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ABSTRACT

The f i n e - s t r u c t u r e  s p l i t t i n g s  in  atoms form ed "by a n t ip r o to n s  in  

le a d  and uranium  and E“ hyperons in  le a d  and p la tin u m  have been  m easured . 

S ince  th e  f in e  s t r u c tu r e  i s  p roduced  th ro u g h  th e  i n t e r a c t io n  o f  th e  mag­

n e t i c  d ip o le  moment o f  th e  a n t ip r o to n  o r  th e  E” hyperon  w ith  th e  Coulomb 

f i e l d  o f  th e  n u c le u s ,  a  v a lu e  f o r  th e  m agnetic  moment can be de te rm ined  

from  th e  s p l i t t i n g .  The m ag n e tic  moment o b ta in e d  f o r  th e  a n t ip r o to n  was 

( -2 .8 1 9  + 0 .056 ) n u c le a r  m agnetons which a g re e s  w e ll  w ith  th e  CFT p r e ­

d i c t io n  o f  -2 .7 9 3  n u c le a r  m agnetons. The m ag n e tic  moment d e r iv e d  f o r  th e  

E~ hyperon  was ( - 1 .U8 + 0 .3 7 )  n u c le a r  m agnetons w hich i s  in  agreem ent w ith  

th e  s ig n  g iv e n  by sim p le  SU(3) t h e o r y ,  b u t d i f f e r s  somewhat from  th e  v a lu e  

o f  - 0 .9  n u c le a r  m agnetons p r e d ic te d  by th e  th e o ry  w ith  no m ass b re a k in g .

BRADLEY LEE ROBERTS 

DEPARTMENT OF PHYSICS 

THE COLLEGE OF WILLIAM AND MARY IN VIRGINIA



I .  INTRODUCTION

S in ce  th e  f i r s t  p r e d ic t io n s  o f  th e  e x is te n c e  o f  m esic  atoms by

1 -3F erm i, T e l l e r ,  W eisskopf and W heeler and th e  e a r l i e s t  ex p erim en ts

k-6w hich confirm ed  them , a  new a re a  o f  p h y s ic s  h as  d ev e lo p ed . The sub­

j e c t  o f  t h i s  f i e l d ,  w hich was f i r s t  r e f e r r e d  t o  a s  m esic  atom s and more 

r e c e n t ly  a s  e x o tic  a tom s, can  b e  d e f in e d  as system s composed o f  a  nega­

t i v e l y  ch arg ed  e le m en ta ry  p a r t i c l e  bound t o  a  p o s i t i v e  n u c le u s  by th e  

Coulomb f i e l d .  W ith th e  developm ent o f  h ig h  energy  p ro to n  a c c e l e r a to r s  

a  number o f  e x o tic  n e g a tiv e  p a r t i c l e s  have become a v a i la b le  w ith  w hich t o  

form  such  a tom s. A l l  o f  th e s e  atom s have common c h a r a c t e r i s t i c s  w hich we 

w i l l  b r i e f l y  d i s c u s s .

E x o tic  atom s a re  a n a lo g o u s , in  many r e s p e c t s ,  t o  a  hydrogen 

atom b u t w ith  a  n u c le u s  o f  ch a rg e  Ze and m ass A. T h e ir  b a s ic  p r o p e r t ie s  

can be o b ta in e d  by exam ining th e  Bohr fo rm u lae  fo r  th e  en erg y  and r a d iu s  

o f  a  p a r t i c l e  o f  m ass M in  o r b i t  abou t a  n u c le u s  o f  m ass , c h a rg e  Ze 

and p r in c i p a l  quantum number n .

2
Bohr R ad iu s : r  = —n mZa

2
,, , ^  „  m(Za) _ , /„  Za
Bohr E nergy: E  ----- ~ 2 ~  ~ ' r ~

2n n

2
where m i s  th e  red u ced  m ass , m = MM /̂CM + M ^), and oi = e /fic i s  th e  f i n e -  

s t r u c tu r e  c o n s ta n t .  One n o te s  t h a t  f o r  M_. »  M, m * M and th e  Bohr r a d iu s

1
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i s  th e n  in v e r s e ly  p r o p o r t io n a l  t o  t h e  m ass o f  th e  o r b i t i n g  p a r t i c l e .

Thus f o r  any p a r t i c l e  h e a v ie r  th a n  an e le c t r o n  th e  low er Bohr o r b i t s  

a r e  w e ll  in s id e  th e  e le c t r o n  c lo u d  ( th e  muon i s  th e  l i g h t e s t  o f  th e  

e x o tic  p a r t i c l e s ,  my /me = 2 0 6 . 8 ) and th e  e f f e c t s  o f  th e  e le c t r o n  s c re e n ­

in g  become v a n is h in g ly  sm a ll f o r  low  n . E x o tic  atom s have th e  p ro p e r ty  

t h a t  a s  th e  atom ic number in c r e a s e s ,  th e  I s  wave fu n c t io n  p r o b a b i l i t y  

d e n s i ty  in s id e  th e  n u c le a r  s u r f a c e  in c r e a s e s .  For n e g a tiv e  m uons, w hich 

i n t e r a c t  w eakly  and e le c tro m a g n e t!c a l ly  w ith  n u c le o n s , t h i s  can b r in g  

abou t a  d e v ia t io n  from th e  sim p le  Bohr en erg y  fo rm u la  as  l a r g e  as 50% 

b ecau se  th e  p o in t  n u c le u s  a p p ro x im atio n  i s  n o t v a l id .  In  th e  c a se  o f  

h a d ro n s , w hich a d d i t io n a l ly  i n t e r a c t  s t r o n g ly  w ith  n u c le a r  m a t t e r ,  s tro n g  

a b s o rp t io n  o c c u rs  from  atom ic s t a t e s  n e a r  t h e  n u c le u s ,  and in d eed  fo r  tt-  

m esons and th e  h e a v ie r  had rons th e  a tom ic  cascad e  tow ard  th e  ground s t a t e  

i s  te rm in a te d  b e fo re  t h e  I s  s t a t e  i s  re a c h e d .

