  th e  dow nstream  c o u n te r  T^ form ed th e  s t a r t  s ig n a l  to  a tim e 

to  a m p litu d e  c o n v e r te r  (TAC) and th e  up stream  c o u n te r  was used  as 

th e  s to p  s i g n a l .  The TAC was g a te d  by th e  m o n ito r t r i g g e r  p u l s e ,  MT, 

and th e  o u tp u t o f  th e  TAC was fe d  to  a  512 ch an n el K ic k s o r t  a n a ly z e r .

The r e s u l t i n g  sp ec tru m  c o n s is te d  o f  ir and p  peaks w ith  th e  r e l a t i v e  

a re a s  g iv in g  th e  beam co m p o sitio n . The e le c t r o n s  p r e s e n t  in  th e  i n c i 

d e n t beam w ere few in  number and t y p ic a l l y  cou ld  n o t  be  r e s o lv e d . F ig 

u re s  (10-A , B) show ty p ic a l  s p e c t r a  accum ulated  u s in g  th e  tim e o f  f l i g h t  

sy stem . D isc u ss io n  o f  th e  com puter f i t t i n g  p ro ce d u re  used  i n  e x t r a c t in g



30

th e  c o m p o sitio n  from  th e  TOF s p e c t r a  w i l l  be g iv en  i n  s e c t io n  E o f  

C h ap te r IV.

D uring th e  e a r l i e r  ru n  u n d er Beam I  c o n d i t io n s ,  th e  downstream  

c o u n te r  o f  th e  tim e o f  f l i g h t  sy stem  was p o s i t io n e d  b e h in d  th e  assem bly 

o f  r in g  c o u n te r s .  T h is  a llo w ed  th e  beam co m p o sitio n  to  be m easured  du r

in g  th e  t a r g e t  o u t ru n s ,  b u t  i t  was n e c e s s a ry  to  c o r r e c t  th e  s p e c t r a  

f o r  th e  p io n s  w hich decayed  betw een th e  t a r g e t  and th e  tim e  o f  f l i g h t  

c o u n te r  T2 . D uring th e  l a t e r  runs  i n  Beam I ,  th e  downstream  c o u n te r  

was p o s i t io n e d  a t  th e  t a r g e t  p o s i t i o n  on a  t r a v e r s in g  p la t fo rm , w hich 

a llow ed  th e  c o u n te r  to  be p u t  i n  and o u t  o f  th e  beam. The beam com

p o s i t i o n  was th en  m easured betw een  t a r g e t  i n  and t a r g e t  o u t runs  f o r  a  

g iv en  in c id e n t  e n e rg y .

For th e  d a ta  runs  i n  Beam I I ,  th e  beam co m p o sitio n  was d e te r 

m ined from  a  t o t a l  a b s o rp t io n  Cerenkov cham ber. F ig . (3-B ) shows a  sch e 

m a tic  o f  th e  Cerenkov chamber w ith  th e  a s s o c ia te d  lo g ic  c i r c u i t r y .  The 

chamber used  fo llo w e d  th e  d e s ig n  o f  r e f .  (2 4 ) . The d e te c to r  was 16 

in c h e s  lo n g , 4 1/ 2" in  d ia m e te r , and w a s .l in e d  w ith  an aluminum r e f l e c 

t i v e  l i n e r .  A f lu o ro c a rb o n  r a d i a t o r  (3M C o ., Type FC 75) was u sed  f o r  

a l l  i n c id e n t  e n e r g ie s .

The chamber was v iew ed th ro u g h  a  1 /4 "  th ic k  L u c ite  window a t  

th e  dow nstream  end by a  f iv e  in c h  d ia m e te r  RCA b i - a l k a l i  p h o to tu b e  w ith  

a  g a lliu m -p h o sp h id e  f i r s t  dynode, (No. C70135B). The o u tp u t o f  th e  

Cerenkov d e te c to r  s e rv e d  as  in p u t  to  a  l i n e a r  g a te  (E . G. & G. No. 

LG102/N), which was g a te d  by th e  m o n ito r  t r i g g e r ,  MT. The o u tp u t o f  

th e  l i n e a r  g a te  was th e n  s e n t  to  a  512 ch an n el p u ls e  h e ig h t  a n a ly z e r .

F or th e  beam co m p o sitio n  m easurem ent, th e  f r o n t  fa c e  o f  th e
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Cerenkov chamber was p o s i t io n e d  a t  th e  t a r g e t  l o c a t io n  to  d e te rm in e  f o r  

th e  v a r io u s  e n e rg ie s  th e  in c id e n t  beam co m p o sitio n  a t  th e  t a r g e t .  Dur

in g  d a ta  a c c u m u la tio n , th e  chamber was p o s i t io n e d  12 in c h e s  downstream  

o f th e  t ra n s m is s io n  c o u n te rs  and was used  as a  m o n ito r  o f  th e  com plete  

sy stem . The Cerenkov s p e c t r a  accum ula ted  u nder t h i s  c o n d it io n  w ere 

a n a ly z e d  and checked f o r  c o n s is ta n c y  from  one ru n  to  th e  n e x t .

F ig u re s  (11-ABC) show ty p ic a l  Cerenkov s p e c t r a  m easured a t  

th e  t a r g e t  p o s i t i o n  f o r  Beam I I .  F ig . (12) shows th e  sp ec tru m  o f  th e  

7T beam used  i n  Beam I I .  D isc u ss io n  o f  th e  f i t t i n g  p ro c e d u re  f o r  

e x t r a c t in g  beam co m p o sitio n  w i l l  a ls o  b e  g iv en  in  s e c t io n  E o f  C hap ter 

IV.

D. Beam C h a r a c t e r i s t i c s

1. Beam I

F or th e  d a ta  ru n s  tak e n  in  th e  N eutron-M eson area(NMA4) nega

t i v e  p io n s  w ere p roduced  by th e  600 MeV p ro to n s  in c id e n t  upon an i n t e r 

n a l  carbon  p ro d u c tio n  t a r g e t .  F ig u re  (4) shows a  la y o u t  o f th e  meson 

beam a re a  a t  SREL. A p a i r  o f  9" d ia m e te r  q u a d ra p o le  m agnets i n s id e  th e  

c y c lo tro n  v a u l t  fo cu sed  th e  beam f o r  p a ssag e  th ro u g h  th e  m ain s h ie ld in g  

w a ll  o f  th e  c y c lo tro n . A b en d in g  m agnet, o u ts id e  th e  s h ie ld in g  w a i l  

and a t  a  45° a n g le  to  th e  beam p o r t ,  d e f le c te d  th e  p io n  beam o n to  th e  

e x p e rim e n ta l a p p a ra tu s .  The in c id e n t  p io n  beam was d e te rm in ed  by range 

cu rv e  m easurem ent to  have an energy  o f  240 MeV w ith  an energy  r e s o lu 

t io n  o f  + 4%.

Beam " s t r e t c h in g "  was accom plished  by a "h a rp "  p ro d u c tio n  t a r 

g e t  shaped  from  100 th in  ca rbon  f i b e r s .  W ith th e  du ty  f a c t o r  d e f in e d  as
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th e  r a t i o  o f  th e  d u r a t io n  o f  th e  beam b u r s t  to  th e  s e p a r a t io n  betw een 

beam b u r s t s ,  th e  d u ty  f a c to r  was 20%.

Because th e  p a r t i c l e s  e x i t in g  from  a  g iv en  beam p o r t  have  been  

momentum a n a ly z e d  by th e  m ain m agnetic  f i e l d  o f  th e  c y c lo t ro n ,  i t  was 

n e c e s s a ry  to  d e g ra d e ith e  energy  o f  th e  in c id e n t  beam to  p roduce a  v a r i 

a b le  range  o f  e n e rg ie s .  Both copper and p o ly e th y le n e  w ere u sed  as 

energy  d eg ra d in g  m a t e r i a l s .  The d e g ra d e r  was n o rm ally  in f f n o n t  o f  the  

le a d  c o l l im a to r  dow nstream  o f  th e  b e n d e r . For some o f  th e  d a ta  accumu

l a t e d  u n d er p a r a s i t i c  c o n d i t io n s ,  i t  was n e c e s s a ry  to  p la c e  th e  deg rad 

e r  betw een th e  c y c lo tro n  s h ie ld in g  w a l l  and th e  b en d in g  magnet b ecau se  

o f  p h y s ic a l  l i m i t a t i o n s .  In  th o se  c a s e s ,  th e  d e g ra d e r  was dropped  in to  

p la c e  from  a  c a tw a lk  above th e  e x p e rim e n ta l a re a .  The e n e rg ie s  deve

lo p ed  in  t h i s  m anner ranged  from  130 MeV to  240 MeV and a re  l i s t e d  in  

T ab le  I I ,  a s  a re  th e  o th e r  beam c h a r a c t e r i s t i c s .

An a tte m p t was made to  e x t r a c t  a  7T+  beam u nder th e  same ex

p e r im e n ta l  la y o u t  by r e v e r s in g  th e  p o l a r i t y  o f  th e  main m agnetic  f i e l d  

o f  th e  c y c lo tro n . The p io n s  w ere p roduced  in  th e  backw ard d i r e c t i o n  

( r e l a t i v e  to  th e  p ro to n  beam) from  a  s t a i n l e s s  s t e e l  p ro d u c tio n  t a r g e t .  

Because o f  th e  h ig h  p ro to n  background  and low p io n  f lu x  e n c o u n te re d , no 

v  +  d a ta  w ere tak e n  u nder B eam 'I c o n d it io n s .

2. Beam I I

To p roduce a  ir +  beam, a  second  beam l i n e  in v o lv in g  th e  ex

t r a c te d  p ro to n  beam was u se d . P io n s  w ere p roduced  from  a p o ly e th y le n e  

t a r g e t  p la c e d  in  th e  m agnet h a l l  in  th e  p a th  o f  th e  p ro to n  beam. The 

s to c h a s t i c  cee  was used  to  s t r e t h h  th e  p ro to n  beam r e s u l t i n g  in  a  du ty  

f a c t o r  o f  40%.
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(25)F ig u re  (5) shows a  la y o u t  o f  th e  R isk  '  p io n  c h an n e l used  

to  t r a n s p o r t  th e  p io n s  i n to  th e  e x p e rim e n ta l c o u n tin g  a r e a  (FTA). The 

p io n s  w ere momentum a n a ly z e d  by two b end ing  m agnets , and M2 , and 

w ere fo cu sed  o n to  th e  s c a t t e r in g  t a r g e t  by fo u r  q u a d ra p o le  s i n g l e t s ;

Q^> ^ 2 ’ ^ 3 * an(* ^ 4* A f i e l d  le n s  (q u ad rap o le  d o u b le t  Q | and Q ^), p la c e d  

betw een M  ̂ and Qg, p e rm itte d  s p a t i a l  rec o m b in a tio n  o f  a l l  momenta a t  

th e  second  b e n d in g  m agnet. A 1 1 /2 "  w id th  beam s l i t  was p o s i t io n e d  

betw een Q | and and gave an energy  r e s o lu t io n  o f  +  2%. A 1 /8 "  alum

inum p l a t e  lo c a te d  a t  th e  e n tra n c e  o f  was u sed  to  remove p ro to n s .

The en erg y  o f  th e  in c id e n t  p io n  beam used  was d e te rm in ed  by 

th e  c u r r e n t  s e t t i n g  o f  th e  b en d in g  m agnets and th e  th ic k n e s s  o f  th e  

CH2 p ro d u c tio n  t a r g e t .  E n e rg ie s  ran g in g  from  170 MeV to  295 MeV w ere p rp -  

duced by s e l e c t i n g  p ro d u c tio n  t a r g e t  th ic k n e s s e s  betw een 18" and 

3 1 /2 " .  M easurem ents w ere tak en  a t  270 MeV and 290rMeV b u t  th e  c ro s s  

s e c t io n s  w ere n o t  computed b e c au se  i t  app eared  t h a t  p ro to n s  w ere con

ta m in a tin g  th e  m o n ito r t r i g g e r  s ig n a l .  E n e rg ie s  below  170 MeV w ere 

p roduced  by d e g ra d in g  th e  in c id e n t  beam w ith  CH  ̂ a b s o rb e r  j u s t  b e fo re  

th e  le a d  c o l l im a t in g  w a l l .  T ab le  I I I  c o n s is t s  o f  a  l i s t i n g  o f  th e  

e n e rg ie s  co v ered  in  Beam I I  and t h e i r  r e l a t e d  p a ra m e te rs .

Beam I I  was a ls o  used  to  p ro v id e  a  beam o f  n e g a tiv e  p io n s .

By r e v e r s in g  th e  p o l a r i t y  o f  th e  m agnets , w ith  th e  e x c e p tio n  o f

and Q^, in  th e  p io n  c h a n n e l, a  beam o f  tt was p ro v id e d  w ith  th e  same

r e s o lu t io n  and energy  as  th e  i t  +  beam. One energy  m easurem ent o f  1r 
3

on He was ta k e n  u n d er t h i s  c o n d it io n .
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E. T a rg e ts

1 . S o l id  T a rg e ts

The carbon  and b e ry l l iu m  t a r g e t s  w ere mounted on a  rem o te ly  

o p e ra te d  t r a v e r s in g  p la tfo rm  w hich p ro v id e d  m otion  p e rp e n d ic u la r  to  th e  

beam a x is .  These t a r g e t s  w ere s e p a ra te d  by a 5" b la n k  space  w hich p e r 

m it te d  th e  fo llo w in g  d a ta  runs to  b e  ta k e n  q u ic k ly  f o r  a  g iv en  energy  

and t ra n s m is s io n  c o u n te r - to - t a r g e t  d i s ta n c e :  1) C arbon, 2) B lank , and

3) B e ry lliu m .

The d im ensions and w e ig h ts  o f  th e  carbon  and b e ry l l iu m  t a r g e t s
2

w ere m easured to  d e te rm in e  t h e i r  d e n s i t i e s  and number o f  atom s/cm  . Tfifce 

t a r g e t s  w ere m achined b e fo re  u se  i n  o rd e r  to  " t r u e "  th e  edges o f  th e  

t a r g e t .  The carbon  t a r g e t  had a  mean th ic k n e s s  o f  .660  + .005 in c h e s  

and had  a  d e n s i ty  o f  1 .3 3  + .0 1  g/cm  . The b e ry l l iu m  t a r g e t  used  was 

.720  + .005 in c h e s  th ic k  and had  a  d e n s i ty  o f  1 .8 5  +  .0 1  g/cm ^. A s e c 

ond b e ry l l iu m  t a r g e t  w ith  a  .410  + .005 in c h  mean th ic k n e s s  was a ls o  

u sed . M easurem ents f o r  two b e ry l l iu m  th ic k n e s s e s  p e rm itte d  us to  d e te r 

mine th e  e f f e c t  o f  t a r g e t  s i z e  upon th e  c ro s s  s e c t io n s  (se e  s e c t io n  I ) .
2

The p h y s ic a l  d im ensions and number o f  atom s/cm  a re  g iv en  i n  T able  IV.

2 . L iq u id  ^He C ry o s ta t
3

One hundred  l i t e r s  (STP) o f  He gas (on lo a n  from  C a rn e g ie -  

M ellon U n iv e rs i ty )  w ere l i q u i f i e d  and u sed  as  a  s c a t t e r in g  t a r g e t .  A 

sc h e m a tic  o f  th e  c ry o g e n ic  sy s tem , to g e th e r  w ith  th e  a u x i l i a r y  e q u ip -
3

ment developed  f o r  l iq u i f y in g  and m a in ta in in g  He in  a  l i q u i d  s t a t e ,  

i s  shown in  F ig . (6 ) .  A d e s c r ip t io n  o f  each  o f  th e s e  components and 

t h e i r  fu n c t io n s  w i l l  be g iv en  i n  th e  fo llo w in g  s e c t io n s .
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a . C ry o s ta t  D esign 

3 3A 200 cm He t a r g e t  was suspended  b e n e a th  a  l i q u i d  h e liu m  4
3

r e s e r v o i r  and p la c e d  i n  th e rm al c o n ta c t  w ith  th e  r e s e r v o i r .  The He 

t a r g e t  was housed  i n  a  S u l f r i a n  C o rp o ra tio n  c r y o s t a t ,  w hich had  a  capa

c i t y  o f  ap p ro x im a te ly  30 l i t e r s .  The r e s e r v o i r  was f i l l e d  w ith  l iq u i d  

he liu m  4 from  a  100 l i t e r  l i q u i d  ^He s to r a g e  dew ar. The s to ra g e  dewar

was coup led  to  th e  c r y o s ta t  by a r i g i d  t r a n s f e r  l i n e  w hich  in c o rp o ra te d
4

a v a lv e  to  r e g u la te  th e  He flow . The low er s e c t io n  o f  th e  c r y o s ta t  
3

c o n ta in in g  th e  He t a r g e t  i s  shown in  F ig . (7 ) .
4

The He r e s e r v o i r  o f  th e  c r y o s ta t  was composed o f  an u pper 

and low er s e c t io n  w hich w ere conned ted  by means o f  an ind ium  "0" - r in g  

s e a l ,  as d e s c r ib e d  by B uckle e t a a l . T h is  made i t  p o s s ib le  to  r e -
3

move th e  low er s e c t io n  to  w hich th e  He t a r g e t  was connected  f o r  ea sy  

a c ce ss  to  th e  t a r g e t .  A l i q u i d  n i t r o g e n  j a c k e t  e n c lo se d  th e  u pper s e c 

t io n  o f  th e  ^He r e s e r v o i r  making c o n ta c t  o n ly  a t  th e  neck  o f  th e  dew ar. 

A l l  in n e r  w a l ls  o f  th e  c r y o s t a t  w ere g o ld  p la te d  in  o rd e r  to  red u ce  th e
4

r a d i a t i v e  h e a t in g .  The low er s e c t io n  o f  th e  He r e s e r v o i r  was w rapped

in  t i n  f o i l  f o r  th e  same re a s o n .
3

S u rro u n d in g  th e  He t a r g e t  was a  t i n  f o i l  r a d i a t i o n  s h i e l d ,
4

50 m ils  th ic k  (h e liu m  t a i l ) , w hich was in  th e rm a l c o n ta c t  w ith  th e  He

r e s e r v o i r .  T h is  t a i l  p ro v id e d  a h e a t  s h i e l d  a t  ap p ro x im a te ly  th e  same
3

te m p e ra tu re  as th e  l i q u i d  He t a r g e t  and th e re b y  red u ced  th e  tu rb u le n c e  

o f  th e  l i q u i d  due to  b o i l i n g .  S u rround ing  th e  h e liu m  t a i l  was a  1 /1 6 "  

t h ic k  copper r a d i a t i o n  s h i e l d  (n i t ro g e n  t a i l ) , p la c e d  in  th e rm a l c o n ta c t  

w ith  a l i q u i d  n i t r o g e n  j a c k e t .  A l l  s u r f a c e s  o f  th e  h e liu m  and n i t r o g e n  

t a i l s  w ere c le a n e d  and p o l is h e d  to  c r e a te  s u r f a c e s  o f  low e m is s iv i ty .
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Q u a r te r -m il  a lu m ln ized  M ylar was used  as e n tra n c e  and e x i t  windows o f  

th e  n i t r o g e n  and h e liu m  t a i l s  In s te a d  o f  copper and t i n ,  r e s p e c t iv e ly .  

T h is  was to  m inim ize th e  n o n - ta r g e t  m a te r i a l  in  th e  beam w h ile  s t i l l  

p r o te c t in g  a g a in s t  In c id e n t  r a d i a t i o n .