The e x p e rim e n ta l p ro ce d u re  u sed  t o  form  an e x o tic  atom w ith  a 

lo n g  l iv e d  p a r t i c l e ,  c o n s is t s  o f  s to p p in g  a  secondary  beam from  an  a c c e l ­

e r a to r  in  a  t a r g e t  o f  th e  d e s ir e d  e lem en t. The n e g a tiv e  p a r t i c l e  i s  th e n

c a p tu re d  in to  o r b i t s  abou t th e  t a r g e t  n u c le i ,  f i r s t  p e rh ap s  in  m o le c u la r

-9  -1 0o r b i t s  and  th e n  atom ic ones o f  h ig h  n ,  in  th e  o rd e r  o f  1 0  t o  1 0  

2 7 -9seco n d s . * The p a r t i c l e  th e n  casc a d e s  th ro u g h  th e  a tom ic  l e v e l s  f i r s t  

by  th e  A uger p ro c e s s  and th e n  a t  lo w er n by  e l e c t r i c  d ip o le  r a d i a t i v e  

t r a n s i t i o n s .  Because o f  th e  tim e  n e c e s s a ry  to  foim  an e x o tic  atom , o n ly  

a  few p a r t i c l e s  le n d  th em se lv es  to  d i r e c t  p ro d u c tio n  o f  e x o t ic  atoms from 

an  a c c e le r a to r  beam b ecau se  o f  th e  l a r g e  f r a c t i o n  l o s t  t o  decay  i f  th e



p a r t i c l e  l i f e t i m e  i s  to o  s h o r t .  E x p e r im e n ta lly , m uonic , p io n ie ,  k ao n ic  

and a n t ip r o to n ic  atoms have been  p roduced  d i r e c t l y ,  and  E~ atom s have 

been  o b se rv ed  by p ro d u c tio n  from  s to p p in g  K~. A pproxim ately  5 -  10# o f  

th e  K~ s to p p in g  in  a  t a r g e t  w i l l  p roduce I ” a to m s '^  by  th e  r e a c t io n

K + N Z +  7T .

Some o f  th e  r e s u l t i n g  Z” escape  from th e  n u c le u s  where th e y  w ere p roduced  

and form  E-  atoms abou t o th e r  t a r g e t  n u c le i .  P io n ic  atoms a r e  sometimes 

form ed by th e  ir-  p roduced  w ith  th e  above r e a c t io n  so t h a t  in  k a o n ic  x - ra y  

s p e c t r a  b o th  E~ and ir” x  ra y s  a r e  p re s e n t  b u t w ith  a  much low er i n t e n s i t y  

th a n  th e  K~ x r a y s .  Wiegand^"*' r e p o r te d  th e  f i r s t  o b s e rv a t io n s  o f  E x r a y s .

However, he o bserved  a  s in g le  x  r a y  and  no o th e r  member o f  th e  c a sc a d e .

12B ackensto ss  et_ a l .  f i r s t  r e p o r te d  th e  o b s e rv a t io n  o f  s e v e r a l  members o f

13a  cascade  i n  low  Z e lem en ts and Lam et_ a l . r e p o r te d  th e  f i r s t  o b se rv a ­

t i o n  in  h ig h  Z t a r g e t s .

Complete rev iew s o f  t h e  f i e l d  o f  e x o tic  atoms a re  a v a i l a b le  in

r e c e n t  a r t i c l e s  by E r i c a o n ,^  B a c k e n s to s s ,^  and Wu^^ which t r e a t  i t" ,  K- ,

17 18 19p and E~ atom s. Those by  Wu, Wu and W ile ts ,  Devons and D uerdoth
20d is c u s s  y atom s and an e a r l i e r  rev iew  by  West t r e a t s  y and  ir atom s.

The b e h a v io r  o f  a tom ic  system s m ust be d e s c r ib e d  by  a  r e l a t i v i s -  

t i c  wave e q u a tio n , v i z . th e  D ira c  o r K le in  Gordon e q u a tio n , depending  on 

th e  s p in  o f  th e  o r b i t in g  p a r t i c l e .  In  e i t h e r  c a s e ,  th e  energy  s o lu t io n ,  

to  th e  lo w e st o rd e r  in  a ,  i s



"f

k

w here J = I  i f  th e  p a r t i c l e  i s  a  boson  and j  = H + 1 /2  f o r  a  fe rm io n . To 

t h i s  e q u a tio n  one m ust add th e  e f f e c t s  o f  vacuum p o l a r i z a t i o n ,  f i n i t e  

n u c le a r  s i z e ,  n u c le a r  p o l a r i z a t io n  and o th e r  c o r r e c t io n s .

The s tu d y  o f  e x o tic  atoms f u rn is h e s  in fo rm a tio n  abou t a  number 

o f  phenomena w hich can  be d iv id e d  in to  t h r e e  a r e a s :  th e  p a r t i c l e ,  th e

i n t e r a c t io n  and th e  n u c le u s . P a r t i c l e  p r o p e r t ie s  a re  b e s t  s tu d ie d  by  ob­

se rv in g  h ig h  n t r a n s i t i o n s  in  h ig h  Z e lem en ts  where th e  x - ra y  energy  i s  

o f  th e  o rd e r  o f  hundreds o f  KeV b u t  th e  p a r t i c l e  i s  s u f f i c i e n t l y  d i s t a n t  

from  th e  n u c le u s  so t h a t  s tro n g  i n t e r a c t i o n  and f i n i t e  s iz e  e f f e c t s  a r e  

n e g l ig ib l e .  Owing t o  th e  s h o r t  ran g e  n a tu r e  o f  th e  s tro n g  f o r c e ,  i n f o r ­

m atio n  on th e  s tro n g  in t e r a c t io n  can  b e s t  be  g a in e d  from  th o s e  l a s t  ob­

se rv e d  t r a n s i t i o n s  when th e  c a sc a d e  i s  te rm in a te d  by s tro n g  a b s o rp t io n . 

Quantum e le c tro d y n a m ic  e f f e c t s  such  a s  vacuum p o la r i z a t io n  a re  b e s t  

s tu d ie d  u s in g  m uons. In  n u c le a r  muon c a p tu re  th e  weak i n t e r a c t i o n  can

be s tu d ie d .  N u c lear charge  d i s t r i b u t i o n s  have been  d e te rm in ed  u s in g  y 

21atom s. The n u c le a r  m ass d i s t r i b u t i o n  o r  a  p o s s ib le  d i f f e r e n c e  m

n e u tro n -p ro to n  d i s t r i b u t io n s  may a l s o  be s tu d ie d  u s in g  h a d ro n ic  atoms a s

22r e c e n t l y  r e p o r te d  by  Bugg, et_ a l . B ecause p io n  c a p tu re  o c c u rs  on nu­

c le o n  p a i r s ,  ir”  atom s p ro v id e  in fo rm a tio n  on n u c le a r  c o r r e la t io n s  i n

23n u c le i  a s  w e ll  a s  th e  p io n -n u c le u s  i n t e r a c t io n .  The k a o n -n u c leu s  i n -

21* 25t e r a c t i o n  and a n tip ro to n -n u c le u s  i n t e r a c t io n  have been  s tu d ie d  u s in g

e x o tic  a tom s.

S in ce  th e  x - ra y  t r a n s i t i o n  e n e rg ie s  a r e  p r o p o r t io n a l  to  th e  

p a r t i c l e ’ s m ass , c a r e f u l  m easurem ent o f  x - ra y  t r a n s i t i o n  e n e rg ie s  w i l l

y i e l d  a  d i r e c t  m easurem ent o f  th e  m ass. The b e s t  v a lu e s  o f  th e  y ~ , ir“ ,
_ 26-29 

K , and  p  m asses have been  o b ta in e d  from  e x o tic  atom e x p e rim e n ts .
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I f  th e  o r b i t in g  p a r t i c l e  has s p in  1 / 2 ,  th e n  th e  l e v e l s  w i l l  he  

d o u b le ts  and a  m easurem ent o f  th e  f i n e - s t r u c t u r e  s p l i t t i n g  w i l l  y i e l d  th e  

m agnetic  d ip o le  moment. In  th e  ex p erim en ts  r e p o r te d  h e r e ,  such  m easu re­

m ents were pe rfo rm ed  t o  o b ta in  th e  m agnetic  moment o f  th e  a n tip r o to n  and 

th e  h yperon . P re lim in a ry  r e s u l t s  have  a lr e a d y  been  r e p o r t e d .30*31 in  

th e  fo llo w in g  s e c t io n s  th e  t h e o r e t i c a l  c o n s id e r a t io n s ,  e x p e rim e n ta l p ro ­

c e d u re , and m ethods o f  d a ta  a n a ly s is  a r e  d is c u s s e d . The r e s u l t s  o f  a n a ly ­

s i s  and c o n c lu s io n s  drawn from  them a re  p re s e n te d  in  th e  f i n a l  s e c t io n .



r̂s

I I .  THEORETICAL CONSIDERATIONS

A. M agnetic Moments

The v a lu e  o f  th e  m agnetic  d ip o le  moment o f  th e  a n tip r o to n  i s

c le a r l y  p r e d ic te d  t h e o r e t i c a l l y .  The CPT theorem  r e q u i r e s  t h a t  p a r t i c l e -

a n t i p a r t i c l e  p a i r s  have m ag n e tic  moments e q u a l in  m agn itude  and o p p o s ite  
32

in  s ig n . S in ce  th e  CPT theorem  i s  known t o  h o ld  t o  a  v e ry  h ig h  

33a c c u ra c y , an  e x p e rim e n ta l d e te rm in a tio n  o f  th e  m agnitude o f  th e  p mag­

n e t i c  moment and o f  i t s  s ig n  can  th e r e f o r e  he  view ed a s  a  s t r i n g e n t  t e s t  

o f  th e  e x p e rim e n ta l and a n a ly t i c a l  te c h n iq u e s  used  t o  d e te rm in e  th e  I "  

m agnetic  moment.

The E~ m agnetic  moment i s  somewhat l e s s  c l e a r l y  r e l a t e d  th e o r ­

e t i c a l l y  t o  p r e v io u s ly  m easured  m agnetic  moments. I t  can he r e l a t e d  t o  

th e  m agnetic  moments o f  th e  o th e r  members o f  th e  b a ryon  o c te t  by  SU(3)
*3). o/T —

sym m etry, ” and in  f a c t  a  h ig h  p r e c i s io n  m easurem ent o f  th e  moment

would f u r n is h  a  u s e fu l  t e s t  o f  SU(3) th e o r y .  The d i f f i c u l t y  o f  c o r r e c t ly

3l+in c lu d in g  th e  s tro n g  in te r a c t io n s  i n  th e  dynam ics o f  th e  problem  e x i s t s ,

35b u t SU(3) w ith  no m ass b re a k in g  p r e d ic t s

y ( E ” ) = n ( 0  = - tu ( p )  + U (n ) ] . ( l )

F urtherm ore  SU(6 ) ,  o r  a  m odel w ith  e q u a l m ass quarks  p r e d ic t s

6
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Thus

y(Z“ ) = -  1/3  y(p)

y(r") = -  0.9 yN
(2)

w here yN = e h /a n  c ,  one n u c le a r  m agneton. The p o s s i b i l i t y  t h a t  th e  s tr a n g eJJl P
q uark  h as  a  mass which i s  d i f f e r e n t  from  th e  is o d o u b le t  members has been 

c o n s id e re d  by R u b in s te in  e t  al_.