A s t a i n l e s s  s t e e l  vacuum j a c k e t  com pleted  th e  e n c lo s u re  o f  

th e  c r y o s t a t .  F i f te e n  m il M ylar was u sed  f o r  th e  e n tra n c e  and e x i t  

windows o f  th e  vacuum j a c k e t ,  w hich w ere  4 .0 "  in  d ia m e te r . The M ylar 

was c a p tu re d  by a  d oub le  0- r l n g  (neop rene) s e a l  betw een  a  f la n g e  on 

th e  vacuum j a c k e t  and a  r e t a in in g  r in g  w hich cou ld  be clam ped to  th e  

vacuum f la n g e .  A 2" d iam e te r  vacuum l i n e  coup led  th e  c r y o s t a t  to  a 

p o r ta b le  pumping s t a t i o n .  The pumping s t a t i o n  c o n s is te d  o f  a  4" d ia 

m ete r o i l  d i f f u s io n  pump (CVC type-PMC 720-A) w ith  a  l i q u i d  n i t r o g e n

coo led  b a f f l e .  A h e liu m  le a k  d e te c to r ,  w hich cou ld  be c a l i b r a t e d  to  

3 4se n se  He oaru He l e a k s ,  was co u p led  to  th e  system  to  i n d ic a te  vacuum 

le a k s  t h a t  m igh t develop  d u r in g  th e  co u rse  o f  th e  e x p e rim e n t.
3

b .  He T a rg e t
3

The He t a r g e t  was a  c y l i n d r i c a l  s t a i n l e s s  s t e e l  v e s s e l ,

2 .375  + .005" in  d iam e te r  by 2 .575  + .009  in c h e s  in  le n g th  w ith  th e  

symmetry a x is  o f  th e  c y l in d e r  a l ig n e d  w ith  th e  beam a x i s .  A f e r r u l e  

was w elded a t  each  end o f  th e  c y l in d e r  i n to  w hich an end window cou ld  

be s e a le d .  The end windows f o r  th e  t a r g e t  i n i t i a l l y  c o n s is te d  o f  3 m il 

s t a i n l e s s  s t e e l ,  w hich was H e l ia r c  w elded  betw een two s t a i n l e s s  s - te e l 

r in g s .  The o u ts id e  r in g  had  an in s id e  d ia m e te r  o f  2 .3 2 5 "  and o u ts id e  

d iam e te r  of£ 2 .6 2 5 " , and a  th ic k n e s s  o f  1 /3 2 " . The in s id e  r in g  was o f  

th e  same d im ensions and had a  c y l i n d r i c a l  l i p  w hich m ated to  th e  f e r r u l e  

o f  th e  t a r g e t  c y l in d e r .  Once in  p o s i t i o n ,  t h i s  window was s e a le d  to  th e
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t a r g e t  w ith  low te m p e ra tu re  ind ium  s o ld e r .  T h is  a rrangem en t f o r  th e  
3
He t a r g e t  window was used  f o r  d a ta  o b ta in e d  i n  Beam 1 .

Because o f  th e  d i f f i c u l t y  e n c o u n te re d  in  m aking th e  ind ium  

s e a l s  a t  th e  windows le a k  p ro o f  a t  l i q u i d  h e liu m  te m p e ra tu re s , and a ls o
3

to  im prove th e  r a t i o  o f  He s c a t t e r i n g  m a te r ia l  to  t o t a l  s c a t t e r i n g  
3

m a te r ia l  ( He + empty t a r g e t ) , th e  window and s e a l  w ere d ed esig n ed .

The 3 m il s t a i n l e s s  s t e e l  was re p la c e d  by a  sandw ich o f  two 5 m il 

M ylar s h e e ts  bonded w ith  an a d h e s iv e  o f  Epon-V ersam id. A 50%-50% mix

t u r e ,  by w e ig h t,  o f  Epon No. 828 (p roduced  by th e  S h e l l  Chem ical C o.) 

and V e rsa id  No. 125 (produced  by th e  G en era l M i l l s ,  I n c . )  was u sed .

The r e s u l t i n g  10 m il M ylar was th e n  bonded w ith  Epon-V ersaM d to  a  cop

p e r  r in g  and r in g  f la n g e  o f  th e  same d e s ig n  as  d e s c r ib e d  f o r  th e  s t a i n 

l e s s  s t e e l  window. The j o i n t  was m ec h a n ic a lly  clam ped by 16 screw s 

w hich b ro u g h t to g e th e r  th e  two copper r in g s  and th e  M ylar. A l l  s u r f a c e s  

t h a t  w ere bonded w ere f i r s t  c le a n e d  w ith  a c e to n e  and l i g h t l y  sand

b l a s t e d  w ith  a  f in e  pow der. Copper was used  in s te a d  o f  th e  s t a i n l e s s

s t e e l  b ecau se  o f  th e  tendency  o f  th e  M y la r - s ta in le s s  j o i n t  to  c ra c k  when

(27)c o o led  to  c ry o g e n ic  te m p e ra tu re s . The M y la r-co p p er window was th en

bonded to  th e  t a r g e t  c y l in d e r  w ith  Epon-Versam id a d h e s iv e , r e p la c in g  

th e  ind ium  s o ld e r  j o i n t .  S u c c e ss iv e  la y e r s  o f  a d h e s iv e  w ere a p p l ie d ,  

a llo w in g  th e  p re v io u s  l a y e r  to  p a r t i a l l y  c u re  b e fo re  th e  n e x t  l a y e r  was 

added . T h is  a d h e s iv e  p roved  to  g iv e  a  m e c h a n ic a lly  s t r o n g ,  vacuum 

t ig j i t  jo in g .

T h is  a rran g em en t o f  th e  10 m il M ylar window f o r  th e  s c a t t e r i n g

t a r g e t  was used  u nder Beam I I  c o n d i t io n s .  The 10 m il M ylar windows gave
3 3 2a  r a t i o  o f  He to  He p lb s  empty t a r g e t  m a te r i a l  (g/cm  ) o f  72%. T h is
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r e p re s e n te d  an im provem ent o f  5% o v e r  th e  s t a i n l e s s  windows,

c . Gas H andling  System

F ig . (8 ) shows a  sch em a tic  o f  gas h a n d lin g  system  used  i n  th e

3 3l i q u i f i c a t i o n  and rec o v e ry  o f  th e  He g a s . The He gas was n o rm a lly  

s to r e d  in  a  20 l i t e r  s t a i n l e s s  s t e e l  c y l in d e r  a t  a  p r e s s u re  o f  a p p ro x i

m ate ly  65 p s ig .  The s to ra g e  c y l in d e r  was co n n ec ted  to  th e  gas p a n e l 

th ro u g h  a m e te rin g  v a lv e  which was u sed  to  r e g u la te  th e  flow  r a t e  and 

to  d e c re a se  th e  h ig h  c y l in d e r  p r e s s u r e  to  a  l e v e l  more e a s i l y  h an d led  

by th e  r e s t  o f  th e  gas system . The gas p a n e l c o n s is te d  o f  a  double
3

p i s to n  pump w hich was used  to  t r a n s f e r  th e  He to  and from  th e  s c a t -
3

t e r i n g  t a r g e t ;  a  l i q u i d  n i t r o g e n  c o ld  t r a p ,  used  to  p u r i f y  th e  He gas 

b e fo re  l i q u i f i c a t i o n ;  a  W allace  and T ie rn a n  0-2  a tm osphere  a b s o lu te  

p r e s s u r e  m anom eter (Model FA145), u sed  to  m easure th e  v ap o r p r e s s u r e
3

o f  th e  l i q u i d  He; and a  V acsorb pump.
3

The doub le  p i s to n  pump used  to  t r a n s f e r  th e  He gas was s im -

f28)i l a r  to  t h a t  d e s c r ib e d  by Erdman. The upper p i s to n  chamber was

used  a s  a pumping s t a t i o n .  T e f lo n  0 - r in g s  w ere u sed  a s  s e a l s  f o r  th e  

p i s t o n s .  Two " p o p - i t"  v a lv e s  co n n ec ted  to  th e  to p  chamber d e te rm in ed  

th e  d i r e c t i o n  o f  gas flow  th ro u g h  th e  pump. The second  p i s to n  chamber 

was u sed  to  d r iv e  th e  u pper p i s to n .  Dry n i t r o g e n  gas a t  ^p re ssu re s  up 

to  85 p s ig .  was u sed  to  o p e ra te  th e  low er p i s to n .  A i four-w ay  s o le n o id  

v a lv e  r e g u la te d  th e  n i t r o g e n  gas p r e s s u r e  to  p ro v id e  up and down c y c l

in g  o f  th e  pump. A v a r i a b le  sp eed  c o n t r o l  u n i t  r e g u la te d  th e  p e r io d  

o f  th e  pumping c y c le .

The l i q u i d  n i t r o g e n  c o ld  t r a p  c o n s is te d  o f  s i x  s t a i n l e s s  s t e e l  

c y l in d e rs  c o n ta in in g  a c t iv a t e d  c h a rc o a l  and con n ected  i n  s e r i e s .  The
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c y lin d e rs  w ere p la c e d  in  a  l i q u i d  n i t r o g e n  b a th  to  remove th o se  im p u ri

t i e s  in  th e  ^He gas w hich condense above 77° K. The c h a rc o a l  t r a p  was 

i n i t i a l l y  baked  i n  a  h e a t in g  j a c k e t  and ev a cu a ted  b e fo re  .each u se .

A ll  e le m en ts  o f  th e  gas p a n e l w ere connected  w ith  1 /4 "  copper 

tu b in g . A Marsh v acu u m -p ressu re  gauge was p la c e d  in  th e  l i n e  betw een 

th e  m e te rin g  v a lv e  and th e  20 l i t e r  s to r a g e  ta n k  to  r e g i s t e r  th e  p re s 

s u re  in  th e  ta n k . O th er Marsh vacuum -p ressu re  gauges w ere p la c e d  a t  

v a r io u s  c r i t i c a l  p o in ts  i n  th e  gas p a n e l l i n e s .

The gas p a n e l was coup led  to  th e  c ry o g e n ic  s c a t t e r i n g  ta g g e t  

by two lo n g  1 /8 "  o .d .  by 0 .0 2 0 "  w a l l  s t a i n l e s s  s t e e l  tu b e s  w hich s e r 

ved as  th e  in p u t  and r e tu r n  l i n e s  f o r  th e  ^He g a s . The s t a i n l e s s  tu b es
4

p a sse d  th ro u g h  th e  l i q u i d  He r e s e r v o i r  and p e n e tr a te d  th e  bo ttom  i s e -
3

l a t i o n  p l a t e  o f  th e  r e s e r v o i r  i n to  th e  He t a r g e t  cham ber. The two 

tu b es  w ere c a r e f u l ly  h a rd  s o ld e re d  to  th e  1 /4 "  th ic k  s t a i n l e s s  s t e e l
4

p l a t e  w hich  s e p a r a te d  th e  t a r g e t  r e g io n  from  th e  He r e s e r v o i r  s e c t io n
3

to  p re v e n t  m ixing o f  th e  i s o to p e s .  The in p u t  l i n e  f o r  th e  He was
4

wound in  a  h e l i c a l  c o i l  to  enhance h e a t  exchange w ith  th e  He. The gas
3

p a n e l ,  s t a i n l e s s  s t e e l  tu b in g , and He t a r g e t  th u s  form ed a  c lo s e d  s y s 

tem w hich was i n i t i a l l y  pumped o u t by th e  V acsorb pump,

d. T a rg e t  P r e p a ra t io n
3

The p ro c e s s  used  in  p r e p a r in g  th e  He t a r g e t  was th e  fo llo w in g :

A f te r  th e  c r y o s t a t  and gas p a n e l proved  to  be le a k - p ro o f  a t

room te m p e ra tu re , th e  l i q u i d  n i t r o g e n  j a c k e t  o f  th e  c r y o s t a t  was f i l l e d .
4

Cold n i t r o g e n  gas was a ls o  a llo w ed  to  flow  in to  th e  He r e s e r v o i r  s e c 

t io n  u n t i l  a  te m p e ra tu re  o f  ~  125°K was a t t a in e d .  Cold h e liu m  4 gas 

from  th e  100 l i t e r  l i q u i d  h e liu m  s to ra g e  dewar was th e n  a llo w ed  to  flow



40

i n to  th e  r e s e r v o i r ,  c o n tin u in g  th e  c o o lin g  p ro c e s s .  The i n i t i a l  co o l

down to  l i q u i d  n i t r o g e n  te m p e ra tu re  p roceeded  s lo w ly , ta k in g  2-3  h o u rs ,  

i n  o rd e r  to  p re v e n t  vacuum le a k s  due to  d i f f e r e n t i a l  c o n tr a c t io n s  in  

th e  t a r g e t .  The le a k  d e te c to r  coup led  to  th e  sy stem  m o n ito red  th e  sy s 

tem f o r  th e  developm ent o f  le a k s  d u r in g  and a f t e r  cool-dow n. The temp

e r a t u r e  d u r in g  co il-dow n  was m o n ito red  by two c o p p e r-c o n s ta n ta n  therm o-
4

c o u p le s , one f a s te n e d  to  th e  He t a i l  and th e  o th e r  to  th e  n i t r o g e n  

t a i l .  Once th e  l i q u i d  h e liu m  began  to  c o l l e c t  in  th e  r e s e r v o i r ,  i t  

c o u ld  be  f i l l e d  r a p id ly .  The r e s e r v o i r  was n o rm a lly  f i l l e d  to  a  20-
4

25 l i t e r  c a p a c i ty .  The v a lv e  o f  th e  He t r a n s f e r  l i n e  was th en  c lo s e d , 

i s o l a t i n g  th e  s to r a g e  dewar from  th e  c r y o s t a t .  The e n t i r e  c o o lin g  p ro 

c e ss  (T = 300° K to  T = 4 .2 °  K) took  4-5  h o u rs .
3

With th e  h e liu m  4 r e s e r v o i r  f u l l ,  a  sm a ll amount o f  He gas
3

was a llo w ed  to  flow  i n to  th e  s c a t t e r i n g  t a r g e t  to  t e s t  f o r  He le a k s
4

a t  l i q u i d  He te m p e ra tu re . The 0 -2  a tm osphere  W allace and T ie m a n
3

a b s o lu te  p r e s s u r e  manometer w hich was coup led  to  th e  c lo s e d  He s y s -
3

tern m o n ito red  th e  amount o f  He gas t r a n s f e r r e d  to  th e  t a r g e t  c e l l .

T h is  p r e s s u r e  gauge was a ls o  u sed  to  m o n ito r th e  t a r g e t  v apo r p r e s -

3 (29)s u re  a f t e r  l i q u i f i c a t i o n  o f  th e  He in  o rd e r  t h a t  i t s  d e n s i ty  cou ld

b e  d e te rm in e d .

S in ce  th e  n o r m a l  b o i l i n g  p o in t  o f  l i q u i d  ^He o c c u rs  a t  4 .2 °  K 

and h e liu m  3 l i q u i f i e s  a t  3 .2 °  K voider norm al p r e s s u r e ,  i t  was n e c e s s a ry
4

to  low er th e  te m p e ra tu re  o f  th e  He r e s e r v o i r .  T h is  in v o lv e d  pumping on 

th e  ^He r e s e r v o i r ,  i n  o rd e r  to  low er i t s  v apo r p r e s s u r e  and c o n seq u e n tly  

i t s  te m p e ra tu re . W ith th e  to p  o f  th e  r e s e r v o i r  vacuum s e a le d ,  th e  s y s 

tem was pumped by a  425 1 /m in . Welch m ech an ica l pump th ro u g h  a  1" d ia -
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m eter pumping p o r t .  I n te r r u p t in g  th e  pumping sy s tem , betw een th e  r e s e r 

v o i r  and th e  m ech an ica l pump, was a c a r t e s i a n  m an o sta t w hich was

used  to  r e g u la te  and m a in ta in  a  s e t  He v a p o r p r e s s u r e .  A 0 -1  atm os

p h e re  W allace  and T ie rn a n  a b s o lu te  p r e s s u r e  gauge (Model FA145) was 

used  in  o rd e r  to  m o n ito r  th e  r e s e r v o i r  v ap o r p r e s s u r e .  The v ap o r p r e s 

s u re  was u s u a l ly  m a in ta in e d  a t  110 mm o f  Hg, w hich co rre sp o n d ed  to  a  

te m p e ra tu re  o f  2 .7 °  K. T h is somewhat a r b i t r a r y  te m p e ra tu re  was chosen

to  r e s t r i c t  th e  te m p e ra tu re  betw een 2 . 2°  K, and A p o in t  f o r  ^He and
o 3 ‘ 2

3 .2  K, norm al c o n d e n sa tio n  p o in t  f o r  He. S ince  th e  He t a r g e t  was
4

in  th e rm a l c o n ta c t  w ith  th e  r e s e r v o i r ,  th e  m easurem ent o f  th e  He vapor

p re s s u re  gave a  second  m ethod f o r  d e te rm in in g  th e  te m p e ra tu re  and 

3d e n s i ty  o f  He.

A b y -p a s s  v a lv e  w ith  1" o r i f i c e  was i n s t a l l e d  i n  p a r a l l e l  « 

w ith  th e  m a n o s ta t. T h is  was u t i l i z e d  i n  th e  i n i t i a l  pump-down o f  the  

r e s e r v o i r  and i n  any r e f i l l i n g  o f  th e  r e s e r v o i r  a f t e r  th e  tem p e ra tu re  

had been  s e t  a t  2 .7 °  K. A f te r  th e  v a p o r p r e s s u r e  had  been  low ered  to  

abou t 125 mm o f  Hg, fo llo w in g  an i n i t i a l  pum ping, th e  b y -p a s s  b a l l -  

v a lv e  was c lo s e d  and th e  C a r te s ia n  m an o s ta t w ith  i t s  1 /8 "  pumping 

o r i f i c e  th en  r e g u la te d  th e  v a p o r p r e s s u r e .

W ith th e  ^He r e s e r v o i r  c o o le d  to  th e  d e s ir e d  te m p e ra tu re , th e

3 3main v a lv e  o f  th e  20 l i t e r  He s to r a g e  ta n k  was opened. The He gas

was f i r s t  p a s se d  th ro u g h  th e  l i q u i d  n i t r o g e n  c o ld  t r a p  to  a id  in  remove

in g  r e s id u a l  im p u r i t i e s .  As th e  gas p a s se d  th ro u g h  th e  1 /8 "  d iam e te r
3

in p u t  l i n e  i n  th e  r e s e r v o i r ,  th e  He l i q u i f i e d  and c o l l e c te d  in  th e  

t a r g e t  volum e. The p i s to n  pump was u sed  to  empty th e  20 l i t e r  s to r a g e
3

ta n k  and to  pump th e  He gas tow ard  th e  c r y o s t a t .  The e n t i r e  p ro c e s s
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o f  l i q u i f i c a t i o n  took  2 -3  h o u rs .

U n like  th e  s o l i d  t a r g e t  a rrangem en t w here a  t a r g e t - o u t  run
3

fo llo w ed  a  t a r g e t - i n  ru n , a  s e r i e s  o f  He t a r g e t - f f i l l  runs w ere tak en  

o v e r a s e t  o f  e n e rg ie s  b e fo re  th e  c o rre sp o n d in g  t a r g e t - o u t  ru n s  w ere 

ta k e n . In  o rd e r  to  have th e  t a r g e t - f u l l  and ta rg e t-e m p ty  d a ta  ru n s  a t  

a g iv en  energy  fo llo w  each  o th e r  a s  c lo s e ly  as p o s s ib le  in  t im e , th e  

p ro c e s s  used  was n o rm a lly  th e  fo llo w in g : A s e r i e s  o f  ta rg e t-e m p ty  runs

w ere tak en  o v e r  an en e rg y  range  w ith  th e  c r y o s t a t  a t  2 .7 °  K. The t a r 

g e t was th e n  f i l l e d  and th e  d a ta  ru n s  tak e n  o v e r th e  same energy  ra n g e . 