B. Atomic E f fe c ts

I f  th e  o r b i t in g  hadron  i n  an  e x o t ic  atom  h as  s p in  1 / 2 ,  th e  atom ic

energy  l e v e l s  w i l l  e x h ib i t  f i n e - s t r u e t u r e  s p l i t t i n g .  The m agnetic  moment

37can  be decomposed in to  two com ponents,

y = (g Q + g l )yH

where g^ i s  th e  D irac  f a c to r  (e q u a l t o  th e  p a r t i c l e  c h a rg e , + 1 , -1  o r  0) 

and g^ i s  th e  P a u l i  o r  anomalous te rm . Both com ponents a re  e x p re s s e d  in  

u n i t s  o f  th e  a p p ro p r ia te  had ron  m agneton , yR = e f i/a n ^ c , w here mR i s  th e  

had ron  m ass. The f i n e - s t r u c t u r e  s p l i t t i n g  o f  an  a tom ic  l e v e l  w ith  p r i n ­

c ip a l  quantum number n and o r b i t a l  a n g u la r  momentum quantum number i  i s  

37g iv en  by :

AEn,Jl ~ (g 0 + 2gl^  ^gn'3 Jl(Jl+l) ^

w here Z i s  th e  n u c le a r  c h a rg e , m th e  red u ced  m ass o f  th e  h a d ro n -n u c le u s  

sy s tem , 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 .  For y < 0 ,  th e  s t a t e  o f  

l a r g e r  J i s  h ig h e r  in  e n e rg y . One sh o u ld  n o te  t h a t  Eq. (3 ) was d e r iv e d
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0*7
in  th e  P a u l i  ap p ro x im atio n  and i s  a c c u r a te  up t o  (and  in c lu d in g )  te rm s 

—  2  —
o f  r e l a t i v e  o r d e r  ( v /c )  , where v  i s  th e  e x p e c ta t io n  v a lu e  o f  th e  had ron

v e lo c i ty .  The n e g le c te d  term s a re  o f  r e l a t i v e  o rd e r  (v/c)** and h ig h e r .

S ince  v /c  ~ Zot/n, we can  see  t h a t  f o r  n = 1 0 , th e  lo w e s t s t a t e  c o n s id e re d

in  t h i s  w ork , th e  c o n tr ib u t io n  o f  th e  n e g le c te d  te rm s  i s  o f  th e  o rd e r  o f

IQ ’ 5 below  th o s e  d is c u s s e d  h e re .

I f  one c o n s id e r s  atom ic t r a n s i t i o n s  betw een two f in e - s t r u c t u r e

d o u b le ts ,  shown s c h e m a tic a l ly  in  F ig . 1 ,  s e v e r a l  r e s u l t s  a re  a p p a re n t.

The t r a n s i t i o n  from  t o  i s  o f  n e g l ig ib le  i n t e n s i t y  b ecau se  Aj ** 2 .

I f  one assum es a  s t a t i s t i c a l  p o p u la tio n  o f  th e  l e v e l s , th e  i n t e n s i t y  r a -

37t i o  f o r  t r a n s i t i o n s  a :b : c  can  be  c a lc u la te d  and i s  g iv en  by th e  e x p re s ­

s io n ,

+ 1
1 + 2J7 T T  

a = 2 j3 + 1 231 + 1
2Jh + 1 ~ 2J2 + 1

b = 1  (^ a )

2 j ^ +  1

h
(  2^3 + 1  \  ,

= a  \  2 j i  + 1  /  ~ 1  *

I f  we d e f in e  c i r c u l a r  t r a n s i t i o n s  a s  th o s e  betw een l e v e l s  w ith  & = n -  1

and n o n c ir c u la r  t r a n s i t i o n s  a s  th o s e  betw een l e v e l s  w ith  & <_ n -  2 , th e n

f o r  c i r c u l a r  t r a n s i t i o n s  and th e  f i r s t  n o n c ir c u la r  t r a n s i t i o n s  (JL -  n  -  2 )

2
C ir c u la r :  a  = 2n + n -  1

c = 2n^ -  n  -  1
2  ( to )

N o n c irc u la r :  a  = 2n -  3n

c = 2n2  -  5n + 2
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w here n i s  th e  p r in c ip a l  quantum number o f  th e  f i n a l  s t a t e .  For l a r g e  n , 

th e  c o n tr ib u t io n  o f  t r a n s i t i o n  b  can  be n e g le c te d  and one o b se rv e s  ex­

p e r im e n ta l ly  two l i n e s ,  a  and c ,  w hich a re  s e p a ra te d  in  en erg y  by an 

amount 6E g iv en  by

6E = AE „ -  AE  ̂ . (5 )n ,£  n ,Jt

T h e re fo re  a  m easurem ent o f  th e  s p l i t t i n g  o f  th e  two components a  and c ,  

y i e ld s  a  d i r e c t  m easurem ent o f  th e  m agnitude  o f  t h e  m agnetic  moment.

S in ce  th e  i n t e n s i t y  r a t i o ,  R = a / c ,  i s  n o t u n i ty ,  i t  i s  a ls o  p o s s ib le  to  

d e te rm in e  th e  s ig n  o f  th e  m ag n e tic  moment by a  m easurem ent o f  th e  i n te n ­

s i t y  r a t i o .

T here  a re  s e v e ra l  e f f e c t s  whose c o n tr ib u t io n s  m ust be ta k e n  

in to  account in  an a n a ly s is .  fQr f i n e - s t r u c t u r e  s p l i t t i n g .  N o n c irc u la r  

t r a n s i t i o n s  can  c o n tr ib u te  to  th e  o b se rv e d  l in e s h a p e .  Dynamic quad rupo le  

m ix ing  can m odify  t h e  energy  l e v e l s .  Changes in  th e  l e v e l  p o p u la tio n s  

may o c c u r  due t o  Auger t r a n s i t i o n s .  These w i l l  be c o n s id e re d  in  o rd e r .

F ig u re  2 -2  shows s c h e m a tic a l ly  a  c i r c u l a r  t r a n s i t i o n  and th e  

m ost in te n s e  n o n c ir c u la r  one w ith  a  com peting An = 2 t r a n s i t i o n .  From 

Eq. (3 ) one se e s  t h a t  th e  s p l i t t i n g  o f  th e  n o n c ir c u la r  t r a n s i t i o n  l a b e l l e d  

a  i s  g r e a t e r  th a n  t h a t  o f  th e  c i r c u l a r  o n e , y .  However, th e  e n e rg ie s  o f  

a  and y  a r e  n o t e x p e r im e n ta lly  r e s o lv e d ,  and th e r e f o r e  one sh o u ld  in c lu d e  

th e  c o n t r ib u t io n  from a  in  an a n a ly s i s  f o r  f in e  s t r u c tu r e  s p l i t t i n g .  The 

c o n tr ib u t io n  due t o  th e  p re se n c e  o f  n o n c ir c u la r  t r a n s i t i o n s  can b e  e s t i ­

m ated  in  two d i f f e r e n t  ways: an e s t im a te  b a sed  on a  cascade  c a lc u la t io n ,

o r  a  d i r e c t  d e te rm in a tio n  from  th e  e x p e rim e n ta l d a ta .  Only f o r  th e
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a n a ly s i s  o f  th e  E~(n = 12 ■* n = 11 ) x  r a y  and th e  h ig h e r  a n t ip r o to n ic  

x  r a y s  was t h i s  p o s s ib le .

To e s tim a te  th e  c o n t r ib u t io n  o f  n o n c ir c u la r  t r a n s i t i o n s  t o  th e  

o b se rv ed  p-Pb and p-U x r a y s ,  a  c a sc a d e  c a lc u la t io n  s im i la r  t o  th o s e  d e s -
qQ

c r ib e d  by Sapp was perfo rm ed . Only t h e  f i r s t  n o n c ir c u la r  t r a n s i t i o n  

was in c lu d e d  in  th e  a n a ly s is  f o r  f i n e - s t r u c t u r e  s p l i t t i n g .  The o th e r  

n o n c ir c u la r  t r a n s i t i o n s  w ere much l e s s  in te n s e  and w ere e x p e r im e n ta lly  

r e s o lv e d  in  en erg y  from  th e  c i r c u l a r  and f i r s t  n o n c ir c u la r  t r a n s i t i o n s .

For th e  E ( l2  -»■ 11) in  P b , i t  was p o s s ib le  t o  e s t im a te  e x p e r i ­

m e n ta lly  th e  c o n tr ib u t io n  due t o  t h e  t r a n s i t i o n  c a l l e d  a .  The i n t e n s i t y  

r a t i o  a / 8  i s  e a s i l y  c a lc u la te d  f o r  e l e c t r i c  d ip o le  r a d i a t i o n ,  and 

6 / (a  + y ) can  be  m easured  (o r an u pper l i m i t  p la c e d  on i t )  from  th e  ex­

p e r im e n ta l  d a ta  becau se  $ and y a re  c l e a r l y  r e s o lv e d  i n  en e rg y . S ince  

th e  E ( l l  -*■ 10) was o b se rv ed  in  P b , th e  E (l2  10) sh o u ld  n o t be so 

b roadened  by th e  s tro n g  i n t e r a c t io n  e f f e c t s  as  t o  be u n o b se rv a b le . The 

i n t e n s i t y  r a t i o  G = a /y  can be  d e te rm in ed  from th e  i n t e n s i t y  r a t i o  I ,  

where

I  = a  -  B a
~ o t  +  Y -  a  +  Y 8  *

For t h e  E (12 -*■ 11) i n  Pb we found an upper l i m i t  on 0 / ( a  + y ) o f  0 .0 7 .

The i n t e n s i t y  r a t i o  a / 8  c a lc u la te d  f o r  e l e c t r i c  d ip o le  r a d i a t i o n  i s  2 .3  

f o r  th e  E” ( l2  11) in  Pb. We th e n  o b ta in  t h e  r e s u l t :

I  < .1 6 .

F or th e  p-U system  th e  e f f e c t s  o f  dynamic q uad rupo le  m ixing  m ust 

be c o n s id e re d . The H am ilto n ian  f o r  th e  h a d ro n -n u c le u s  system  i s  composed
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o f  th r e e  p a r t s ,  w hich o p e ra te s  o n ly  on th e  dynam ical v a r i a b le s  o f  th e  

n u c le u s , which o p e ra te s  o n ly  on th e  v a r i a b le s  o f  th e  had ron  ( th e  

h ad ro n -a to m ic  H am ilto n ian ) and which r e p r e s e n ts  th e  h a d ro n -n u c le u s  

i n t e r a c t io n  and which o p e ra te s  on b o th  s e t s  o f  v a r i a b le s .  The t o t a l  

H am ilto n ian  o f  th e  system  i s  g iv en  by

We have th u s  f a r  ig n o re d  th e  t e r n  HmT which has th e  a b i l i t y  to  m ix n u c le a r  

and h a d ro n ic  s t a t e s .  The m ost im p o rta n t example i n  t h i s  work o f  an i n t e r ­

a c t io n  w hich m ixes th e  n u c le a r  and h a d ro n ic  s t a t e s  i s  dynamic quadrupo le  

m ix in g . T h is  i s  im p o rta n t i n  deform ed n u c le i  and th e r e f o r e  m ust be i n ­

c lu d e d  in  any a n a ly s is  o f  th e  p-U x - ra y  s p e c t r a .  T h is  dynamic E2 e f f e c t

39 1*0was f i r s t  t r e a t e d  t h e o r e t i c a l l y  by W ile ts  and Jacobsohn  f o r  muonic

1*1atom s, and a  m ore com plete  t re a tm e n t  has been  c a r r ie d  o u t by Chen. When 

th e  o f f - d ia g o n a l  m a tr ix  e lem en ts  o f  th e  quad rupo le  i n t e r a c t io n  re a c h  a  

v a lu e  com parable in  m agnitude  w ith  th e  e x c i t a t i o n  energy  o f  th e  f i r s t  

e x c i te d  n u c le a r  s t a t e ,  th e n  th e  c o n tr ib u t io n  o f  th e  dynamic E2 in t e r a c t io n

becomes n o n -n e g l ig ib le  and a  s h i f t  i n  energy  o c c u rs . S h i f t s  i n  K , p and

-  238 1*2E energy  l e v e l s  in  U have been  c a lc u la te d  by Ara and Chen, and ob -