W ith th e  t a r g e t  s t i l l  f ih l l , a  second  s e t  o f  ru n s  was tak en  o v e r a  d i f 

f e r e n t  s e t  o f  e n e r g ie s ,  a f t e r  w hich th e  t a r g e t  was em ptied  and th e  c o r

re sp o n d in g  empty ru n s  w ere ta k e n .
3

S ince  th e  He t a r g e t  was n o rm a lly  em p tied  w h ile  th e  c r y o s ta t  

was a t  2 .7 °  K, a sm a ll h e a t in g  r e s i s t o r  a t ta c h e d  to  th e  t a r g e t  was u t i 

l i z e d  to  h a s te n  e v a c u a t io n . A 10 ohm, 1 /4  w a t t  carbon  r e s i s t o r  was 

f a s te n e d  to  th e  u n d e rs id e  o f  th e  t a r g e t  by c ry o g e n ic  epoxy (H elex  Epoxy 

P ro d u c ts ,  ty p e  R313). A c u r r e n t  o f  500-700 ma p a s s in g  th ro u g h  th e  r e -
3

s i s t o r  p ro v id e d  s u f f i c i e n t  h e a t  in p u t  to  s lo w ly  v a p o r iz e  th e  He. The

p is to n  pump was used  i n  ju n c t io n  w ith  th e  carbon  r e s i s t o r  to  pump th e  
3
He gas back  in to  th e  20 l i t e r  s to r a g e  ta n k . The p ro c e s s  o f  em ptying 

th e  t a r g e t  took  3 -4  h o u rs .

F . Energy M easurement

The energy  and energy  s p re a d  o f  th e  p io n  b eam s’w ere  o b ta in e d  

from  a n a ly s i s  o f  d i f f e r e n t i a l  range  c u rv e s  in  co p p er. The ran g e  t e l e 

s c o p e , shown in  F ig . (9 -A ), was p o s i t io n e d  in  f r o n t  o f  th e  le a d  c o l l i 
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m ato r. The te le s c o p e  c o n s is te d  o f  two p l a s t i c  s c i n t i l l a t o r s ,  and

VIp p la c e d  in  f r o n t  o f  a  v a r i a b le  copper a b s o rb e r , w ith  two p l a s t i c

s c i n t i l l a t o r s ,  and W^, p la c e d  b e h in d  th e  a b s o rb e r . C oun ters  and

W2 w ere 2" x 2" x  1 /4 " .  had  d im ensions o f  5" x  5" x  1 /8 " ,  w h ile

W^, which was used  as  an a n t i c o u n te r ,  was 10" x 10" x 1 /4 " .

The v a r i a b le  beam d e g ra d e r  c o n s is te d  o f  12" x 12" copper 

p l a t e s  whose t o t a l  th ic k n e s s  cou ld  be  changed in  s te p s  o f  1 /1 6 " .

T his "co p p e r-d ro p p e r"  worked on an in c l in e d  p la n e  p r in c ip le  w ith  each  

p l a t e  r id in g  d o w n h ill on a s e t  o f  b a l l  b e a r in g s .  The in d iv id u a l  p l a t e s  

w ere h e ld  o u t o f  th e  beam l i n e  by a  s p r in g - lo a d e d  l e v e r  arm w hich cou ld  

be rem o te ly  r e le a s e d  to  a llo w  th e  p l a t e  to  s l i d e  i n to  p la c e .  The p l a t e s  

w ere h e ld  v e r t i c a l  betw een two grooved p la tfo rm s  to  a s s u re  p ro p e r  a l ig n 

m ent. A t e l e v i s i o n  cam era m o n ito red  th e  p o s i t io n  o f  each  p l a t e  upon 

r e l e a s e .

A th in  a b s o rb e r ,  u s u a l ly  a  1 /1 6 "  i r o n  p l a t e ,  was i n s e r t e d  be

tween c o u n te rs  and W^. T h is  a b s o rb e r  was used  to  in c r e a s e  th e  s to p 

p in g  t a r g e t  th ic k n e s s  and had  th e  e f f e c t  o f  in c r e a s in g  th e  s i g n a l - t o -  

n o is e  r a t i o .

A p l o t  o f  th e  c o in c id e n c e  (W  ̂ in  a n tic o in c id e n c e )  p e r
2

W12 v e rs u s  th e  g/cm o f  th e  copper a b s o rb e r  y ie ld e d  a  peak  a t  th e  mean 

range  o f  th e  in c id e n t  p io n  beam. F ig u re s  (9-B) and (9-C) show they  

ty p ic a l  range  cu rv e s  tak e n  in  Beam I  and Beam I I .  The c e n t r o id  o f  th e  

peak was d e te rm in ed  by a  l e a s t  sq u a re  cu rve  f i t t i n g  com puter code (se e  

s e c t io n  E , C hap ter IV ). The d i s t r i b u t i o n  was f i t t e d  to  a  G aussian  

w ith  a  s lo p in g  background .
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The mean range  de te rm in ed  In  t h i s  maimer r e p re s e n te d  th e  mean 

d ep th  o f  p e n e t r a t io n  a lo n g  a  s t r a i g h t  l i n e .  The a c tu a l  p a th  le n g th  o f  

th e  p lo n  In  th e  a b s o rb e r  I s  alw ays l a r g e r  th a n  th e  m easured ran g e  be

cause  o f  m u l t ip le  Coulomb s c a t t e r i n g .  C o r re c t io n s  to  th e  mean range

(31)fo r  m u lt ip le  s c a t t e r i n g  w ere made fo llo w in g  th e  p ro ce d u re  o f  Lewis 

(32)and J a n n i  and w ere o f  th e  o rd e r  o f  a  p e rc e n t  o r  l e s s .

The mean ran g e  was a ls o  c o r r e c te d  f o r  th e  energy  lo s s  In  coun t

e r s  W^, W£, and Wg. The amount o f  copper th ic k n e s s  e q u iv a le n t  to  th e  

energy  lo s s  In  th e  c o u n te rs  was added to  th e  mean ra n g e . T his eq u iv a len ti 

amount o f  co p p e r, Ax , was o b ta in e d  by s o lv in g  th e  e q u a tio n

/  a f * * L  * f a x ’l l  ■ e n f r c y  l o s s  .*  «Cu. *  \ Sc INT.

An e q u iv a le n t  amount o f  copper f o r  o n e -h a l f  th e  th ic k n e s s  o f  th e  1 /16" 

I ro n  p l a t e  was a ls o  added . O n e -h a lf  o f  th e  th ic k n e s s  was used  b ecau se  

th e  maximum c o u n tin g  r a t e  co rre sp o n d s  to  th e  p io n s  w ith  th e  m ost p ro 

b a b le  energy  s to p p in g  i n  th e  m idd le  o f  th e  i r o n  p l a t e .  The energy  o f  

th e  in c id e n t  beam was th en  d e te rm in ed  by th e  use  o f  a  ran g e -e n e rg y  

t a b l e . (33)

When th e  f lu x  o f  muons i n  th e  in c id e n t  beam was h ig h .en o u g h  

to  y i e l d  good s t a t i s t i c s ,  th e  mean ran g e  o f  th e  muons was a ls o  d e te r 

m ined. S in ce  th e  p io n s  and muons in  th e  in c id e n t  beam have th e  same 

momentum, t h i s  p ro v id e d  a  second  m ethod o f  o b ta in in g  th e  i n c id e n t  e n e rg y .

F or two o f  th e  Beam I I  m agnet c u r r e n t  s e t t i n g s ,  a s e p a r a te  ex -

0 4 )p e r im e n ta l  group had  d e te rm in ed  th e  i n c id e n t  energy  o f  th e  p lo n  chan

n e l  by th e  w ire  o r b i t  te c h n iq u e . The two d i f f e r e n t  m ethods y ie ld e d  

agreem ent to  w i th in  1%, w ith  th e  ran g e  c u rv e  m ethod p ro d u cin g  th e  low er
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v a lu e  o f  th e  two.

The energy  r e s o lu t io n  o f  th e  i n c id e n t  beam was d e te rm in ed  from

th e  f u l l - w id th  a t  half-m axim um  (FWHM) o f  th e  f i t t e d  G a u ss ia n . The w id th

o f  th e  m easured  d i f f e r e n t i a l  ran g e  cu rve  can be e x p re s se d  as  th e  r e s u l t

o f  th e  combined e f f e c t s  o f  s t r a g g l i n g ,  in c id e n t  en e rg y  s p re a d , and th e

s to p p in g  t a r g e t  r e s o lu t io n .  The amount o f  s t r a g g l in g  f o r  each  in c id e n t

(35)beam energy  was computed '  and s u b t r a c te d  from  th e  FWHM. For th e  p e r 

c en tag e  o f  range  s t r a g g l in g  e , d e f in e d  by

s t r a g g l i n g ,  th e  v a lu e s  o f  e ran g ed  from  1.2% to  1.5% ov er th e  e n e rg ie s  

covered  in  t h i s  e x p e rim e n t. As an e s t im a te  o f  th e  e f f e c t  o f  th e  s to p 

p in g  t a r g e t  r e s o l u t i o n ,  o n e -h a lf  o f  th e  th ic k n e s s  o f  th e  a b s o rb e r  p o s i

t io n e d  betw een Ŵ  and Ŵ  i s  s u b tr a c te d  f o r  th e  m easured FWHM. The

energy  s p re a d  o f  th e  in c id e n t  beam m easured i n  t h i s  m anner was + 4 . 0 %  

a t  240 MeV and in c r e a s e d  to  5.2% a t  145 MeV f o r  Beam I .  For Beam I I ,  

th e  energy  sp re a d  was c o n s i s t a n t  a t  +  2.0% f o r  a l l  e n e rg ie s  e x c e p t 198 

MeV w here th e  v a lu e  ro s e  to  + 3.0%.

th e  c e n te r  o f  th e  t a r g e t .  Those v a lu e s  w ere o b ta in e d  from  th e  in c id e n t  

e n e rg ie s  w ith  c o r r e c t io n s  a p p lie d  f o r  th e  energy  lo s s  caused  by th e  

m a te r ia l  i n  th e  beam, nam ely c o u n te rs  S ^ , S2 , and S^, and 1/2  th e  t a r 

g e t  th ic k n e s s .

w here r e p r e s e n ts  th e  mean s q u a re  d e v ia t io n  o f  th e  range  to

A l l  e n e rg ie s  q u o ted  f o r  th e  c ro s s  s e c t io n s  a re  e n e rg ie s  a t



IV. DATA ANALYSIS

A. G en era l C o n s id e ra tio n s

The t ra n s m is s io n  tec h n iq u e  o f  m easu ring  n u c le a r  t o t a l  c ro s s  

s e c t io n s  in v o lv e s  a com parison o f p a r t i c l e  f lu x  t r a n s m it te d  by a  t a r g e t  

to  a  re a d in g  o f  th e  p a r t i c l e  f lu x  t r a n s m i t te d  w ith  th e  t a r g e t  rem oved. 

T h is  method a u to m a tic a l ly  c o r r e c ts  f o r  in s t ru m e n ta l  e f f e c t s  and a t te n u 

a t io n  by any t a r g e t  h o ld e r  o r  o th e r  m a te r ia l  in  th e  beam.

Under i d e a l i s t i c  c o n d it io n s  (narrow  p a r a l l e l  o r  p e n c i l  beam, 

no Coulomb s c a t t e r i n g ,  and a  t ra n s m is s io n  c o u n te r  o f  such  a  red u ced  s iz e  

t h a t  any p io n s  i n t e r a c t i n g  w ith  th e  s c a t t e r i n g  m a te r i a l  would be  ab so rb 

ed o r  s c a t t e r e d  beyond th e  a c c e p ta n c e  o f  th e  t ra n s m is s io n  c o u n te r )  th e  

number o f  p io n s ,  T, d e te c te d  in  th e  t ra n s m is s io n  c o u n te r  f o r  a  beam o f 

I q p a r t i c l e s  i n c id e n t  on th e  t a r g e t  can be w r i t t e n  as

T r»

The p a ra m e te r  x  r e p r e s e n ts  th e  th ic k n e s s  o f  th e  t a r g e t ,  th e  t o t a l

n u c le a r  c ro s s  s e c t io n  f o r  th e  s c a t t e r in g  m a te r i a l ,  and N th e  number o f

*“Bs c a t t e r i n g  n u c le i  p e r  u n i t  volum e. The f a c t o r  e  a c co u n ts  f o r  back

ground s c a t t e r i n g  due to  any t a r g e t  c o n ta in e r  m a te r i a l ,  a t t e n u a t io n  in  

th e  a i r  and b e a m -d e fin in g  c o u n te rs  upstream  o f  th e  t a r g e t .  S u b s c r ip ts  

d e s ig n a te  re a d in g s  tak en  e i t h e r  f o r  a  f u l l  t a r g e t  (F) o r  an empty t a r 

g e t  (E ). Under th e  same beam c o n d it io n s  th e  c o rre sp o n d in g  m easurem ent
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w ith  th e  t a r g e t  m a te r i a l  removed can be  w r i t t e n  as

(2)

D iv id in g  eq . (1) by e q . (2) y ie ld s

=  e -  < W x

o r

(3)

The s ta n d a rd  d e v ia t io n  f o r  th e  computed c ro s s  s e c t io n  due to  c o u n tin g  

s t a t i s t i c s  a lo n e  i s  g iv en  by

B. E x p e rim en ta l Method

F o r a  t ra n s m is s io n  c o u n te r  o f  f i n i t e  s i z e ,  su b te n d in g  a  h a l f  

a n g le  0  m easured from  th e  t a r g e t  c e n te r ,  th e  m easured c ro s s  s e c t io n ,

amount due to  fo rw ard  s c a t t e r i n g  e v e n ts ,  b o th  e l a s t i c  and i n e l a s t i c ,  v  

w hich s c a t t e r  i n to  th e  t ra n s m is s io n  c o u n te r .  I f  th e  number o f  p a r t i c l e s  

r e g i s t e r i n g  i n  th e  t ra n s m is s io n  c o u n te r  i s  w r i t t e n  as  th e  sum o f  t r a n s 

m it te d  p a r t i c l e s ,  T, (no n u c le a r  i n t e r a c t io n )  and fo rw ard  n u c le a r  s c a t 

te r e d  p a r t i c l e s ,  FNS, th en  e q . (3) can be  w r i t t e n  as  ( s e t t i n g  I qF = I qE)

&CrT « > l x [  ' f  U . . J ,  l a  ‘ - M a j (4)

u s in g  eq . (3) i s  l e s s  th a n  th e  t r u e  t o t a l  c ro s s  s e c t io n  by an
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(5 )

T his e q u a tio n  can  be  w e w ritte n  i n  term s o f  th e  t r u e  c ro s s  s e c t io n  as

The second  term  in  e q . (6) r e p r e s e n ts  th e  c o r r e c t io n  f o r  th e  fo rw ard  

n u c le a r  s c a t t e r i n g  i n to  th e  t ra n s m is s io n  c o u n te r .  The number o f  p a r t 

i c l e s  n u c le a r  s c a t t e r e d  i n to  th e  t ra n s m is s io n  c o u n te r  i s  g iven  by

w here ^  r e p r e s e n ts  th e  v a lu e  o f  th e  n u c le a r  d i f f e r e n t i a l  c ro s s

s e c t io n .

F or th e  c o u n te r  a rrangem en t used  i n  th e  p r e s e n t  ex p erim en t..as  

shown i n  F ig . 1 , c o u n te r  T m easured th e  a t t e n u a t io n  o f  th e  in c id e n t  beam

a n g u la r  d i s t r i b u t i o n  o f  b o th  e l a s t i c  and i n e l a s t i c  e v e n ts .  The a n g u la r  

d i s t r i b u t i o n  was p l o t t e d  v e rs u s  th e  mean a n g le  o f  a c ce p tan c e  o f  th e  

a n n u la r  c o u n te rs  and e x tr a p o la te d  to  9  ■ 0 d e g re e s . In  t h i s  w ay, i t  

was p o s s ib le  to  n u m e r ic a l ly  c a lc u la t e  th e  fo rw ard  n u c le a r  s c a t t e r i n g  l  

c o n tr ib u t io n  o f  eq . ( 7 ) .

o r (6)

(7)

and y ie ld e d  th e  v a lu e  . The a n n u la r  c o u n te r s ,  R^_^, m easured th e
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The d i f f e r e n t i a l  c ro s s  s e c t io n  m easured by th e  a n n u la r  c o u n te r

can be e x p re s se d  as

(aft
< W \ A .

Klx
( I I

(8)

thw here (R^)j. and (R^ )g  a r e  th e  i  c o u n te r  e v e n ts  c o r r e c te d  to  y i e l d  o n ly  

th e  n u c le a r  e v e n ts  f o r  th e  t a r g e t  f u l l  and em pty, r e s p e c t iv e ly .  The sym

b o l  Aftj, r e p r e s e n ts  th e  av erag e  s o l i d  a n g le  su b ten d ed  by th e  a n n u la r  

c o u n te r  R^. These s o l i d  a n g le  v a lu e s  w ere c a lc u la te d  by a Monte C arlo  

m ethod w hich averaged  o v e r  ( 1) th e  f i n i t e  beam s i z e  u s in g  th e  m easured 

in c id e n t  beam d i s t r i b u t i o n  (se e  s e c t io n  A, C h ap te r 1 1 1 ) , and (2 ) th e  t  

t a r g e t  th ic k n e s s .  The s t a t i s t i c a l  e r r o r  f o r  th e  d i f f e r e n t i a l  c ro s s  s e c 

t io n  i s  g iven  in  th e  m anner o f  eq . (9) by add ing  in  q u a d ra tu re  th e  p ro 

b a b i l i t i e s  t h a t  a  p a r t i c l e  h as  been  t r a n s m it te d  i n to  th e  a n n u la r  c o u n te r  

under t a r g e t  f u l l  and t a r g e t  empty c o n d it io n s :

I x. x, . (9)

For th e  beams used  in  t h i s  w ork, th e  beam i n t e n s i t y  I Q in c ir- 

d e n t upon th e  s c a t t e r i n g  m a te r ia l  can  be  w r i t t e n  as

X0Gr,/t,e)= . (10)

The f ' s  r e p r e s e n t  th e  f r a c t i o n a l  number o f  p io n s ,  muons, and e le c t r o n s  

( p o s i t ro n s )  p r e s e n t  in  th e  in c id e n t  beam and s a t i s f y  th e  e x p re s s io n
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+  -  i .  .  (n >

F or th e  p io n  i n t e r a c t i o n  w ith  th e  s c a t t e r i n g  m a te r i a l ,  th e  

" r e a c t io n "  c ro s s  s e c t io n  can be  w r i t t e n  as

U + f . I  = I F n I M fc I  + W»k\ t ( 12)

w here i s  th e  n u c le a r  s c a t t e r i n g  a m p litu d e  and F^ th e  Coulomb s c a t 

te r in g  a m p litu d e . The number o f  p a r t i c l e s ,  T . ( v )  , r e g i s t e r in g

in  th e  f i n i t e  s i z e  t ra n s m is s io n  c o u n te r ,  T, f o r  th e  t a r g e t  empty co n d i

t io n  can be  w r i t t e n  a s  (n e g le c t in g  th e  e l e c t r o n  term  f o r  economy o f  

space  s in c e  th e  muons and e le c t r o n s  i n t e r a c t  i n  th e  same m anner)

where

f f c *  f  i s . } *  -

P r o b a b i l i ty  f o r  p a r t i c l e  to  

Coulomb s c a t t e r  betw een 6  and 

ir  from  th e  t a r g e t  h o ld e r ,
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P r o b a b i l i ty  f o r  n u c le a r  s c a t -
— r  A

t e r i n g  ( e l a s t i c  and i n e l a s t i c )  

i t  from  t a r g e t  h o ld e r ,

i TT l i r
. , HC t -  i n to  th e  a n g u la r  ran g e  8

............................................