1*3se rv ed  by  Cheng, e t  a l . , a s  w e l l  as in  th e  p r e s e n t  w ork. An a b s o lu te  

s h i f t  o f  b o th  components o f  a  f i n e - s t r u c t u r e  d o u b le t does n o t a f f e c t  a 

m easurem ent o f  th e  m agnetic  moment. However, th e  E2 i n t e r a c t i o n  m ixes 

th e  s t a t e s  such  t h a t  th e  new s e t  o f  e ig e n s ta te s  a re  l i n e a r  com b ina tions o f  

th e  s t a t e s  coup led  by th e  i n t e r a c t io n  and J i s  no lo n g e r  a  good quantum 

number.
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C a lc u la tio n s  w ere made u s in g  o n ly  th e  f i r s t  e x c i te d  s t a t e  o f
23d 1̂ 2

U and th e  fo rm alism  developed  by  Chen, w hich showed t h a t  th e  two

f in e - s t r u c t u r e  components o f  th e  n = 10 , A = 9 d o u b le t were s h i f t e d  

e q u a lly  t o  w i th in  20 eV, a  d i f f e r e n c e  w hich  i s  f a r  l e s s  th a n  th e  e x p e r i ­

m en ta l a c c u ra c y . The c a lc u la te d  s h i f t s  a g re e d  w e ll w ith  th e  more com plete

k2  -c a lc u la t io n  o f  Chen. For th e  n = 1 0 , A = 9 l e v e l  o f  p-U th e  i n t e r a c t io n  

energy  i s  o f  th e  o rd e r  o f  6  keV as  compared w ith  th e  kk keV f i r s t  e x c i te d  

s t a t e  o f  th e  U n u c le u s . T h is was s u f f i c i e n t  t o  in d u ce  a  s h i f t  i n  th e  

energy  l e v e l s  b u t th e  r e s u l t i n g  h y p e rf in e  s t r u c tu r e  was n e g l ig ib l e .  For
p^Q

m uonic U where t h e  i n t e r a c t io n  energy  i s  o f  t h e  o r d e r  o f  100 keV, th e

h y p e rf in e  s t r u c tu r e  has been  o b se rv ed  e x p e r im e n ta lly  by  McKee f o r  th e  K,

hhL and M m uonic t r a n s i t i o n s .

I f  th e  had ron  w ere to  make th e  Ml Auger t r a n s i t i o n  (An = 0 ,

AA = 0 , Aj = l )  from  th e  upper to  t h e  low er s t a t e  in  a  f i n e - s t r u c t u r e  

d o u b le t ,  th e  s t a t i s t i c a l  p o p u la t io n  o f  t h e  f i n e - s t r u c t u r e  l e v e l s  would 

be d e s tro y e d  and one would n o t g e t  th e  c o r r e c t  s ig n  f o r  th e  m ag n e tic  

moment. Auger t r a n s i t i o n s  obey th e  same s e le c t i o n  r u l e s  a s  e l e c t r o ­

m agnetic  r a d i a t i o n ,  ex cep t t h a t  AA = 0 t r a n s i t i o n s  a r e  no t a b s o lu te ly  

U5fo rb id d e n . T hus, th e  Auger t r a n s i t i o n s  o f  AA * 1 would n o t a f f e c t  th e  

s t a t i s t i c a l  p o p u la t io n  o f  th e  a tom ic  l e v e l s ,  and  Eq. (Ua) i s  n o t  i n v a l i ­

d a te d  by  th e  o c c u rre n c e  o f  such  t r a n s i t i o n s .  I t  was th u s  d e s i r a b le  to

c a lc u la te  t h e  Ml Auger r a t e  t o  se e  i f  i t  was much l e s s  th a n  th e  e l e c t r o ­

dem agnetic  r a t e s .  F o llow ing  th e  d is c u s s io n  by B urb idge  and de Borde th e  

Auger r a t e  was c a lc u la te d  in  a  n o n r e l a t i v i s t i c  a p p ro x im atio n . The l a r g e s t  

amount o f  en erg y  a v a i l a b l e  i s  t h e  f i n e - s t r u c t u r e  s p l i t t i n g  o f  th e  p (n  = 1 1 )
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s t a t e  i n  U (2 .9 7  keV) w hich i s  s u f f i c i e n t  to  remove an e le c t r o n  from

s t a t e s  o f  n = *t o r  above. H ydrogenic wave fu n c t io n s  w ere employed b o th

f o r  th e  a n t ip r o to n  and th e  atom ic e l e c t r o n s ,  th e  l a t t e r  b e in g  assumed

to  be in  the Us s ta te  s in ce  s s ta te s  have the g rea te st wave function

o v e rla p  w ith  th e  p a t  low n . S c reen in g  o f  th e  Us e le c t r o n  due to  in n e r

e le c tr o n s  and th e  p was ta k e n  in to  acco u n t by u s in g  an  e f f e c t i v e  Z f o r

U7th e  e le c t r o n  a s  d e s c r ib e d  by  S l a t e r .  The a n t ip r o to n  was assum ed t o  be

i n  an n = 1 1 , I  = 10 s t a t e .  The number o f  t r a n s i t i o n s  p e r  second i s  

g iv en  by

where p a r e  th e  i n i t i a l  and f i n a l  p  wave f u n c t io n s , and F a r e  th e

i n i t i a l  and f i n a l  e le c t r o n  wave fu n c t io n s  r e s p e c t i v e l y . . The r e s u l t s  o f

7 -1t h i s  c a lc u la t io n  y ie ld e d  = 9 x  1 0  sec w hich i s  much l e s s  th a n  th e  

r a d i a t i v e  r a t e  P^ = 9*6  x  1 0 ^  sec 1 .



III. EXPERIMENTAL PROCEDURE AND DETAILS

A. I n tr o d u c t io n

The d a ta  w ere ta k e n  u s in g  a  seco n d ary  heam p roduced  by th e  slow  

e x tr a c te d  p ro to n  beam o f  th e  Brookhaven N a tio n a l L a b o ra to ry  a l t e r n a t i n g  

g r a d ie n t  sy n c h ro tro n  (AGS). Secondary p a r t i c l e s  (ir” , K- , p )  a t  800 MeV/c 

o r  750 MeV/c momentum w ere b ro u g h t th ro u g h  an e l e c t r o s t a t i c  s e p a r a to r  

which p e rm itte d  s e le c t i o n  o f  a  K" o r  p beam w hich was th e n  b ro u g h t to  

fo cu s  on th e  e x p e rim e n ta l t a r g e t .  The s to p p in g  p a r t i c l e s  w ere d e te c te d  

and i d e n t i f i e d  by means o f  a  s c i n t i l l a t i o n  c o u n te r  t e l e s c o p e .  The a n t i ­

p ro to n s  o r  kaons w ere slow ed down i n  Cu o r  Fe d e g ra d e r  in  com bina tion  

w ith  g r a p h i te  o r  Be and w ere b ro u g h t t o  r e s t  i n  a  h ig h  Z t a r g e t .  T a rg e ts  

o f  P t ,  Au, P b , and U w ere employed fo r  th e  K~ -  E” e x p e rim en ts  w h ile  th e  

p w ere s to p p ed  i n  e i t h e r  Pb o r  U. The r e s u l t i n g  h a d ro n ic  x  r a y s  w ere ob­

se rv e d  w ith  a  l i th iu m  d r i f t e d  germanium (G e (L i))  d e te c to r  whose p u ls e  

h e ig h t  was d i g i t i z e d  and s to r e d  in  a m u ltic h a n n e l p u ls e  h e ig h t  a n a ly s is  

system  i f  a  d e te c te d  x ra y  o c c u rre d  w i th in  1 0 0  n sec o f  th e  a r r i v a l  o f  a  

K~ o r p  a t  th e  t a r g e t .

B. Beam D e s c r ip t io n

^9-52The beam, d e s ig n e d  by  J .  Fox, i s  d e s c r ib e d  e lse w h e re .

The slow  e x t r a c te d  p ro to n  beam from  th e  AGS im pinged upon a  p ro d u c tio n  

t a r g e t  o f  e i t h e r  Cu o r  W. The r e s u l t i n g  secondary  beam p a r t i c l e s  e n te re d
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a  m ag n e tic  l e n s  system  a t  an a n g le  o f  1 0 . 5° from  th e  fo rw ard  d i r e c t i o n  

w ith  a  s o l i d  a n g le  ac ce p tan c e  o f  2 .7  m sr. The m ag n e tic  le n s  sy stem ,

(shown s c h e m a tic a l ly  in  R ef. 5 1 ) , c o n s is te d  o f  s ix  quad rupo le  m agnets and 

t h r e e  d ip o le s ,  w ith  th e  l a s t  d ip o le  and q uad rupo le  "being movable so a s  to  

p roduce  a  momentum recom bined  o r  momentum d i s p e r s iv e  beam a t  th e  f i n a l  

fo c u s . The momentum s l i t  was s e t  t o  a c c e p t a  + 2% momentum s p re a d  cen ­

t e r e d  f o r  th e  K-  beam on 800 MeV/c and on 750 MeV/c f o r  p . A ll  o f  th e  

p d a ta  d e s c r ib e d  h e re  w ere ta k e n  u s in g  th e  momentum d is p e r s iv e  beam as

w ere k a o n ic  d a ta  in  n a tu r a l  Au, P b , and d e p le te d  U. N a tu ra l P t ,  Pb and
208  .

Pb were u sed  as  t a r g e t s  in  th e  K~work done in  th e  recom bined beam.

These beams w ere b ro u g h t to  fo cu s  on t a r g e t s  p la c e d  abou t 1 .7  m b eh in d  

th e  l a s t  q u ad ru p o le .

The d e s ir e d  p a r t i c l e s  (K~ o r  p )  w ere s e le c te d  o u t o f  th o s e  p ro ­

duced a t  th e  p ro d u c tio n  t a r g e t  by  t h e  e l e c t r o s t a t i c  s e p a r a to r ,  w ith  a d d i­

t i o n a l  re q u ire m e n ts  imposed by th e  c o u n te r  and lo g ic  a rrangem en ts d es­

c r ib e d  below . The K~/ir” r a t i o  v a r i e d  betw een 0 .1 0  t o  0 . l 6  depend ing  on 

th e  mass s l i t  open ing  and th e  tT / p  r a t i o  was ap p ro x im ate ly  7 5 •

P ro d u c tio n  t a r g e t s  5 .0 8  cm and 7*62 cm i n  le n g th  w ere em ployed. 

For b o th  th e  p  and K~ beam s, th e  number o f  p a r t i c l e s  p e r  beam b u r s t  cou ld  

be  in c re a s e d  by  u s in g  th e  l a r g e r  t a r g e t ; how ever, t h i s  change le s s e n e d  th e  

beam p u r i t y  and in c re a s e d  th e  sp o t s i z e .

S e v e ra l  d e g ra d e r  a rrangem en ts w ere u sed  b u t  a l l  c o n s is te d  o f  

Cu o r  Fe fo llo w ed  by  a  low Z elem ent such  as  C o r  Be. The low  Z d e g ra d e r

was p la c e d  on th e  downstream  s id e  t o  m in im ize  m u lt ip le  s c a t t e r i n g ,  w hich
2

i s  p red o m in an tly  a  problem  a t  low e n e rg ie s .  W ith a  U g/cm th ic k



16

-  12e x p e rim e n ta l t a r g e t  th e  s to p  r a t e  was ap p ro x im ate ly  1 5 0  p  p e r  1  x  10

-  12p ro to n s  in c id e n t  on th e  p ro d u c tio n  t a r g e t  and 2000  K p e r  1  x  1 0  i n c i ­

den t p ro to n s .

C. C ounter Arrangem ent and E le c tro n ic  Logic

A lthough th e r e  e x is te d  s l i g h t  d i f f e r e n c e s  betw een th e  c o u n te rs

and lo g ic  u sed  t o  d e f in e  p 's  and.K  ' s ,  th e  two were q u i te  s im i la r .  The

s c i n t i l l a t i o n  c o u n te r  a rrangem en t i s  shown i n  F ig . 3 . C ounters 1 th ro u g h

5 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  and  C was a  Cerenkov c o u n te r .  In

th e  p beam C was a  L u c ite  th r e s h o ld  Cerenkov c o u n te r  u sed  to  r e j e c t  p io n s

and was p la c e d  in  a n t ic o in c id e n c e  w ith  c o u n te rs  123U. F or th e  K~ beam, C

53was a  F i tc h - ty p e  Cerenkov c o u n te r  u sed  t o  s e l e c t  kaons in  th e  in c id e n t  

beam and  was p la c e d  in  c o in c id e n c e  w ith  c o u n te rs  1 ,  2 , 3 and U.