(14)

P r o b a b i l i ty  f o r  p io n  to  s c a t t e r

*“ 7T

due to  th e  nuclear-C oulom b i n t e r 

fe re n c e  ,

number o f  n u c le i  p e r  volume o f  

th e  t a r g e t  h o ld e r  m a te r i a l ,

and

X *
th ic k n e s s  o f  th e  t a r g e t  h o ld e r  

m a te r i a l  in  th e  beam.

( I n e l a s t i c  e v e n ts  such  as  p a r t i c l e  k n o c k -o u t r e g i s t e r i n g  i n  c o u n te r  T 

a re  in c lu d e d  in  th e  argum ent tt o f  T£ o f e q . (1 3 ) ) .  W ith th e  t a r g e t  

m a te r i a l  in  p o s i t i o n ,  th e  number o f  p a r t i c l e s  r e g i s t e r in g  in  th e  t r a n s 

m is s io n  c o u n te r  can be e x p re s se d  as

T / - r  I -  I  T  -4JU -OgKR -Slcflx
I p v f f  n y -  % r “^ °  c  e  &  e *  e ,  (15)

r. T  -CTcVJ* -CbFlvt
+ T u l0fi e
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where » O J j » 0 J1| C , N and x  r e p r e s e n t  th e  c o rre sp o n d in g  t a r g e t -

f u l l  q u a n t i t i e s .

From th e  e x p e r im e n ta lly  d e te rm in ed  v a lu e s ,  T£ { ir tH )  and Tp 

( 7Tt f l )  th e  number o f  p io n s  r e g i s t e r in g  In  th e  t ra n s m is s io n  c o u n te r  can 

be o b ta in e d  by com puting

T»- T,(t m) - <£aM\  <16>

and

Tr(ir) = Te(it>)- fHIae0ĉ X .
T aking th e  r a t i o  o f  th e s e  l a s t  two e x p re s s io n  y ie ld s

T t ( f )  _

T,(n) "

& acW» *crHNx 
a e  <2,

F in a l ly ,  ta k in g  th e  n a tu r a l  lo g  o f  b o th  s id e s  o f t h i s  e q u a tio n  and r e 

w r i t in g ,  th e  r e s u l t  becomes

(17)
J

5 ^ =  C18)

In v o k in g  th e  d e f i n i t i o n s  f o r  th e  <r's in  eq . (1 4 ) , eq . (18) 

can be w r i t t e n  as

(19)
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The n u c le a r  t o t a l  c ro s s  s e c t io n  (rr  can be c o n s tru c te d  from  e q . (19) by 

add ing  to  b o th  s id e s  th e  c o r r e c t io n  f o r  th e  fo rw ard  n u c le a r  s c a t t e r in g  

as I l l u s t r a t e d  In  e q . (6 ) .

d i f f e r e n t  p o s i t io n s  o f  th e  t ra n s m is s io n  c o u n te r s ,  w ith  each  p o s i t io n  

y ie ld in g  a  c ro s s  s e c t io n  m easurem ent. The d i f f e r e n t i a l  c ro s s  s e c t io n s  

m easured by th e  a n n u la r  c o u n te rs  f o r  each  p o s i t i o n  o f  th e  t ra n s m is s io n  

c o u n te r s ,  a f t e r  a l l  c o r r e c t io n s  had  been  made to  y i e l d  o n ly  n u c le a r  

e v e n ts ,  w ere combined to  form  a  s in g le  £ l o t  from  w hich th e  e x t r a p o la t io n  

to  ze ro  d e g re e s  c o u ld  be made. The t ra n s m is s io n  c o u n te rs  w ere p o s i t io n 

ed to  c o v e r th e  ran g e  o f  momentum t r a n s f e r  from  50 to  150 MeV/c. The 

low er l i m i t  was r e q u ir e d  i n  o r d e r  to  keep th e  C oulom b-nuclear i n t e r 

fe re n c e  c o r r e c t io n  o f  th e  o rd e r  o f  1%, w h ile  th e  u pper l i m i t  k e p t  th e  

c o r r e c t io n  f o r  th e  fo rw ard  n u c le a r  s c a t t e r i n g  o f  th e  o rd e r  o f  a  10% 

c o r r e c t io n .  The v a lu e s  o b ta in e d  f o r  th e  t o t a l  c ro s s  s e c t io n  a t  each  

p o s i t i o n  o f  th e  t r a n s m is s io n  c o u n te rs  w ere th en  av e rag ed  to  g iv e  th e  

f i n a l  c ro s s  s e c t io n  a t  t h a t  e n e rg y .

(MeA5 c ) (Ceul) (CeulrMhcl) (Fxtf.’Nuci.J (

F or a  g iv en  beam e n e rg y , d a ta  w ere accum ulated  f o r  up to  th r e e

C. Coulomb C o rre c tio n

C o rre c tio n s  f o r  th e  Coulomb s c a t t e r i n g  o f  th e  beam c o n s t i 

tu e n ts  w ere a p p lie d  as  r e q u i r e d  by e q s . (16) and (2 0 ). For in c id e n t
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p io n s  o f  momentum p ,  th e  Coulomb s c a t t e r i n g  am p litu d e  i s  g iv en  by

<21)

w here 11| i s  th e  fo u r  momentum t r a n s f e r

t • -2-p (l-cos©) ^ (22)

and V i s  th e  e f f e c t i v e  Coulomb c o u p lin g  c o n s ta n t ,

(23)

The p a ra m e te rs  z and Z a re  th e  ch arg e  o f  th e  p io n  and th e  charge  o f  th e  

t a r g e t  n u c le u s ,  r e s p e c t iv e ly ;  f i i s  th e  v e lo c i ty  o f  th e  i n c id e n t  p io n  

and a  i s  th e  f i n e - s t r u c t u r e  c o n s ta n t .

The fu n c t io n s  and a re  th e  p io n  and t a r g e t  nuc

le u s  ch arg e  form  f a c t o r s , r e s p e c t iv e ly .  The p io n  form  f a c to r  can be  

e x p re s se d  a s ^ * ^

(24)

w ith  J 4 -  0 .8  fm, w h ile  th e  form  f a c t o r  f o r  carbon  and b e ry l l iu m  can

(37)be  w r i t t e n  as

(25)
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w here a  = 1 /3  (Z -2) and a  “ 1 .6 3  fm f o r  carbon  and 1 .5 6  fm f o r  b e r y l -o

where a  = 1 .3 1  fm. o

F or th e  muons and e le c t r o n s  In  th e  In c id e n t  beam, th e  Coulomb 

s c a t t e r in g  am p litu d e  can be w r i t t e n  a s  In  e q . (21) w ith  th e  form  f a c t o r

o f  th e  I n c id e n t  p a r t i c l e  s e t  e q u a l to  one and c o r r e c te d  to  ta k e  In to

ac co u n t th e  s p in  o f  th e  p r o j e c t i l e .  The s p in  o f  th e  I n c id e n t  p a r t i c l e  

can be  tak e n  i n to  acco u n t by m u lt ip ly in g  e q . (21 ) by th e  f a c to r  (1 -  

/}*Sol, ’§  ) w here /? i s  th e  v e lo c i ty  o f  th e  in c id e n t  muon o r  e le c t r o n .  

F u r th e r  c o r r e c t io n s  to  th e  s c a t t e r i n g  am p litu d e  f o r  th e  s p in  o f  th e  

n u c le u s  o f  th e  r e c o i l  o f  th e  n u c le u s  have been  n e g le c te d  s in c e  th e s e  

c o r r e c t io n s  a re  p r o p o r t io n a l  to  th e  in v e r s e  o f th e  mass o f  th e  n u c le u s . 

The n e g le c t  o f  th e s e  tferms y ie ld e d  u n c e r t a in t i e s  in  th e  Coulomb c o r

r e c t io n  o f  th e  o r d e r  o f 0.1% o r  l e s s .

th e  s c a t t e r i n g  t a r g e t ,  th e  m easured beam p r o f i l e  (se e  s e c t io n  A, C hap ter 

I I I )  was fo ld e d  i n to  th e  i n t e g r a l  f o r  th e  Coulomb c o r r e c t io n .  The r e 

s u l t i n g  i n t e g r a l  f o r  th e  Coulomb s c a t t e r i n g  was e v a lu a te d  n u m e r ic a lly  

by S im pson 's  r u l e .  The Coulomb c o r r e c t io n  was t y p ic a l ly  a  1-3% c o r

r e c t io n ,  depend ing  on th e  i n c id e n t  energy  and th e  p o s i t io n  o f  th e  t r a n s 

m iss io n  c o u n te r s .  The Coulomb c o r r e c t io n s  f o r  th e  tt+  and 7T c ro s s  

s e c t io n  m easurem ents a re  l i s t e d  f o r  ca rbon  in  T ab les  VI and V II ; f o r  

b e ry ll iu m -9  in  T ab les  V III  and IX ; and f o r  h e liu m -3  in  T ab les  X and X I.

(38)liu m . For h e liu m -3  th e  form  f a c t o r  was e x p re s s e d  by

(26)

To e v a lu a te  th e  e f f e c t  o f  th e  f i n i t e  beam s iz e  in c id e n t  upon



56

In  a d d i t io n  to  c o r r e c t in g  f o r  p a r t i c l e s  w hich m issed  c o u n te r  

T b ecau se  o f  Coulomb s c a t t e r i n g ,  c o r r e c t io n s  w ere a ls o  made f o r  th e  num

b e r  o f  p a r t i c l e s  r e g i s t e r in g  i n  th e  in d iv id u a l  a n n u la r  c o u n te r s ,  R^_^, 

b ecau se  o f  Coulomb s c a t t e r i n g .  T h is  was r e q u ir e d  by eq . (7) s in c e  th e  

e x t r a p o la t io n  to  z e ro  o f  th e  d i f f e r e n t i a l  c ro s s  s e c t io n ,  which p ro v id e s  

th e  fo rw ard  n u c le a r  s c a t t e r i n g  c o r r e c t io n ,  m ust in v o lv e  n u c le a r  e v e n ts  

o n ly . The c a lc u la t io n  was perfo rm ed  in  th e  same m anner a s  above w ith  

th e  l im i t s  o f  in te g r a t io n  c a r r ie d  o v e r  th e  a n g u la r  a c ce p tan c e  o f  each  

c o u n te r .

The c o r r e c t io n  to  th e  c ro s s  s e c t io n  f o r  m u l t ip le  Coulomb s c a t -

0 9 )t e r i n g  was a ls o  in v e s t ig a te d .  F o llow ing  th e  te c h n iq u e  o f  S te ra h e im e r , 

th e  number o f  p a r t i c l e s  m iss in g  th e  t ra n s m is s io n  c o u n te r  T, b e cau se  o f 

m u l t ip le  Coulonib s c a t t e r i n g  co u ld  be c a lc u la te d .  The c o r r e c t io n  to- th e  

carbon  c ro s s  s e c t io n  a t  th e  two lo w e s t e n e rg ie s  was c a lc u la te d  and found 

to  be c o m p le te ly  n e g l i g ib l e .  T h e re fo re , no c o r r e c t io n  to  any o f  th e  

c ro s s  s e c t io n  m easurem ents was made.

D. Coulom b-N uclear I n te r f e r e n c e

The d a ta  w ere c o r r e c te d  f o r  th e  i n te r f e r e n c e  betw een th e  eLa 

e l a s t i c  n u c le a r  am p litu d e  and th e  Coulomb a m p litu d e . The d i f f e r e n t i a l  

cooss s e c t io n  in v o lv in g  th e s e  two am p litu d e s  can  be  w r i t t e n  as

w here f  Cf >) s ta n d s  f o r  th e  Coulomb (n u c le a r )  s c a t t e r in g  am p litu d e  and
C ;U

2 8  i s  a  p hase  w hich in c lu d e s  th e  p u re  Coulomb p h ase  and th e  r e l a t i v e
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phase  betw een th e  two s c a t t e r i n g  a m p litu d e s . The upper s ig n  co rre sp o n d s  

to  7r +  s c a t t e r i n g  and th e  low er to  ir  .

In  th e  e v a lu a t io n  o f  th e  C oulom b-nuclear in te r f e r e n c e  term ,

th e  n u c le a r  a m p litu d e  was p a ra m e te r iz e d  fo llo w in g  th e  work o f  Binon
✓ 36) _ 22

ett a l . They m easured th e  C oulom b-nuclear i n te r f e r e n c e  f o r  v  -C

e l a s t i c  s c a t t e r i n g  o v e r th e  3-3  re so n a n c e . They u sed  as th e  n u c le a r

s c a t t e r i n g  am p litu d e  th e  phenom eno log ica l e x p re s s io n

I *) - •  [ ^ * 1 f t e j ]  ,
o r  (28)

w here a  = R e f(o ) /Im  f (o )  and Rg was used  to  in tro d u c e  a s tro n g  i n t e r 

a c t io n  r .m .s .  r a d iu s .  The p a ra m e te r  t  i s  th e  sq u a re d  four-momentum 

t r a n s f e r

t * - 2 y’ * ( l - = « © )  ,

w here p* and 6 *  a re  th e  momentum and s c a t t e r i n g  a n g le  i n  th e  c e n te r  

o f  mass sy s tem , r e s p e c t iv e ly .  The use  o f  t h i s  n u c le a r  a m p litu d e  was

su p p o rte d  by p re v io u s  d a t a ^ ^  in  w hich th e  e x p o n e n tia l  d e c re a s e  w ith

(11 o f  th e  e l a s t i c  n u c le a r  d i f f e r e n t i a l  c ro s s  s e c t io n  was d e te rm in ed  

f o r  | t |  v a lu e s  betw een th e  i n te r f e r e n c e  re g io n  and th e  f i r s t  minimum. 

W ith th e  n u c le a r  am p litu d e  p a ra m e te r iz e d  in  t h i s  m anner, th e  i n t e r f e r 

ence  term  o f  eq . (21) can be  w r i t t e n  as

T  2 l ? c | j n f / o ) e i e , W [ c ( c o s 2 S t s , » K ] .  < “ >

The r e l a t i v e  phase  s h i f t - 8  was o b ta in e d  from  an e x p re s s io n  by
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(41)W est and Y ennie '  and I s  g iven  by

where 7) i s  th e  e f f e c t i v e  Coulomb c o u p lin g  c o n s ta n t  (e q . ( 2 3 ) ) .  The 

phase  s h i f t ,  u s in g  th e  n u c le a r  s c a t t e r in g  am p litu d e  o f  eq . (2 8 ) , can 

be w r i t t e n  as

Z S -  ~ j i [ 2 J U s « £ c ( 31)

w here C i s  E u l e r 's  c o n s ta n t  (C = 0 .5 7 7 2 ) .

For th e  e v a lu a t io n  o f  th e  i n te r f e r e n c e  te rm , th e  p a ra m e te rs  

R , a  , and Im f ( o )  n eed  to  be  d e te rm in ed  f o r  each  t a r g e t .  The v a lu e sO

f o r  th e  carbon  m easurem ents w ere i n te r p o la te d  from  th e  e x i s t in g  i n t e r 

fe re n c e  d a ta  on c a r b o n . T h e  v a lu e s  o f  R f o r  ^Be and ^He, w hich a re
8

r e p r e s e n ta t iv e  o f  a  s tr o n g  i n t e r a c t io n  r a d iu s ,  w ere s c a le d  from  th e  c a r 

l / 3bon v a lu e s  assum ing an A dependence. The d a ta  p roved  to  be in s e n 

s i t i v e  to  th e  v a lu e  o f  R b ecau se  o f  th e  ran g e  o f  momentum t r a n s f e rs

covered  in  t h i s  w ork . The v a lu e s  o f  R d e te rm in ed  i n  t h i s  m a t te r  w eres

v a r ie d  20% from  th e  s c a le d  v a lu e s  and y ie ld e d  an u n c e r ta in ty  o f  0.3% o r  

l e s s  i n  th e  f i n a l  c ro s s  s e c t io n s .  The v a lu e s  o f  Rg u sed  in  making th e  

C oulom b-nuclear in te r f e r e n c e  c o r r e c t io n ,  a s  w e l l  as th e  v a lu e s  o f  a  

u se d , a re  l i s t e d  in  T ab le  V f o r  each t a r g e t .

In  d e te rm in in g  th e  p a ra m e te r  a  , Binon d em o n stra ted  t h a t  f o r  

7 T ~  s c a t t e r i n g ,  th e  in te r f e r e n c e  was c o n s tr u c t iv e  a t  e n e rg ie s  below  th e  

7T - n u c le u s  reso n an ce  and became d e s t r u c t iv e  a t  e n e rg ie s  above th e
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re so n a n c e . T h is  c h a r a c t e r i s t i c  f e a tu r e  o f  th e  i n te r f e r e n c e  gave a  cu rv e  

f o r  Re f ( o )  t h a t  p a s se d  th ro u g h  z e ro  a t  th e  7r -n u c le u s  re so n a n c e .

Landau and L ocher i n  r e f e re n c e  (36) c a lc u la te d  Re f ( o )  from  a  d is p e r s io n  

r e l a t i o n  u s in g  th e  t o t a l  c ro s s  s e c t io n  f o r  carbon  from  re f e re n c e  (4 0 ) . 

They g e n e ra te d  a  cu rv e  f o r  Re f (o )  w hich  a g re e d  w ith  th e  e x p e rim e n ta l 

r e s u l t s  o f  B inon. The v a lu e s  o f  ot f o r  carbon  c o u ld  th e n  be c o n s tr u c t 

ed from  th e  c a lc u la te d  v a lu e s  o f  Re f ( o )  and th e  m easured c ro s s  s e c t io n .  

A p l o t  o f  th e  p a ra m e te r  a  f o r  carbon  o v e r  th e  en erg y  ran g e  o f  t h i s  ex

p e rim e n t y ie ld e d  a  cu rve  ra n g in g  from  th e  va lue , o f  0 .2  a t  th e  low e n e r

g i e s ,  p a s s in g  th ro u g h  z e ro  a t  th e  r r -n u c le u s  reso n a n c e  and ap p ro ach in g  

th e  v a lu e  - 0 .3  a t  240 MeV.

9 3A pprox im ations to  th e  v a lu e s  o f  a  f o r  Be and He w ere d e te r 

m ined from  th e  p l o t  o f  a  f o r  carbon  w ith  th e  energy  a x is  d is p la c e d  such  

t h a t  th e  cu rv e  f o r  a  c ro s s e d  th e  energy  a x is  a t  th e  ir - n u c le a r - r e s o n -  

ance en e rg y . The v a lu e s  o f  a  d e te rm in ed  in  t h i s  m anner w ere  v a r ie d  20% 

and y ie ld e d  an u n c e r ta in ty  o f  th e  o rd e r  o f  0.5% o r  l e s s  i n  th e  f i n a l  

c ro s s  s e c t io n .

For th e  d e te rm in a tio n  o f  th e  v a lu e s  f o r  1m f (o )  to  be used  in  

e q . ( 2 9 ) ,  a " s e l f - c o n s is t e n c y "  ty p e  o f  approach  was u se d . A v a lu e  f o r  

1m f (o )  was f i r s t  d e te rm in e d  by th e  o p t i c a l  theo rem , from  th e  m easured 

c ro s s  s e c t io n  w ith o u t  a  C oulom b-nuclear i n te r f e r e n c e  c o r r e c t io n .  T h is  

v a lu e  was used  to  make th e  i n te r f e r e n c e  c o r r e c t io n ,  y ie ld in g  a  new c ro s s  

s e c t io n  w h ich , in  t u r n ,  p roduced  a  new Im f (o )  to  be used  in  e v a lu a t in g  

th e  i n te r f e r e n c e  c o r r e c t io n .  The i t e r a t i o n  p ro c e s s  was c o n tin u e d  u n t i l  

a  change o f  0.01% o r  l e s s  in  th e  t o t a l  c ro s s  s e c t io n  o c c u re d . The p ro 

c e ss  was u s u a l ly  te rm in a te d  a f t e r  th r e e  to  fo u r  i t e r a t i o n s .  T h is  H s d lf-
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c o n s is te n c y "  method was t e s t e d  f o r  th e  carbon  m easurem ents, where p re 

v io u s  t o t a l  c ro s s  s e c t io n s  w ere a v a i l a b l e ,  and p roved  to  be s a t i s f a c t o r 

i l y  c o n v e rg e n t.

The in te g r a t i o n  f o r  th e  C oulom b-nuclear s c a t t e r i n g  i n t e r f e r 

ence  was perfo rm ed  i n  th e  same m anner as  th e  Coulomb c o r r e c t io n .  A 

n u m e ric a l i n te g r a t io n  was perfo rm ed  w ith  th e  beam p r o f i l e  fo ld e d  in to  

th e  i n t e g r a l .  The c o r r e c t io n s  a r i s i n g  from  th e  i n te r f e r e n c e  w ere ty p i 

c a l ly  1% o r  l e s s  o f  th e  t o t a l  c ro s s  s e c t io n  n e a r  th e  re so n an ce  energy  

and in c re a s e d  to  a  3% c o r r e c t io n  a t  e n e rg ie s  o f f  re so n a n c e . The v a lu e s  

f o r  Coulomhr-nuclear i n te r f e r e n c e  c o r r e c t io n s  f o r  ir  +  and tt c ro s s  

s e c t io n  m easurem ents a re  l i s t e d  f o r  ca rbon  i n  T ab les  VI and V II ; f o r  

b e ry l l iu m -9  in  T ab les  V III  and IX ; and f o r  h e liu m -3  i n  T ab les X and X I.

E. Beam C om position

C om position o f  th e  in c id e n t  beam was d e te rm in ed  by a p p ly in g

(42)a  G a u ss -S e id e l l e a s t - s q u a r e d  f i t t i n g  p ro ce d u re  to  th e  p u ls e  h e ig h t

s p e c t r a .  F ig s . 10-A, B show t y p ic a l  s p e c t r a  and com puter f i t s  f o r  the

t i m e - o f - f l i g h t  (TOF) system .

Peaks in  th e  TOF s p e c t r a  w ere i n i t i a l l y  assumed to  be G au ssian

and w ere f i t t e d  to  th e  fu n c t io n

•f (x) * A E zcr*" J t (32)

where A i s  th e  a m p litu d e  o f  th e  p e a k , C i s  th e  c e n te r  ch an n el o f  th e  

p e a k , and FWHM “  2 J z S Z Z  (T  i s  th e  f u l l  w id th  a t  h a l f  maximum. The 

f i t t i n g  p ro ce d u re  v a r ie d  th e  p a ra m e te rs  A, C, and <r so  a s  to  m inim ize
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th e  v a lu e  o f  r t  w hich i s  d e f in e d  as

%  “  I j l ' j w ' J  ,  < »

w here V i  i s  th e  number o f  co u n ts  in  th e  c h an n e l Xi and N I s  th e

number o f  ch an n els  In c lu d e d  In  th e  f i t .  The p a ra m e te rs  w ere v a r ie d  in

such a way as to  m inim ize *)£ u n t i l  th e  change in  each  p a ra m e te r  p e r

i t e r a t i o n  was l e s s  th an  .01%. The "goodness o f  f i t "  was m easured by th e

v a r ia n c e  o f f i t .  T h is  q u a n ti ty  i s  d e f in e d  as th e  v a lu e  o f  d iv id e d

by N -  P , th e  number o f  p o in ts  f i t t e d  m inus th e  number o f  p a ra m e te rs ,

and i s  e x p e c te d  to  have a  v a lu e  o f  1.0  f o r  a  " p e r f e c t "  f i t .

In  o rd e r  to  o b ta in  good f i t s  f o r  th e  TOF s p e c t r a  (v a r ia n c e  o f

f i t  l e s s  th an  1 .5 )  i t  became n e c e s s a ry  to  m odify th e  f i t t i n g  fu n c t io n .

(43)F o llow ing  R o u tt i  and P r u s s in ,  each  peak  in  th e  f i t t i n g  code was 

d e s c r ib e d  by a  G aussian  w ith  an e x p o n e n tia l  jo in e d  on e i t h e r  s id e .  The 

e x p o n e n tia ls  w ere jo in e d  to  th e  G aussian  so  t h a t  th e  fu n c t io n  and i t s  

f i r s t  d e r iv a t iv e  w ere c o n tin u o u s . The f i t t i n g  fu n c t io n  can be r e p r e 

s e n te d  by

■pk)- fwpt-fe-cy/*0*] c-x,<*><c+x,

»  A c X p [ i X 4 ( 2 x - 2 C + X , ) / o j  x< C-X, ( 3 4 )

= A e x p  [ 2 X3  f e e -  2x + x * )/o ] x > C + * * z

w here A, C, and <r a r e  a s  d e f in e d  in  eq . (3 2 ) ,  X* i s  th e  d i s ta n c e  in  

c h a n n e ls  to  th e  lo w er ju n c t io n  p o i n t ,  and Xg i s  th e  d is ta n c e  in  chan

n e ls  to  th e  u p p er ju n c t io n  p o in t .  In  f i t t i n g  th e  p e a k s , i t  was n e c e s s a ry
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to  add a  t a i l  o n ly  to  th e  low s id e  o f  th e  p io n  peak and to  th e  h ig h  s id e  

o f  th e  muons. The ju n c t io n  p o in ts  w ere t r e a t e d  as p a ra m e te rs  and a llow ed  

to  va ry  in  th e  f i t t i n g  p ro c e d u re .

A lthough d e v ia t io n s  o f  th e  peaks from  a  t r u e  G aussian  in  th e  

TOF s p e c t r a  w ere n o t  f u l l y  u n d e rs to o d , i t  was f e l t  t h a t  i t  co u ld  be 

a t t r i b u t e d  to  f lu c tu a t io n s  o f  tim e  connected  w ith  th e  d i f f e r e n c e  in  le n 

g th  o f  th e  l i g h t  p a th s  from  d i f f e r e n t  p a r t s  o f  th e  s c i n t i l l a t o r s .  Sev

e r a l  a tte m p ts  to  im prove th e  TOF sy s tem , fo llo w in g  th e  te c h n iq u e s  o f
(44) ( 45)

Charpak and Ward w ere made to  e l im in a te  r e s o lu t io n  d e g ra d a tio n  

caused  by i r r e g u l a r  l i g h t  c o l l e c t i o n  from  th e  s c i n t i l l a n t .  These a tte m p ts  

c o n s is te d  o f  v iew ing  th e  s c i n t i l l a t o r s  from  b o th  ends by p h o to tu b e s  and 

fo rm ing  two s e p a r a te  TOF sy s te m s. However, th e  TOF system  as d e s c r ib e d  

in  s e c t io n  C o f  C hap ter I I I  y ie ld e d  th e  b e s t  r e s o lu t io n  and was used  in  

a l l  TOF m easurem ents.

The 7r and f i  peaks i n  th e  TOF s p e c t r a  w ere  f i t t e d  w ith  th e  

f u n c t io n  i n  eq . (3 4 ) . The f i t t i n g  p ro ce d u re  y ie ld e d  th e  p a ra m e te rs  f o r  

each  peak  w ith  t h e i r  a s s o c ia te d  e r r o r s .  The a re a  u nder th e  two cu rves  

was n u m e r ic a lly  i n te g r a t e d  w ith  th e  r e l a t i v e  a re a s  g iv in g  th e  beam com

p o s i t i o n .  E r ro r s  on th e  beam co m p o sitio n  w ere c a lc u la te d  u s in g  s ta n d a rd  

G aussian  s t a t i s t i c s  and r e p re s e n te d  one s t a t i s t i c a l  s ta n d a rd  d e v ia t io n .

E le c tro n s  p r e s e n t  i n  th e  beams used  i n  th e  NMA4 a re a  (Beam I )  

w ere few i n  number and c o u ld  n o t  be  re s o lv e d  i n  th e  TOF s p e c t r a .  To 

d e te rm in e  th e  number o f  e le c t r o n s  p r e s e n t  i n  a  g iv en  sp ec tru m , a  s ta n d 

a rd  p ro ce d u re  was to  sum th e  sp ec tru m  i n  th e  r e g io n  two s ta n d a rd  d e v ia 

t io n s  removed above th e  f i  peak . The c o n tr ib u t io n s  o f  e le c t r o n s  d e te r 

mined in  t h i s  m anner w ere alw ays l e s s  th a n  .5%.



63

I t  was d e te rm in ed  in  c a lc u la t in g  th e  c ro s s  s e c t io n  t h a t  be

cause  o f  th e  low e le c t r o n  c o n ta m in a tio n  i n  th e  beam, th e  e le c t r o n s  co u ld  

be t r e a t e d  as  muons w ith o u t  any f u r th e r  in c r e a s e  in  th e  u n c e r ta in ty  o f  

th e  c ro s s  s e c t io n .  The p o s i t r o n  c o n t r ib u t io n  m easured in  Beam I I  (PTA) 

was a ls o  found to  b e  sm a ll and t r e a t e d  in  th e  same m anner. The on ly  

c ro s s  s e c t io n  m easurem ent i n  w hich th e  e l e c t r o n  c o n ta m in a tio n  was e x p l i 

c i t l y  t r e a te d  was th e  ir  m easurem ent in  Beam I I .  I n  t h d s e a s e ,  th e  

e le c t r o n  c o n t r ib u t io n  as shown in  F ig . 12 was 17% o f  th e  in c id e n t  beam.

For th e  TOF s p e c t r a  w ith  p io n  e n e rg ie s  g r e a t e r  th an  150 MeV, 

a  c o n s t r a in t  was a p p lie d  to  th e  f i t t i n g  p ro c e d u re . In  th e s e  s p e c t r a ,  

th e  f i t t i n g  program  co u ld  n o t  r e s o lv e  th e  7r and f i  p e a k s .b e c a u se  o f  

th e  s im i la r  f l i g h t  t im e s . The ch an n el s e p a r a t io n  o f  th e  two peaks was 

c a lc u la te d  knowing th e  f l i g h t  p a th  i n t e r v a l  and th e  tim e c a l i b r a t i o n  o f  

th e  p u ls e  h e ig h t  a n a ly z e r .  The s p e c t r a  w ere f i t  w ith  th e  c h an n e l s e p a r 

a t io n  o f  th e  c e n tr o id s  o f  th e  two peaks h e ld  c o n s ta n t .  In  t h i s  c a s e ,  

f i t s  w ere perfo rm ed  o v e r v a r io u s  ch an n el i n t e r v a l s  o f  th e  sp ec tru m  to  

check t h a t ( t h e  f i t  r e s u l t s  w ere i n s e n s i t i v e  to  th e  c h o ic e  o f  i n t e r v a l .  

The co m p o sitio n  o f  th e  in c id e n t  beam in  th e  Beam I  a re a  a r e  l i s t e d  in  

T ab le  I I .

For th e  m easurem ent o f  beam co m p o sitio n  i n  th e  Beam I I  a r e a ,  

th e  t o t a l  a b s o rp t io n  Cerenkov chamber was u se d . The co m p o sitio n  o f  th e  

i n c id e n t  beam used  i n  Beam I I  (PTA) a re  l i s t e d  in  T ab le  I I I .  The 

Cerenkov c o u n te r  was re q u ir e d  i n  Beam I I  b ecau se  o f  th e  h ig h e r  e n e rg ie s  

a v a i l a b le  t h e r e .  The c o u n te r  a ls o  gave good en erg y  r e s o lu t io n  f o r  p io n s  

and muons ov er th e  ran g e  o f  e n e rg ie s  m easured and th e re b y  e l im in a te d  th e  

d i f f i c u l t y  e n c o u n te re d  in  th e  f i t t i n g  p ro c e d u re  o f  th e  TOF system  d u r in g
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e a r l i e r  ru n s .

F ig s .  11-A, B, C show t y p ic a l  Cerenkov p u ls e  h e ig h t  s p e c t r a  

f o r  th e  p o s i t i v e  in c id e n t  beam s. F ig . 12 shows th e  co m p o sitio n  o f  th e  

one 'it  m easurem ent made u s in g  Beam I I .  As shown i n  th e s e  s p e c t r a ,  th e  

p io n  e x h ib i t s  a  peak w ith  a  low p u ls e  h e ig h t  t a i l .  T h is  low t a i l  can  be 

a t t r i b u t e d  to  p io n s  w hich i n t e r a c t  in  f l i g h t  w ith  th e  f lu o ro c a rb o n  r a d i 

a t o r ,  e i t h e r  by a b s o rp t io n  o r  by s c a t t e r i n g  from  th e  cham ber. F ions 

i n t e r a c t i n g  i n  t h i s  m anner w ere assum ed to  be removed from  th e  r a d i a to r  

w ith o u t  p ro d u cin g  th e  f u l l  Cerenkov l i g h t  t h a t  a  p io n  e x i t in g  th e  down

s tre a m  end o f  th e  chamber w ould p ro d u ce .

th e  ran g e  o f  e n e rg ie s  m easu red , th e  low p u ls e  h e ig h t  t a i l  cou ld  be p a ra 

m e te r iz e d  by

where th e  C 's  w ere v a r i a b le  p a ra m e te rs  in  th e  f i t t i n g  p ro c e d u re . The 

p io n  peak  o f  th e  s p e c t r a  was f i t t e d  w ith  a  G a u ss ian . The muons in  th e  

s p e c t r a  w ere f i t t e d  w ith  a  G au ssian  w ith  a  low en erg y  t a i l  s im i la r  to  

e q . (3 4 ) . The need  f o r  a  t a i l  on th e  low s id e  o f  th e  muon peak  was 

a t t r i b u t e d  to  muons w hich Coulomb s c a t t e r e d  o u t o f  th e  cham ber. The 

beam co m p o sitio n  was de te rm in ed  by a  n u m e ric a l i n t e g r a t i o n  o f  th e  f i t t e d  

s p e c t r a  w ith  th e  r e l a t i v e  a re a s  g iv in g  th e  p e rc e n ta g e  o f  th e  beam con

s t i t u e n t s .

In  f i t t i n g  th e  Cerenkov s p e c t r a ,  i t  was d e te rm in ed  t h a t  o v e r

(35)
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F. Decay P ions

I t  was n e c e s s a ry  to  ap p ly  a  s m a ll  c o r r e c t io n  to  th e  c ro s s  

s e c t io n  d a ta  f o r  p io n s  w hich m issed  c o u n te r  T b ecau se  o f  decay betw een 

t a r g e t  and c o u n te r  T. The c o r r e c t io n  was a p p lie d  on ly  to  th e  t r a n s 

m iss io n  c o u n te r  T , s in c e  t h i s  c o u n te r  n o rm a lly  re c e iv e d  90% o f  th e  ' 

t r a n s m it te d  beam and y ie ld e d  th e  l a r g e s t  c o n t r ib u t io n  to  th e  f i n a l  

c ro s s  s e c t io n .

From th e  k in e m a tic s  f o r  r e l a t i v i s t i c  d e c a y , t h e  maximum 

MAXopen ing  a n g le ,  0^ ,  , f o r  th e  decay muon in  th e  l a b ,  i s  g iv en  by

«  J*

n>
where f i  i s  th e  v e lo c i ty  o f  th e  decay muon in  th e  c e n te r  o f  mass s y s 

tem , f i  i s  th e  v e lo c i ty  o f  th e  p io n  in  th e  l a b ,  and 

The decay c r o s s - s e c t io n  in  th e  la b  sy stem  can be w r i t t e n  as

w here N, th e  decay c ro s s  s e c t io n  i n  th e  c e n te r  o f  m ass, i s  c o n s ta n t  be

cause  o f  th e  i s o t r o p i c  decay o f  th e  p io n . The sym bol, J ,  r e p r e s e n ts  

th e  J a c o b ia n  f o r  th e  t r a n s fo rm a t io n  from  th e  c e n te r  mass to  th e  la b  s y s 

tem and i s  g iv en  by * 1 *
________ SIM <P______________

T  -  s ’im*$t c o s  Q l  (X  *Uw0 us»*»<t>'+ co sc j) ')  j

w here th e  a n g le  <f>* i s  th e  c e n te r  o f  mass a n g le  and 0L th e  c o rre sp o n d 

in g  la b  a n g le . When th e  Ja c o b ia n  i s  e v a lu a te d  f o r  th e  a v a i l a b le  la b  an

g l e s ,  th e  decay c ro s s  s e c t io n  becomes s in g u la r  a t  th e  maximum open ing  

a n g le .
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Under a c tu a l  beam c o n d i t io n s ,  when th e  momentum r e s o lu t io n  o f

th e  I n c id e n t  beam I s  fo ld e d  I n to  th e  th e o r y ,  th e  c ro s s  s e c t io n  y ie ld s  a

(47)sh a rp  b u t  f i n i t e  peak  a t  th e  maximum open ing  a n g le . Coulson £ t  a l .

have m easured th e  a n g u la r  d i s t r i b u t i o n  o f  th e  decay muons coming from  a

12 cm. segm ent o f  an In c id e n t  beam w ith  a  5 cm x 5 cm c ro s s  s e c t i o n a l
MW

a re a  and have  shown th e  c ro s s  s e c t io n  to  be s h a rp ly  peaked  a t  0L#B

S in ce  th e  decay c ro s s  s e c t io n  h a s  th e  c h a r a c t e r i s t i c  shape o f
MAX

a  h a lo  o f  muons p ro p a g a tin g  a t  th e  a n g le  , th e  assum ption  was n

MWmade t h a t  a l l  d ecay ing  p io n s  w ith  g r e a t e r  th a n  th e  a n g le  su b te n d 

ed by c o u n te r  T a t  th e  p o in t  o f  d ecay , p roduce  muons which m iss c o u n te r  

T. The c o r r e c t io n  f o r  th e  p io n  decay was alw ays s m a l le r  th an  1% and was 

s i g n i f i c a n t  o n ly  a t  th e  h ig h e r  e n e rg ie s  when th e  t ra n s m is s io n  c o u n te rs  

w ere a t  t h e i r  fu r th e rm o s t  p o in t  from  th e  t a r g e t .  The c o r r e c t io n s  to  th e  

c ro s s  s e c t io n s  f o r  p io n  decay  a r e  l i s t e d  in  T ab les  VI th rough  XI f o r  th e  

th r e e  t a r g e t s .  For a  l a r g e  number o f  th e  t ra n s m is s io n  c o u n te r  p o s i t i o n s ,  

no e n tr y  i s  g iv en  f o r  th e  c o r r e c t io n  b ecau se  th e  c o u n te r  T, encom passed 

th e  h a lo  o f  decay muons and no c o r r e c t io n  was needed .

G. A c c id e n ta l  C o in c id en ces

A c o r r e c t io n  f o r  a c c id e n ta l  e v e n ts  was made f o r  th o se  e v e n ts  

in  w hich a  t r a n s m i t te d  p a r t i c l e  was s c a t t e r e d  o u ts id e  th e  ac ce p tan c e  o f  

a  t ra n s m is s io n  c o u n te r ,  b u t  b e c au se  o f  a  s p u r io u s  c o u n t in  th e  t r a n s 

m iss io n  c o u n te r ,  th e  p a r t i c l e  ap p eared  to  have s c a t t e r e d  in to  t h a t  c o u n t

e r .  The s p u r io u s  coun t may be  caused  by (1) a  beam p a r t i c l e  w hich m issed  

th e  m o n ito rin g  te le s c o p e  b u t  was r e g i s t e r e d  in  a  t ra n s m is s io n  c o u n te r ,  o r  

by (2 ) a  second  beam p a r t i c l e  t r a v e r s in g  th e  beam l i n e  w ith in  th e  r e s o l —
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v in g  tim e  o f  th e  m o n ito r t r i g g e r  c o in c id e n c e .

The use  o f  th e  two a n t ic o in c id e n c e  c o u n te r s ,  A^ and Ag, a id e d

i n  e l im in a t in g  o r  red u c in g  th e  random e v e n ts  d e s c r ib e d  above i n  ca se  (1) .

The c o n tr ib u t io n  to  th e  a c c id e n ta l s  a s  d e s c r ib e d  i n  c a se  (2) was m easured

by  fo rm ing  a  c o in c id e n c e  betw een th e  m o n ito r  t r i g g e r  d e lay ed  and th e

tra n s m is s io n  c o u n te r ,  to  g iv e  a  = ( n r l ' R  I  , w here th e  s u b s c r ip t  A

in d ic a te d  a s ig n a l  d e lay ed  by one R. F . p e r io d  o f  th e  c y c lo tro n . The

ttlnumber o f  a c c id e n ta l  c o in c id e n c e s , f o r  th e  i  c o u n te r  can th en  be  

w r i t t e n  as

N i - o f k - j i i )  ,

w here r ^  = MT*R c o in c id e n c e s  p e r  MT, th e  p r o b a b i l i t y  t h a t  a p a r t i c l e  

t r a v e r s e d  th e  t a r g e t  and was re c o rd e d  i n  th e  i *"*1 c o u n te r .  The a c c id e n t

a l  c o in c id e n c e s  m easured in  t h i s  m anner w ere t y p i c a l l y  1 to  2% o f  th e  

re c o rd e d  c o in c id e n c e s  and y ie ld e d  a c o r r e c t io n  o f  th e  o rd e r  o f  0.5% o r  

l e s s  to  th e  f i n a l  c ro s s  s e c t io n .  C ross s e c t io n  c o r r e c t io n s  f o r  a c c id e n t

a l  e v e n ts  f o r  th e  th r e e  t a r g e t s  a re  g iv en  in  T ab les  VI th ro u g h  XI.

H. Forw ard N u c le a r  S c a t t e r in g

A f te r  a l l  c o r r e c t io n s  to  th e  a n n u la r  c o u n te r  e v e n ts  w ere made 

such  t h a t  th e  rem a in d e r r e p r e s e n ts  o n ly  n u c le a r  e v e n ts ,  th e  d i f f e r e n t i a l  

c ro s s  s e c t io n  m easured by each  a n n u la r  c o u n te r  was formed as  g iv en  by 

e q . (8) ( s e c t io n  B ). For a  g iv en  in c id e n t  e n e rg y , th e  m easured  d i f f e r 

e n t i a l  c ro s s  s e c t io n s  from  each  p o s i t io n in g  o f  th e  t ra n s m is s io n  c o u n te rs  

w ere combined to  form  one p l o t .  The d i f f e r e n t i a l  c ro s s  s e c t io n  g e n e ra t

ed  in  t h i s  m anner was l e a s t - s q u a r e  f i t t e d  to  an e x p o n e n tia l  i n  th e



68

momentum t r a n s f e r  | t |  o v e r  th e  m easured v a lu e s .  The f u n c t io n a l  f i t  was 

th e n  e x tr a p o la te d  to  z e ro  d e g re e s . F ig s . 13 A, B, C show p l o t s  o f  th e  

m easured d i f f e r e n t i a l  c ro s s  s e c t io n s  and th e  f u n c t io n a l  f i t  f o r  c a rb o n , 

b e ry l l iu m , and h e liu m r3 , r e s p e c t iv e ly .

The number o f  p a r t i c l e s  r e g i s t e r in g  i n  th e  t ra n s m is s io n  c o u n te r  

T b ecau se  o f  a n u c le a r  e v e n t was c a lc u la te d  from  e q . (7 ) .  The i n t e g r a l  

was e v a lu a te d  n u m e r ic a lly  f o r  each  p o s i to n  o f  th e  a t t e n u a t io n  c o u n te r  T, 

u s in g  th e  f i t t e d  d i f f e r e n t i a l  c ro s s  s e c t io n .  C o r re c tio n s  to  <rT f o r  

1t  *  and 7T~ fo rw ard  n u c le a r  s c a t t e r i n g  a r e  g iv e n  f o r  carbon  i n  T ab les  

VI and V II ; f o r  b e ry l l iu m -9  in  T ab les  V III  and IX; and f o r  h e liu m -3  i n  

T ab les  X and XI.

F or th e  c ro s s  s e c t io n  m easurem ent o f  7T+ and v  on h e liu m -3  

a t  th e  two lo w e s t e n e r g ie s ,  th e  m easured d i f f e r e n t i a l  c ro s s  s e c t io n  

co u ld  n o t  be  f i t t e d  to  an e x p o n e n tia l  in  | t |  . At th e s e  e n e r g ie s ,  th e

m easurem ent d i f f e r e n t i a l  c ro s s  s e c t io n  was f l a t  w ith  a s l i g h t  r i s e  f o r  

l a r g e r  | t |  v a lu e s .  T h is  d e v ia t io n  from  an e x p o n e n tia l  co u ld  p o s s ib ly  

be a t t r i b u t e d  to  s c a t t e r e d  p io n s  in  th e  ^He t a r g e t  b e in g  r e s c a t t e r e d  by 

th e  s t a i n l e s s  s t e e l  t a r g e t  chamber i n to  one o f  th e  a n n u la r  c o u n te r s .

T h is  s y s te m a tic  e r r o r  was p o s s ib le  b e c au se  o f th e  s m a ll  t a r g e t  d ia m e te r  

and th e  n a tu r e  o f  th e  d i s t r i b u t i o n  o f  s c a t t e r e d  p io n s  from  a  low Z e l e 

ment a t  low in c id e n t  e n e r g ie s .  The f i r s t  minimum in  th e  e l a s t i c  d i f f e r 

e n t i a l  c ro s s  s e c t io n  moves to  l a r g e r  a n g le s  as th e  in c id e n t  energy  o r

(49 50)th e  t a r g e t  a tom ic  number d e c re a s e s . *

To make th e  fo rw ard  n u c le a r  s c a t t e r i n g  c o r r e c t io n s  f o r  th e s e  

m easurem ents, th e  a v e rag e  o f  th e  m easured d i f f e r e n t i a l  c ro s s  s e c t io n  was 

u sed  to  make th e  c o r r e c t io n  f o r  th e  fo rw ard  n u c le a r  s c a t t e r i n g .  The



69

u n c e r ta in ty  In  th e s e  c o r r e c t io n s  f o r  th e  two low en erg y  m easurem ents on 

h e liu m -3 i s  r e f l e c t e d  in  th e  q u o ted  e r r o r  f o r  th e  f i n a l  c ro s s  s e c t io n .

I .  Beam R a te . C oun ter E f f ic ie n c y ,  and T a rg e t S iz e

M easurem ents w ere made o f  th e  obse rv ed  c ro s s  s e c t io n  as a  func

t io n  o f  beam r a t e  f o r  one o f  th e  t a r g e t s  u sed . The m easurem ent c o n s is te d  

o f  v a ry in g  th e  i n t e r n a l  c u r r e n t  o f  th e  c y c lo tro n  f o r  th e  in c id e n t  energy  

w ith  th e  h ig h e s t  coun t r a t e .  The c ro s s  s e c t io n s  m easured in  t h i s  manner 

w ere found to  be c o n s ta n t  w i th in  th e  s t a t i s t i c a l  c o u n tin g  u n c e r ta in ty .

The e f f i c i e n c y  o f  th e  a t t e n u a t io n  c o u n te r ,  T , was m easured 

u nder e x p e rim e n ta l c o n d it io n s .  The m easurem ent c o n s is te d  in  p o s i t io n 

in g  th e  c o u n te r  betw een th e  two 1" d ia m e te r  s c i n t i l l a t o r s ,  and S^.

The e f f i c i e n c y  o f  th e  c o u n te r  was c a lc u la te d  from

erf; timet) £r) * ( )* io o 7 ° .

The e f f i c i e n c y  m easured i n  t h i s  m anner was 99.7%. The assum ption  was 

made th a t  th e  e f f i c i e n c y  o f  th e  c o u n te r ,  T, was c o n s ta n t  o v e r  th e  d u r

a t io n  o f  th e  e x p e rim e n t. Based upon t h i s  a ssu m p tio n , th e  e f f i c i e n c y  

o f th e  c o u n te r  c a n c e l le d  i n  th e  r a t i o  o f  t a r g e t  empty to  t a r g e t  f u l l  

r e a d in g s .  T h e re fo re , no c o r r e c t io n  to  th e  c ro s s  s e c t io n s  was made f o r  

th e  e f f i c i e n c y  o f  c o u n te r  T.

The e f f i c i e n c i e s  o f  th e  fo u r  a n n u la r  c o u n te rs  w ere n o t  meas

u re d  a s  d e s c r ib e d  above b e c au se  o f  th e  la c k  o f  beam tim e  and th e  d i f w 

f i c u l t y  o f  such  a  m easurem ent owing to  th e  g e o m e tr ic a l  shape o f  th e  

c o u n te r s .  From a 1 com parison o f  th e  m easured carbon  c ro s s  s e c t io n  u s in g  

th e  a n n u la r  c o u n te rs  to  e x i s t i n g  c ro s s  s e c t io n ^ d a ta ,  th e  e f f i c i e n c i e s
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o f  th e  a n n u la r  c o u n te rs  w ere e s t im a te d  to  b e  95% o r  g r e a t e r .  T h is  l e v e l  

o f  e f f i c i e n c y  was b e l ie v e d  to  have  been  m a in ta in e d  f o r  a l l  c ro s s  s e c t io n  

m easurem ents th ro u g h o u t t h i s  e x p e rim e n t. V o ltag e  p la te a u s  and d e la y  

cu rv es  f o r  each  o f  th e  a n n u la r  c o u n te rs  w ere tak e n  and rechecked  th rough 

o u t th e  co u rse  o f  th e  e x p e rim e n t. The o u tp u t o f  each  c o u n te r  a ls o  gave 

w e l l  d e f in e d  s e p a r a t io n s  betw een th e  n o is e  and beam p a r t i c l e  p u lse  

h e ig h t s ,  I n d ic a t iv e  o f  a  h ig h  e f f i c i e n c y .

As s t a t e d  In  s e c t io n  A o f  C h ap te r I I I ,  th e  use  o f  an a n t i 

c o u n te r  p o s i t io n e d  b e fo re  th e  s c a t t e r i n g  t a r g e t  can g iv e  r i s e  to  a  s y s 

te m a tic  e r r o r .  Beam p a r t i c l e s  in  th e  m o n ito r  t r i g g e r  can back  s c a t t e r  

In to  th e  a n t i c o u n te r ,  v e to in g  th e  e v e n t as a  good m o n ito r  t r i g g e r  and 

th u s  y i e ld in g  a  low c ro s s  s e c t io n .  F o r th o se  c ro s s  s e c t io n  m easurem ents 

in  w hich A£ was in  p la c e ,  th e  number o f  p a r t i c l e s  back  s c a t t e r i n g  i n to  

A  ̂ can be found  by ta k in g  th e  d i f f e r e n c e  in  th e  c o in c id e n c e s  SlZA^SAg 

fo r  t a r g e t  f u l l  and empty c o n d it io n s  n o rm a liz e d  to  th e  same number o f  

m o n ito r t r i g g e r s .  The number o f  p a r t i c l e s  back  s c a t t e r i n g  i n to  A2 was 

t y p i c a l l y  l e s s  th a n  1% o f  th e  t a r g e t  f u l l  m o n ito r  t r i g g e r s  and y ie ld e d  

a  0.5% c o r r e c t io n  to  th e  c ro s s  s e c t io n .

As s t a t e d  in  s e c t io n  E o f  C h ap te r I I I ,  a  second  b e ry l l iu m  t a r 

g e t  was used  to  i n v e s t i g a t e  th e  p o s s ib le  in f lu e n c e  o f  t a r g e t  th ic k n e s s  

upon th e  c ro s s  s e c t io n  m easurem ent. For two in c id e n t  n e g a tiv e  e n e r g ie s ,  

c ro s s  s e c t io n s  w ere m easured u s in g  b o th  b e ry l l iu m  t a r g e t s .  The m easured 

v a lu e s  w ere found to  be c o n s i s t a n t  w i th in  th e  s t a t i s t i c a l  e r r o r .

J .  F in a l  C ross S e c tio n s  and E r ro rs

The f i n a l  v a lu e s  f o r  th e  t o t a l  c ro s s  s e c t io n s  f o r  each  t a r g e t
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a re  g iv en  i n  T ab le  X II . These v a lu e s  r e p r e s e n t  an a v e rag e  o v e r  th e  r 

c ro s s  s e c t io n  m easured a t  each  p o s i t i o n  o f  th e  t r a n s m is s io n  c o u n te rs  f o r  

an in c id e n t  e n e rg y . F ig s . 14 , 15 , and 16 show a  p l o t  o f  th e  t o t a l  c ro s s  

s e c t io n s  v e rs u s  th e  la b  k i n e t i c  en e rg y  f o r  c a rb o n , b e ry l l iu m , and 

h e liu m -3 , r e s p e c t iv e ly .  E x is t in g  carbon  and b e ry l l iu m  t o t a l  c ro s s  s e c 

t i o n s '^ *  a r e  a ls o  in c lu d e d  in  F ig s .  14 and 15. For th e

c ro s s  s e c t io n s  l i s t e d  i n  T ab le  X II and f o r  th e  c o m p ila tio n  o f  c ro s s  s e c 

t io n s  l i s t e d  in  T ab les  X III  -  XV, no Coulomb d i s t o r t i o n  ( s e c t io n  K) c o r

r e c t io n s  have  been  in c lu d e d .

The u n c e r t a in t i e s  due to  th e  v a r io u s  c o r r e c t io n s  w ere added 

in  q u a d ra tu re  to g e th e r  w ith  th e  s t a t i s t i c a l  e r r o r  f o r  each p o s i t io n  o f  

th e  t ra n s m is s io n  c o u n te r s .  F in a l ly  th e  e r r o r s  a s s ig n e d  to  in d iv id u a l  

p o s i t io n s  w ere added i n  q u a d ra tu re  to  g iv e  th e  f i n a l  e r r o r  q u o ted  in  

T ab le  X II. E s tim a te s  f o r  th e  u n c e r t a in t i e s  a s s o c ia te d  w ith  a  c o r r e c 

t io n  w ere g e n e ra te d  by v a ry in g  w i th in  re a so n  th e  p a ra m e te rs  used  in  

m aking th e  c o r r e c t io n .  U n c e r ta in t ie s  f o r  th e  fo rw ard  n u c le a r  c o r r e c t :  

t io n s  w ere g e n e ra te d  by add ing  in  q u a d ra tu re  th e  e r r o r s  on th e  cu rve  

f i t t i n g  p a ra m e te rs . The s t a t i s t i c a l  c o u n tin g  e r r o r ,  beam c o m p o s itio n , 

and t a r g e t  th ic k n e s s  a c co u n ted  f o r  th e  m ain so u rc e s  o f  e r r o r  in  t h i s  

e x p e rim e n t.

K. Coulomb D is to r t io n  C o rre c tio n s

In  e v a lu a t in g  th e  i n te g r a l s  o v e r  th e  in c id e n t  p io n  energy  f o r  

b o th  th e  su m -ru le  and th e  d i s p e r s io n  r e l a t i o n ,  th e  term  

in  th e  i n t e g r a l  i s  due to  th e  n u c le a r  i n t e r a c t i o n  o n ly . As shown in  

F ig . 14 , th e  r r " -c a rb o n  c ro s s  s e c t io n s  a r e  s i g n i f i c a n t l y  l a r g e r  th an
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th e  7T+-c a rb o n  c ro s s  s e c t io n .  The d i f f e r e n c e  was f i r s t  m easured by 

Clough e t  a l .  who m easured t t+  and 7r ca rbon  c ro s s  s e c t io n s  under 

th e  same e x p e r im e n ta l  s e tu p  from  90 to  850 MeV. T h is  d i f f e r e n c e  i n  th e  

m easured c ro s s  s e c t io n s  i s  v iew ed , n o t  as a  v io l a t i o n  o f  ch a rg e  independ

e n c e , b u t  i s  a t t r i b u t e d  to  th e  d i s t o r t i o n  o f  th e  in c id e n t  p io n  wave fu n c 

t io n  by th e  Coulomb f i e l d .  The p o s i t i v e  p io n  i s  r e p e l le d  by th e  n u c le u s  

and th e r e f o r e ,  w i l l  n o t  have th e  same im pact p a ra m e te r  a s  a  n e g a tiv e  p io n  

o f  th e  same in c id e n t  energy  w hich i s  a t t r a c t e d  tow ard th e  n u c le u s . T h is  

Coulomb c o n tr ib u t io n  to  th e  7r — n u c le u s  c ro s s  s e c t io n s  has p re v io u s ly  

been  c a lc u la te d  e x p l i c i t l y  in  a  s e m i - c l a s s i c a l  ap p ro x im a tio n  by F a ld t  

and P i l k u h e n ^ ^  The c o r r e c t io n s  to  th e  c ro s s  s e c t io n  d i f f e r e n c e s  f o r

th e  CoulonJb d i s t o r t i o n  a r e  l i s t e d  in  T ab le  XVI. As a  p o in t  o f  i n t e r e s t

9 3i t  i s  n o te d  t h a t  b e cau se  o f  th e  i s o s p in  dependence o f Be and He th e

Coulomb d i s t o r t i o n  c o r r e c t io n  made th e  ^Be d i f f e r e n c e  l e s s
3

p o s i t i v e  w h ile  th e  He d i f f e r e n c e  i s  more n e g a t iv e .  A d is c u s s io n  o f 

th e  c o r r e c t io n  f o r  Coulomb d i s t o r t i o n  to  th e  sum r u l e  and to  th e  d i s 

p e r s io n  r e l a t i o n  w i l l  be  g iv en  in  C h ap te r V.



V. EVALUATION AND DISCUSSION OF RESULTS

In  t h i s  s e c t io n  th e  n u m e ric a l e v a lu a t io n  o f  th e  sum r u le  f o r

3 7 9n u c le a r  b e ta  decay (Eq. 35) w i l l  be made f o r  He, L i and Be. A range  

o f  v a lu e s  f o r  th e  m eson-exchange c o r r e c t io n  f a c t o r ,  £  , and th e  r a t i o

o f th e  o n - to - o f f  s h e l l  c o u p lin g  c o n s ta n ts  f o r  th e  n u c le o n  and th e  nuc

le u s  , w hich a r e  c o m p a tib le  w ith  th e s e  su m ;ru le
q

e v a lu a t io n s  w i l l  be  g iv e n . F o r th e  Be e v a lu a t io n ,  th e  c o m p ila tio n  o f

+ 9 97r  Be c ro s s  s e c t io n s  in  T ab le  XIV h as  b een  combined w ith  th e  Be

m easurem ents o f  t h i s  work i n  g e n e ra tin g  th e  i n t e g r a l  in  th e
3

sum r u l e .  E s tim a te s  f o r  t h a t  p o r t io n  o f  th e  He i n t e g r a l  a t  k i n e t i c  

e n e rg ie s  above 243 MeV w hich was n o t  m easured i n  t h i s  work a r e  a ls o  p r e -
3

s e n te d . T h is  e s t im a te  f o r  th e  He i n t e g r a l  i s  ta k e n  d i r e c t l y  from  th e

7 9m easured f r a c t i o n a l  in f lu e n c e  o f  L i and Be d a ta  above 243 MeV. The 

Tj- — -  ^L i c ro s s  s e c t io n s  have been  o b ta in e d  from  re f e re n c e s  (51) and 

(52) and a re  g iv en  i n  T ab le  XV.

The rem a in d e r o f  t h i s  s e c t io n  w i l l  c o n s i s t  o f  an e s t im a te  o f
3

th e  e f f e c t i v e  p io n -n u c le a r  c o u p lin g  c o n s ta n t  f o r  He. A d i r e c t  compar

is o n  o f th e  m u lt ip le  s c a t t e r i n g  c a lc u la t io n  o f  by G u rv itz  w i l l

a ls o  be  made w ith  th e  ^He c ro s s  s e c t io n  m easurem ents i n  t h i s  w ork.

A. Sum R ule

In  e v a lu a t in g  th e  sum r u le  f o r  n u c le a r  b e ta  d ecay , th e  d i s 

c u s s io n  w i l l  be p re s e n te d  in  two p a r t s .  The f i r s t  p a r t  w i l l  in v o lv e

73
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th e  e v a lu a t io n  o f  th e  I n te g r a l  o v e r th e  p io n  energy  o f  th e  t o t a l  c ro s s  

s e c t io n  and th e  second  p a r t  w i l l  In v o lv e  th e  e v a lu a t io n  o f  th e  sum r u le .

B e fo re e e v a lu a tln g  th e  I n t e g r a l  , I t  I s  advan tage

ous to  rev iew  th e  g e n e ra l  f u n c t io n a l  form  o f  th e  I n t e g r a l .  R e w ritin g  

e q . (32) o f  C h ap te r I I ,

X W ; i r N f ) =  I r f ^  — f

we se e  t h a t  th e  e x p l i c i t  ene rgy  dependence o f  th e  i n t e g r a l  h as  a  form  

w hich peaks a t  th e  k i n e t i c  energy  and ap p ro ach es a 1/E

dependence f o r  E |V ^  . M easured tt — - n u c le a r  c ro s s  s e c t io n s  a re

c h a r a c te r iz e d  by th e  3 /2 -3 /2  reso n an ce  w hich o ccu rs  ap p ro x im a te ly  a t  th e  

p io n  mass energy  and w hich approach  th e  same v a lu e  ab o u t 1 BeV. When 

th e s e  c h a r a c t e r i s t i c s  o f  th e  i n t e g r a l  a r e  c o n s id e re d , th e  m ajor c o n t r i 

b u t io n  to  th e  i n t e g r a l  can be se e n  to  come, th e r e f o r e ,  from  th e  3 /2 -3 /2  

energy  r e g io n .

In  c a r ry in g  o u t th e  i n t e g r a t i o n ,  th e  m easured c ro s s  s e c t io n s  

w ere f i r s t  sm oothed u s in g  a  sm ooth ing  f u n c t io n  w hich f i t t e d  a  l e a s t  

s q u a re d ,:o n e  d eg ree  polynom al to  th r e e  s u c c e s s iv e  d a ta  p o i n t s . T h e S e  

sm oothed v a lu e s  became th e  in p u t  to  a  s p l i n e - f i t  i n t e r p o la t i o n  com puter 

r o u t in e  w hich gave in te r p o la te d  v a lu e s  f o r  e v e ry  MeV. The sm oothing 

o f  th e  m easured c ro s s  s e c t io n  was e s s e n t i a l  to  th e  i n t e r p o la t i n g  r o u tin e  

as  th e  i n te r p o la te d  v a lu e s  o s c i l l a t e d  s t r o n g ly  betw een th e  m easured  v a lu e s  

when th e  d a ta  w ere n o t  sm oothed. The i n te r p o la te d  v a lu e s  w ere th e n  used  

to  e v a lu a te  by a  n u m e ric a l i n t e r g r a t i o n .  The c ro s s  s e c t io n

c u rv es  w hich w ere  g e n e ra te d  i n  t h i s  way and used  i n  i n t e g r a t i n g  I K ; A )  

a re  p l o t t e d  as smooth cu rv es  in  F ig s . (15-A) and (1 6 ).
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The low en erg y  c ro s s  s e c t io n  re g io n  from  E*g* ( th re s h o ld )  

up to  th e  lo w e s t energy  d a ta  p o s i t i o n  w ere g e n e ra te d  by assum ing a  mo

mentum cubed dependence f o r  th e  c ro s s  s e c t io n s .  An e x t r a p o la t io n  was

made from  th e  lo w e s t m easured c ro s s  s e c t io n  to  z e ro  k i n e t i c  en e rg y .
_  3

For th e  ir  He d a ta ,  a  l i n e a r  e x t r a p o la t io n  was made u s in g  th e  m easured 

c ro s s  s e c t io n  to  123 MeV and th e  g e n e ra te d  momentum dependen t c ro s s  s e c 

t io n s  s t a r t e d  a t  t h a t  p o in t .  No a tte m p t was made to  m atch th e s e  two 

forms c o n tin u o u s ly .

As d is c u s s e d  I n  s e c t io n  K o f  C hap ter IV , th e  m easured c ro s s  

s e c t io n  m ust be  c o r r e c te d  f o r  th e  Coulomb d i s t o r t i o n  o f  th e  In c id e n t  

p io n  wave f u n c t io n s .  T h is  c o r r e c t io n  was made u s in g  th e  s e m i - c l a s s i c a l  

approach  o f  F a ld t  and P i l k u h n . I n  m aking t h i s  c o r r e c t io n  to  th e  

m easured c ro s s  s e c t i o n ,  i t  was n e c e s s a ry  to  im pose a  c u to f f  a t  an I n c i 

d e n t energy  below  w hich no  c o r r e c t io n  was made. T h is  was n e c e s s a ry  be

cause  o f  th e  u n r e a l i s t i c  d iv e rg e n c e  o f  th e  s e m l - c l a s s l c a l  m odel a t  low

3 7 9e n e r g ie s .  The c u to f f  f o r  He, L i and Be was s e t  a t  70 MeV. T his

v a lu e  was d e te rm in ed  from  two s o u rc e s .  The i r +  and ir c ro s s  s e c t io n s

on carbon  (F ig . 14 -A ), w hich i s  an i s o s p in  ze ro  n u c le u s , converges below

70 MeV f o r  w hich no f u r t h e r  Coulomb d i s t o r t i o n  c o r r e c t io n  i s  n e c e s s a ry .

S eco n d ly , an e v a lu a t io n  o f  th e  e f f e c t iv e - p io n - n u c le u s  c o u p lin g  c o n s ta n t

f o r  ^Be and \ i ,  p roduced  agreem ent w ith  th e  r e s u l t s  o f  S q u ie r ,  e t  a l P ^

when th e  c u to f f  was tak e n  a t  70 MeV. The c u to f f  u sed  i n  th e  e v a lu a t io n

o f  W , ; A )  was v a r ie d  by 10 MeV and y ie ld e d  a  4% change in

The v a lu e  o f  th e  i n t e g r a l ,  f o r  ^Be y ie ld e d  a  v a lu e  o f

0 .4 8  + 0 .0 8 ) ,  w h ile  th e  ^Li c ro s s  s e c t io n  y ie ld e d  a  v a lu e  o f  0 .6 0  +
3

0 .0 9 ; .  The i n t e g r a l  f o r  th e  He c ro s s  s e c t io n s  up to  243 MeV produced
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a  v a lu e  o f  - 0 .6 1  + .1 1 . The I n t e g r a l  f o r  th e  n u c le o n  was a ls o  c a lc u -
(59)

l a t e d  u s in g  a  c o m p ila tio n  o f  n u c le o n  d a t a '  up to  60 SeV and y ie ld e d  

a  v a lu e  o f  - .5 0  +  .0 1 .
9

As m entioned  e a r l i e r  i n  t h i s  c h a p te r ,  th e  i n te g r a l s  o f  Be and 

^Li w ere i n v e s t ig a t e d  to  d e te rm in e  th e  d eg ree  to  w hich th e  re g io n  above 

th e  3 /2 -3 /2  reso n an ce  c o n tr ib u te d  to  th e  sum r u l e  i n  b e ta  decay . The 

v a lu e s  o f  th e s e  i n t e g r a l s  up to  243 MeV de te rm in ed  in  t h i s  m anner p ro 

duced 90% f o r  b e ry l l iu m  and 93% f o r  l i th iu m  o f  t h e i r  no rm al v a lu e s  f o r  

w hich an u pper l i m i t  o f  1 BeV was ta k e n . T h is  r e l a t i v e l y  sm a ll  c o n t r i 

b u t io n  to  th e  i n t e g r a l  above 243 MeV i s  p r im a r i ly  due to  th e  f a c t  t h a t
•j" a

th e  c ro ss  s e c t io n  cu rve  f o r  ir and tt c ro s s  a t  ap p ro x im a te ly  550 MeV.

T h is  c ro s s in g  o f  th e  c ro s s  s e c t io n  c u rv e s , w hich i s  c h a r a c t e r i s t i c  f o r

is o s p in  o n e -h a lf  n u c l e i ,  m ost l i k e l y  r e f l e c t s  th e  in f lu e n c e  o f  a  h ig h e r
3

1 = 1 /2  re so n a n c e . S in ce  He i s  an i s o s p in  o n e -h a lf  n u c le u s  as  w e l l ,

+ 3th e  assum ption  i s  made t h a t  th e  tf He c ro s s  s e c t io n  w i l l  a l s o  c ro s s
3

and th e  c o n t r ib u t io n  to  th e  He i n t e g r a l  above 243 MeV w ould , th e r e f o r e ,

7 9be s im i la r  to  t h a t  o b se rv ed  i n  L i and Be. F o r t h i s  re a so n  th e  r e g io n  
3

above 243 MeV i n  He was assumed to  c o n tr ib u te  an a d d i t io n a l  8% to  th e  

i n t e g r a l .  In  assum ing t h i s  8% a d d i t io n ,  th e  assum ption  i s  made th a t  

h ig h e r  re so n a n c e s  i n  th e  ^He c ro s s  s e c t i o n s ,  i f  p r e s e n t ,  w ould n o t  be  a  

dom inant f e a tu r e .  T h is  assum ption  i s  su p p o rte d  by th e  sm earing  o f 

h ig h e r  reso n a n c e s  by th e  Ferm i m otion  in  d eu te riu m  and h e liu m -4 . As

a  f i n a l  comment, i t  i s  n o te d  t h a t  an e v a lu a t io n  o f  th e  i n t e g r a l  I W > r J  

to  in c lu d e  o n ly  th e  3 /2 -3 /2  re so n an ce  y i e ld s  72% o f  i t s  no rm al v a lu e .

The v a lu e  i s  r e p r e s e n ta t iv e  o f a  maximum c o r r e c t io n .  W ith th e  8% a d d i

t io n  to  th e  h e liu m r3  i n t e g r a l ,  th e  f i n a l  v a lu e  i s  -0 .6 6  +  .1 5 .
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W ith th e  v a lu e s  o f  I(-M * ; I f  N^) f o r  ^He, ^ L i, and ^Be and 

) s t a t e d  above, th e  sum r u l e  was e v a lu a te d . The v a lu e s  o f  

th e  r a t i o  f o r  a  range  o f  v a lu e s  o f  th e  meson exchange

c o r r e c t io n  f a c t o r  £  , from  £ » - 0 .1  to  0 .1  hav e  been  p l o t t e d  in  F ig .

17. The cu rv e s  f o r  th e  th r e e  n u c le i  have  th e  same c h a r a c t e r i s t i c  shape

(61)

(3)w ith  a  n e g a t iv e  s lo p e .  Kim and P rim ak o ff have e s tim a te d  th e  meson

exchange c o r r e c t io n  f a c t o r  to  b e  o f th e  o rd e r  o f  0 .0 5 . H arper e t  a l .  

have c a lc u la te d  £ „ from  e x p e rim e n ta l f t  v a lu e s  f o r  t r i t o n  b e ta  decay 

to  be  «  6%. These v a lu e s  o f  £ in d ic a te d  a  r a t i o  o f  X  6 >; ir* * ) /  

o f  <  1 . T h is f a c t  in d ic a te s  t h a t  f o r  th e  n u c le i  c o n s id e re d , th e  coup l

in g  c o n s ta n t  moves o f f - s h e l l  s l i g h t l y  s lo w e r th a n  th e  n u c le o n .

B. E f f e c t iv e  C oupling C o n stan t

R e w ritin g  th e  e x p re s s io n  f o r  th e  e f f e c t i v e  c o u p lin g  c o n s ta n t  

p r e s e n te d  as e q . ( 4 l ) i n  s e c t io n  B o f  C h ap te r I I ,

' *  J m 1 A o 'M

J W . *

we se e  t h a t  th e  term  J \  c o n s is t s  o f  th r e e  c o n t r ib u t io n s :  th e  v a lu ee r r

o f  Re f ” (MMf ) ;  th e  i n te g r a t io n  ov er th e  p h y s ic a l  r e g io n , ^ t .< U » < 0 0  • 

and th e  i n t e g r a l  o v e r th e  u n p h y s ic a l r e g io n , W „< . The e v a lu a -
3

t io n  o f  th e  i n t e g r a l  o v e r  th e  p h y s ic a l  r e g io n  f o r  He was pe rfo rm ed  in  

th e  sum r u le  i n t e g r a l  o f  Kim and P r im a k o ff . The Coulomb d i s t o r t i o n  c o r

r e c t io n  was c u t  o f f  a t  70 MeV and th e  low energy  c ro s s  s e c t io n s  w ere 

g e n e ra te d  by assum ing a  momentum cubed dependence. The c o n tr ib u t io n  to

th e  i n t e g r a l  above 243 MeV was o b ta in e d  i n  a  m anner s im i la r  to  t h a t  f o r

9 7th e  K-P sum r u l e .  The d is p e r s io n  r e l a t i o n  was e v a lu a te d  f o r  Be and L i
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u s in g  th e  d a ta  i n  T ab les  XIV and XV. T e rm in a tio n  o f  th e  i n te g r a l s  a t  

243 MeV produced  91% f o r  ^Be and 94% f o r  ^L i o f  th e  1 BeV l i m i t e i n t e -  

g r a t io n .  W ith an 8% a d d i t io n  th e  c o n t r ib u t io n  o f  th e  p h y s ic a l  r e g io n  

to  th e  c o u p lin g  c o n s ta n t  was ( .0 3 7  + .0 1 0 ) .

F or th e  c o n t r ib u t io n  from  th e  u n p h y s ic a l r e g io n , an a tte m p t 

was made to  p a ra m e te r iz e  th e  im ag in ary  p a r t  o f  th e  a n tisy m m e tr ic  amp

l i t u d e  a c c o rd in g  to  e q . (42) o f  C h ap te r I I .  The a n tisy m m e tr ic  s c a t t e r 

in g  le n g th  can be w r i t t e n  as

where a re  th e  tt^ -A  s c a t t e r in g  le n g th .  The ir  s c a t t e r i n g  le n g th s

can be o b ta in e d  from  7T -p io n ic  atom s. However, no e x p e r im e n ta l  e v a lu a 

t io n  o f  <V. has been  c a r r ie d  o u t .  E r ic so n  and L o c h e r ^ ^  have e v a lu 

a te d  th e  c o n tr ib u t io n  from  th e  u n p h y s ic a l r e g io n  f o r  Z = N + 1 n u c le i  

u s in g  e f f e c t i v e  7r -n u c le o n  s c a t t e r i n g  l e n g th s .  They o b ta in e d  a  v a lu e  

o f 0 .01  f o r  th e  c o n t r ib u t io n  from  th e  u n p h y s ic a l  r e g io n .

The v a lu e  o f  Re f  (K^) h as  been  d e te rm in ed  by r e f .  11 and r e f .  

58 from  p io n ic  atoms to  have th e  v a lu e  0 .0 4 8  + 0 .0 1 0  Mtj- The Re f  

c n i  ) can be  e x p re s se d  as  l / 3 (  a  ^ “  a  w here and a r e  th e

e f f e c t i v e  7r -n u c le o n  s c a t t e r i n g  le n g th s .  The v  - n u c le a r  s c a t t e r in g
f62)le n g th  a Q was e x p re s se d  as  1 /3 [2Z  +  (3N +  Z) a ^ ] .  V alues f o r

aQ from  seven  low Z n u c le i  w ere o b ta in e d  from  en erg y  l e v e l  s h i f t s  in  

p io n ic  a t o m s a n d  f i t  u s in g  a;, l e a s t  sq u a re s  m ethod to  g iv e  th e  

e f f e c t i v e  v a lu e s  o f  ot ^  and a

Combining th e  th re e  c o n t r ib u t io n s ,  th e  e f f e c t i v e  p io n -n u c le a r  

c o u p lin g  c o n s ta n t  f o r  ^He h a s  th e  v a lu e  ( .0 7 1  + .0 1 2 ) .  The v a lu e s  o f
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J l  f o r  ^Be and ^Li have been  c a lc u la te d  r e c e n t ly  by S q u le r  e t  a l .

u s in g  t h e i r  m easured  c ro s s  s e c t io n s .  They o b ta in e d  th e  v a lu e s , J V °

.068  +  .008  f o r  ^Li and -fl» c c  = .0 6 1  + .007  f o r  ^Be. Both o f  th e s e— e f  f  —

v a lu e s  in c lu d e  a  c o n tr ib u t io n  o f  0 .0 1  from  th e  u n p h y s ic a l r e g io n .

In  a  n u c le a r  model w here th e  n u c le o n s  i n  th e  n u c le u s  a r e  t r e a t 

ed  as f r e e  p a r t i c l e s ,  th e  v a lu e  o f  S K  w ould p resum ably  e q u a l th e  

p io n -n u c le o n  v a lu e  o f  0 .0 8 ^ " ^  In  t h i s  same m odel, th e  n u c le a r  c ro s s  

s e c t io n  w ould be  e q u a l to  a  v a lu e  o f  A tim es  th e  f r e e  p io n -n u c le o n  c ro s s  

s e c t io n s .  The r a t i o  o f  th e  e f f e c t i v e  p io n -n u c le a r  c o u p lin g  c o n s ta n t  to  

th e  p io n -n u c le o n  v a lu e  c a n , t h e r e f o r e ,  be  c o n s id e re d  a s  a  m easure o f 

n u c le a r  shadow ing e f f e c t s .

C. S tro n g  I n t e r a c t io n  Model

To ap p ly  th e  e x p re s s io n  f o r  th e  t o t a l  c ro s s  s e c t io n  developed

(12) 3 3by G u rv itz  to  th e  He c a s e ,  th e  i s o s p in  dependence o f  th e  He n u c le u s

m ust be  tak e n  i n to  a c c o u n t. The th r e e  term s in  th e  e x p re s s io n  f o r  th e

t o t a l  c ro s s  s e c t io n  f o r  s i n g l e ,  d oub le  and t r i p l e  s c a t t e r i n g  can b e  r e -
3

p la c e d  f o r  He as  th e  fo llo w in g :

_ T « t
1) S in g le  3C?TN  ¥  ( T f j  * CT^p 0 ^ *

2) Double

3) Triple

3*0
Ibir

j s ! , / « .  \’  j s ! L „
l«ttT v̂ Vh/  ̂ nzir* °ip0irpOiA
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E v a lu a tin g  t h i s  e x p re s s io n  a t  th e  n u c le o n 's  3 /2 -3 /2  reso n an ce  ( i . e .  at = 

0) and u s in g  as in p u t  v a lu e s

G j r y  °  ^ xtjh *  2 0 0  a h I

O V p  *  *  *10  k I j  j

3
th e  fo llo w in g  tt -  He c ro s s  s e c t io n s  a r e  com puted:

C7t * * j |e * 3 4 0  

O '* -  ’ He * ^

A lthough G u r v i tz 's  model does n o t  p r e d i c t  any en erg y  s h i f t  o f  

th e  3 /2 -3 /2  reso n an ce  f o r  th e  3 -n u c le o n  sy s te m , th e  m agnitude o f  th e  

n u c le a r  c ro s s  s e c t io n s  a t  reso n an ce  a re  found to  be  in  good agreem ent 

w ith  t h i s  w ork. These a re  to  b e  compared to  o u r  e x p e r im e n ta l  v a lu e s  o f

340 mb f o r  5 *  (7T**̂ He} and 260 mb f o r  0 ”  ( tT -^He^ .
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Appendix I

The sum o v e r th e  in te rm e d ia te  s t a t e  can b e  w r i t t e n  as
d isc . e w * . ***** *

E s  E  +  L - E  ,
^ N |  M a e  b j i a u  *b*¥«

where 1) S  c o n ta in s  a l l  s t a t e s  w ith  M a; M, (w ith  i s o s p in
8 £

in v a r ia n c e )

2) S  c o n ta in s  a l l  continuum  s t a t e s  below  -n +l'E[. th re s h o ld
fcCU*

c*A
3) 2  c o n ta in s  a l l  s t a t e s  above 7r +  Nf  th re s h o ld

F or exam ple, th e  sum o f  th e  in te rm e d ia te  s t a t e s  f o r  th e  in d ep e n d e n t c a ses
3

in  which th e  f i n a l  n u c le u s  i s  f i r s t  p  and th en  He can be  w r i t t e n  a s :

Aitc

: * \sty> : NoNfi

c « fjt

£  l * > ;  KJoVb U ‘V :  N o u i i

c u ^ .

Z  l<>: W;Tfp Is')-. T^p
M e d
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^I9C ,  *z | s>:  H; rit

C*wt.
2  |s>; H\dt*A p
U ma

Ce»rrt -j

2  |s>; T T ^ t ’H
Abouft

\S*>: UoNg

ls>'. p?p  

l s ' > ;  t i * 3 ^
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APPENDIX I I  

The sum over th e  s t a t e s  above th e  th r e s h o ld ,

can be  e v a lu a te d  fo llo w in g  an A d le r-W elsb e rg e r p ro c e d u re . These sums 

can be  r e w r i t te n  i n  term s o f  th e  d iv e rg e n c e  o f  th e  a x ia l - v e c to r  c u r r e n t  

u s in g  th e  fo llo w in g  i d e n t i t i e s :

and

I Q a t ° ) U s ) 5  i f e  o)\vu^>*  W f *

where t r a n s l a t i o n a l  in v a r ia n c e  h as  been  used  i n  w r i t in g  th e  l a s t  te rm s. 

These i d e n t i t i e s  a llo w  th e  m a tr ix  e lem en t o f  Q^(o) to  be w r i t t e n  as

\ 4  w k v  •  s X - * ' )  J f c T - o

where f o r  th e  sum o v e r th e  s t a t e s  above th re s h o ld ,  — e5

C o n sid e rin g  th e  sum over N , t h i s  term  can be  w r i t t e n  ass

5 3  -  l ^ V C f , - * )  ( l l b e j

=  %  k s t f C f r f , )
v$
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T his e x p re s s io n  c o n ta in s  a  3-momentum c o n s e rv a tio n  o n ly . 

F o llow ing  th e  p ro c e d u re  o f  B e l l f " ^  t h i s  e x p re s s io n  can be changed 

to  a  fo rm a l 4-momentum c o n s e rv a tio n  w here i s  a llo w ed  to  be  a  

" f r e e "  p a ra m e te r . The sum o v e r th e  s t a t e s ,  Ng can be  w r i t t e n  as

where A — e — e ▼ “ and •

U sing c o v a r ia n c e , th e  dependence o f on

6 f  can be  e x t r a c te d  by e v a lu a t in g  th e  sum in  th e  la b  (p rim e) fram e. 

The sum can be w r i t t e n  as

Using PCAC

^ x ^ ( < > ) =  < > T r h i & r  ,

-Tt

t h i s  sum can be  w r i t t e n  as

(2s ) V ( j > ; - j y q )  | < H f ( ^ • o ) | ‘T , - 1 N 5' ) I >i

-  (w) / J  (a )’ ^  | ■< Vs I i j  I N, .

From th e  d e f i n i t i o n  f o r  t o t a l  c ro s s  s e c t io n s  w hich can b e  w r i t t e n  as
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The sum o v e r th e  s t a t e s ,  N , can be  w r i t t e n  in  th e  l i m i t  1.

2 3 —  T ^ I W o - i f c H j l  F j [ ( ^ U i C l l .

A s im i la r  term  h o ld s  f o r  th e  sum o v e r N^ . The combined term  f o r  th e  

sum o f  s t a t e s  above th e  th re s h o ld  can  be w r i t t e n  as

m
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T ab le  VI C o rre c tio n s  to  T o ta l  C ross S e c tio n  M easurem ents f o r

it +  C arbon-12

T ab le  V II C o rre c tio n s  to  T o ta l  C ross S e c tio n  M easurem ents f o r

i f  C arbon-12

T ab le  V III  C o r re c t io n s  to  T o ta l  C ross S e c tio n  M easurem ents f o r

7r + B e ry lliu m -9

T ab le  IX C o rre c t io n s  to  T o ta l  C ross S e c tio n  M easurem ents f o r

ir B e ry lliu m -9

T ab le  X C o rre c tio n s  to  T o ta l  C ross S e c tio n  M easurem ents f o r

7r +  H elium -3

T ab le  XI C o rre c tio n s  to  T o ta l  C ross S e c tio n  M easurem ents f o r

it H elium -3

T ab le  X II F in a l  V alues f o r  T o ta l  C ross S e c tio n s  M easured w ith
F in a l  E r ro r s

T ab le  X III  C om pila tion  o f  tt— -C arbon  T o ta l  C ross S e c tio n s

T ab le  XIV C om pila tion  o f  tt — -B e ry ll iu m  T o ta l  C ross S e c tio n s
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C ounter G eo m etrie s . A ll  

Range T e lesco p e :

In c id e n t  Beam T e le sc o p e s

T ran sm iss io n  C o u n te rs :

O th er C oun ter Used:

TOF

P r o f i l e  C ounter 

C erenkov Chamber

TABLE I .

m easurem ents f o r  th e  c o u n te rs  a r e  g iv en  in  

in c h e s .

C ounter

W1
W2

W3

W4

C ounter

51

52

53 

<S4) 

A1

A2

C ounter

T

R1

R2

R3

R4

(X.Y.Z)

2 ,2 ,1 /4  

2 ,2 ,1 /4  

5 ,5 ,1 /1 6  

1 0 ,1 0 ,1 /4  

D iam eter 

2 

1 
1 
1
1 1/8  

( a n t i - h o le )

1 1 /4  
( a n t i - h o le )

I n s id e

T h ickness 

1 /8  
1 /8  
1/32 

1/8  
8 , 8 ,1 /4

6 , 6 ,1 /4

O u ts id e

D iam eter D iam eter

3 .62

5 .6 2

7 .63

9 .6 4

3 .50

5 .5

7 .5

9 .5  

12.0

T hickness

1 /16

1/2

1/2

1/2
1/2

T1 2 ,2 ,1 /4

T2 2 ,2 ,2

1 /4 ,1 /4 ,1 /4  

1 6 , 4 -1 /2  (D ia .)
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TABLE IV.

T a rg e t D im ensions and P r o p e r t ie s

Carbon

No. AtomsT a rg e t S u rfa c e  D im ensions iT hitekaess D e n sity
( In c h e s )  (In c h e s )  (g/cm ^)

x :5 .6 9 6  + .005 

y :5 .6 9 9  + .005

.660  + .005 1 .3 3  +  .0 1  .1 1 2 +  vOOlxlO24

B ery lliu m  x :5 .0 9 0  + .005 .720  + .005  1 .85  +  .0 1  .226 + .001x10

y :5 .1 1 5  + .005

24

.410  + .005 .128  + . 001x1024

L iq u id  He 

M ylar 

Window

S ta in le s s

Window

2.375  + .005 2 .575  + .009 .071  + .006 .929 +  .008x10

(D ia .)

2 .375  + .005 2 .580  + .010  .070 + .006  .924  + .009x10

23

23
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TABLE V.

V alues f o r  th e  P a ram e te rs  a  and R used  In  th e  C oulom b-nuclear i n t e r -s
fe re n c e  c o r r e c t io n .

I .  C arbon-12

Energy (MeV) a R (fm) s Energy (MeV) a R (fm) s

121 0 .21 3 .47 97 .3 7 3 .65
147 0 .0 5 3 .34 134 .1 3 3 .40
172 - 0 .0 8 3 .21 142 .0 8 3 .36
198 - 0 .1 8 3.09 146 .06 3.35
216 - 0 .2 3 3 .00 171 - .0 7 3 .23
240 -0*29 2 .9 0 175 - .0 9 3 .20

204 - .2 0 3 .06
223 - .2 5 2 .9 8
227 - .2 6 2 .96

I I . B e ry lliu m -9

Energy (MeV) a R (fm) s Energy (MeV) a Rg(fm)

120 .25 3.15 96 .4 0 3 .30
146 .09 3 .02 141 0 .11 3.06
171 - .0 5 2 .9 1 146 0 .0 8 3 .04
198 - .1 6 2 .82 170 -0 .0 5 2 .9 3
215 - .2 2 2 .7 3 203 - .1 8 2 .7 8
240 - .2 8 2 .6 3 223 - .2 4 2 .7 1

227 - .2 5 2 .70

I I I .  H elium -3

Energy (MeV) a Rs (fm) Energy (MeV) a R (fm) s

123 .2 7 2.19 141 0 .15 2.12
151 .0 8 2.10 146 0 .11 2.10
176 - .0 5 2.02 157 0 .0 5 2 .06
202 - .1 6 1 .95 162 0 .20 2 .05
219 - .2 2 1.89 175 -0 .4 5 2.00
243 - .2 8 1 .8 3 179 -0 .6 5 1 .99

202 -0 .1 6 1 .9 3
209 - 0 .1 8 1 .92
213 - 0.20 1 .90
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TABLE XII.

Measured *r — Cross Section Values

I .  Carbon-12

Energy (MeV) 7T +  (mb) Energy (MeV) 7T “

121 644 + 10 97 642
147 682 + 10 134 692
172 678 + 7 142 698
198 633 + 7 146 696
216 598 +  8 171 686
241 554 + 8 175 676

204 631
223 599
227 587

I I .  B e ry lliu n H )

Energy (MeV) 7T +  (mb) Energy (MeV) 7r “

120 512 + 8 96 529
146 567 + 8 141 644
171 570 + 6 146 649
198 531 + 7 170 636
215 500 + 8 203 577
240 460 + 8 223 542

227 523

I I I . H elium -3

Energy (MeV) 7T+  (mb) Energy (MeV) IT ~

123 277 +  16 141 266
151 341 + 14 146 234
176 333 +  12 157 256
202 308 +  12 162 252
219 262 +  13 175 260
243 232 + 15 179 263

191 260
194 257
202 222
209 229
213 222

(mb)

± 14± 12± 12± 12± 9± 9± 9± 11 + 11

(mb)

± 14± 9± 9 
+ 7
± 8± 10 + 10

(mb)

+ 20
± 18 
+ 16
± 16± 17± 17± 19 
+ 20
+ 22
+ 22
+ 22
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TABLE XIII.

Compilation of 7T — Carbon Total Cross Sections

Energy
(MeV)

7T C ross 
(mb)

S e c tio n R ef. Energy
(MeV)

IT +  C ross 
(mb)

S ec tic

87 5 8 3 .1  + 1 5 .4 a 87 501 .3  + 2 4 .9

113 673 .0  + 1 8 .7 113 624 .6  + 14 .2

127 687 .6  + 17 .6 127 646 .9  + 11 .6

155 699 .4  + 9 .5 155 682 .7  + 1 2 .0

186 661 .5  + 13 .0 186 640 .9  + 1 0 .5

228 58 4 .1  + 8 .5 228 5 6 9 .4  + 13 .5

258 534 .9  + 8 .0 258 522 .7  + 8 .0

287 492 .2  + 6 .5 287 473 .7  + 8 .0

335 421 .3  + 4 .5 335 408 .4  + 4 .5

480 314 .3  + 2 .5 480 304 .4  + 3 .0

565 301.2  + 2 . Or 565 291 .9  + 4 .5

694 304 .5  + 4 .0 694 29 7 .7  + 4 .0

854 326 .2  + 6 .0 854 322.2  + 6 .0

78 508 .0  + 6 .0 * b 78 4 3 8 .0  + 6 .0 *

106 6 6 1 .1  + 4 .0 106 59 3 .0  + 4 .0

141 707.5  + 4 .0 141 678 .5  + 4 .0

185 664 .0  + 4 .0 185 6 5 8 .0  + 4 .0

221 600 .5  + 3 .0 221 591 .5  + 3 .0

258 532 .5  + 3 .0 258 52 3 .5  + 3 .0

151 716 + 1 9 .0 c 115 6 2 0 .0  + 1 8 .0

90 590 + 1 2 .0 d 132 6 8 0 .0  + 1 7 .0

R ef.

a

b
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TABLE XIII.

Compilation of 7r— Carbon Total Cross Sections (cont'd)

Energy C ross S e c tio n  R ef. Energy + C ross S e c tio n
(MeV)____________(mb)_____________________(MeV)____________(mb)________

108 666.0  + 10.0 155 682.0  + 16.0

120 681 .0  + 7 .0 177 634 .0  + 17 .0

150 696 .0  + 7 .0 210 601 .0  + 17 .0

180 6 70 .0  + 7 .0

230 5 8 4 .0  + 6 .0

260 5 3 6 .0  + 6 .0

280 5 1 0 .0 +  6 .0

69.5 5 3 7 .0  ±  2 0 .0 e

87.5 5 7 1 .0  + 2 0 .0

a . B. W. A lla rd y c e .i  e t  a l .  R ef. 51 .

b . C. W ilk in , e t  a l . , R ef. 52.

c. N. D. G a b itz s c h , e t  a l . , R ef. 53

d. F. B inon, e t  a l . , R ef. 40.

e . R. M. E d e l s t e in ,  e t  a l . , R ef. 50

* S t a t i s t i c a l  e r r o r  on ly

R ef.
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TABLE XIV.

C o m p ila tio n  o f  v  — B e ry lliu m  T o ta l  C ross S e c tio n

Energy it C ross S e c tio n  R ef. Energy i r +  C ross S e c tio n  
(MeV)_____________________________________(MeV)________________________

89 466 .5  + 1 1 .1 a 89 421.5  + 11 .3

115 5 6 7 .1  + 30 .2 115 491 .7  + 14.9

128 6 2 0 .6  + 9 .8 128 516 .6  + 8 .0

156 6 4 5 .2  + 9 .8 156 561.9  + 12 .3

187 6 1 0 .8  + 8 .8 187 540 .5  + 8 .8

229 5 2 6 .4  + 7 .2 229 469 .1  + 11.9

259 469 .5  + 6 .8 259 418 .1  + 7 .3

289 415 .5  + 6 .1 289 383 .4  ± 6 .3

337 34 3 .8  + 4 .9 337 312 .3  + 5 .1

409 282 .9  + 3 .4 409 267 .7  + 2 .9

482 2 3 7 .1  + 2 .8 482 236 .5  + 2 .6

567 22 5 .4  + 3 .0 567 233 .2  + 3 .8

696 2 3 2 .7  + 3 .0 696 24 4 .3  + 3 .8

855 2 5 8 .8  + 4 .0 855 268 .6  + 5 .7

107 5 5 6 .0  + 4 .0 * b 107 454.0  + 4 .0 *

142 654 .0  + 4 .0 142 565 .0  + 4.0

186 61 4 .0  + 3 .0 186 554.0  + 3.0

222 54 2 .0  + 3 .0 222 495.0  + 3.0

260 460 .0  + 2 .0 260 422.0  + 2 .0

151 66 1 .0  + 13 .0 c 113 483.0 + 10.0

131 589 .0  + 11.0

153 581 .0  + 11.0

176 549 .0  + 10.0

209 500 .0  + 10 .0

a . B. W. A lla rd y c e ,  e t  d . ,  R ef. 51 .

b . C. W ilk in , e t  a l . , R ef. 52.

c . N. D. G a b itz s c h , e t  a l . , R ef. 53. 

* S t a t i s t i c a l  e r r o r  on ly

R ef.

a

b
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TABLE XV.

C om pila tion  o f  it — L ith iu m -7 T o ta l  C ross S e c tio n s

Energy
(MeV)

7r C ross 
(mb)

S e c tio n R ef. Energy
(MeV)

7T C ross 
(mb)

S e c tio n

91 371 .7  + 1 9 .8 a 91 312 .0  + 8 .2

117 510 .9  + 8 .6 117 384 .4  + 1 3 .3

130 548 .9  + 4 .3 130 420 .4  + 4 .6

158 5 6 5 .3  + 10 .5 158 48 7 .3  + 12 .0

189 52 8 .3  + 10 .8 189 480 .7  + 8 .6

231 448 .4  + 8 .0 231 394 .2  + 7 .8

261 395.9  + 8 .6 261 356 .4  + 6 .6

291 344 .4  + 5 .6 291 308.6  + 5 .4

338 277 .5  + 4 .3 338 258 .5  + 4 .3

411 229.9  + 2 .6 411 212 .0  + 2 .5

483 1 9 0 .3  + 2 .6 483 191 .8  + 2 .3

568 181 .3  + 2 .3 568 1 9 4 .3  + 3 .3

698 189.2  + 2 .9 698 1 9 9 .3  + 3 .9

857 210 .6  + 4 .0 857 2 2 7 .7  + 5 .0

110 484 .0  + 4 .0 * b 110 387.0  + 4 .0 *

145 575 .0  + 4 .0 145 483 .0  + 4 .0

188 547 .0  + 4 .0 188 467 .0  + 4 .0

225 467 .0  + 3 .0 225 426 .0  + 3 .0

262 393.0  + 3 .0 262 358 .0  + 3 .0

a . B. W. A lla rd y c e ,■ JLi.*» R ef. 51.

b .  C. W. W ilk in , et: a l . , R ef. 52 .

* S t a t i s t i c a l  e r r o r  on ly

R ef.

a
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