The F i tc h  c o u n te r  c o n s is te d  o f  a  L u c ite  r a d i a to r  v iew ed by  s ix  

RCA 8850 p h o to m u lt ip l ie r  tu b e s  a rra n g e d  sy m m e tr ic a lly . S in ce  th e  F i tc h  

c o u n te r  i s  a  v e lo c i ty  s e le c t i o n  d e v ic e ,  Cerenkov l i g h t  from an 800 MeV/c 

K~ escap ed  from  th e  r a d i a to r  w h ile  l i g h t  from  800 MeV/c p io n s  d id  n o t .  By 

r e q u i r in g  two o r  more o f  th e  p h o to -tu b e s  t o  r e g i s t e r  p u ls e s  c o in c id e n ta l ly ,  

e f f e c t s  due t o  beam p a r t i c l e s  e n te r in g  th e  r a d i a to r  a t  s l i g h t l y  d i f f e r e n t  

a n g le s  w ere c a n c e l le d .

C ounter 3 was a  1 0 .1 6  x  1 0 .1 6  x  1 .2 7  cm c o u n te r  v iew ed by  two 

p h o to m u l t ip l ie r  tu b e s  w hich w ere r e q u i r e d  to  g iv e  c o in c id e n t  s ig n a l s .

The o u tp u ts  from  th e  1 0 th  dynode o f  each tu b e  w ere added l i n e a r l y  and t h i s  

sum was u se d  t o  impose a  dE/dx re q u ire m e n t on th e  s to p  s ig n a tu r e .  C ounter 

U was a  0 .1 6  cm t h i c k  1 0 . l 6  x  1 0 .1 6  cm c o u n te r  f o r  th e  d is p e r s iv e  beam and 

1 2 .7  x  1 0 .2  cm f o r  th e  recom bined beam.
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Counter 5> a  30 .5  x 3 0 .5  x 0 .6 ^  cm s c i n t i l l a t o r  p la c e d  0 .5  m 

b eh in d  th e  x  ra y  t a r g e t ,  was used  a s  a  v e to  c o u n te r  f o r  d i f f e r e n t i a l  ran g e , 

m easurem ents in  t h e  p ru n s  and e a r ly  K~ r u n s .  S in c e  5 seemed t o  im prove 

th e  x - ra y  s ig n a l  to  n o is e ,  i t  was l e f t  i n  th e  s to p  s ig n a tu re  f o r  l a t e r  K~ 

ru n s .  The u se  o f  5 d id  cause  r e j e c t i o n  o f  some t r u e  K~ o r  p e v e n ts  due 

to  p ro d u c tio n  o f  prom pt p io n s  from  n u c le a r  c a p tu re .  T his e f f e c t  was sm a ll 

how ever, s in c e  c o u n te r  5 sub tended  l e s s  th a n  5% o f  Uir s o l i d  a n g le  a t  th e  

t a r g e t .

A tim e  o f  f l i g h t  req u irem e n t was p la c e d  on th e  s to p  s ig n a tu r e  

f o r  th e  p ru n s  by means o f  a  sm a ll p l a s t i c  c o u n te r ,  Z, p la c e d  i n  f r o n t  o f  

th e  mass s l i t  (a p p ro x im a te ly  8 m up stream  o f  th e  x - ra y  t a r g e t ) .  The d e la y  

betw een Z and 123^ was a d ju s te d  such  t h a t  o n ly  p a r t i c l e s  w ith  t h e  t r a n s i t  

tim e  c h a r a c t e r i s t i c  o f  a  750 MeV/c p w ere a c c e p te d . The r e s u l t i n g  s to p  

s ig n a tu re  f o r  a  p  was th e n  12C3(dE/dx)UZ. For K~, th e  s to p  s ig n a tu re  

was 12C3(dE/dx)l*3.

D. X Ray D e te c tio n

D uring th e  co u rse  o f  th e  experim en t s e v e r a l  G e(L i) d e te c to r s
3

w ere em ployed, b u t a l l  u s e a b le  d a ta  w ere ta k e n  w ith  two 50 cm t r u e  co­

a x ia l  d e te c to r s  m an u fac tu red  by P r in c e to n  Gamma-Tech. These e x h ib i te d  

r e s o lu t io n s  o f  1 .1 0  keV and 0 .9 8  keV f u l l  w id th  a t  h a l f  maximum (FWHM) 

a t  292 keV, th e  en e rg y  o f  th e  le a d  K ~(9-8) t r a n s i t i o n .  The p r e a m p l i f ie r s  

w ere b o th  o f  th e  coo led  FEE ty p e  and w ere fu rn is h e d  by th e  m a n u fa c tu re r  

as an i n t e g r a l  p a r t  o f  th e  d e te c to r .

The p r e a m p li f ie r  s ig n a l  was f e d  i n to  a  l i n e a r  a m p l i f ie r  (O rtec  

U52  o r  P r in c e to n  Gamma-Tech 3^0) th e  o u tp u t o f  w hich went d i r e c t l y  to  th e
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an a lo g  t o  d i g i t a l  c o n v e r te r  (ADC) o f  a  1+096 channel m u ltic h a n n e l a n a ly z e r  

(K ic k so r t  711A) equ ipped  w ith  a  tw o -p o in t d i g i t a l  s t a b i l i z e r .  A ll  d a ta  

w ere accum ulated  u s in g  t h i s  system  o r  a  s im i la r  o n e , b o th  o f  w hich were 

i n te r f a c e d  such t h a t  th e  c o n te n ts  o f  memory co u ld  be w r i t t e n  on m agnetic  

t a p e .

The energy  re sp o n se  o f  th e  d e te c to r - a n a ly z e r  system  was o b ta in e d  

u s in g  r a d io a c t iv e  s o u rc e s . In  e s t im a t in g  y ie ld s  i t  was n e c e s s a ry  t o  know 

th e  energy  e f f i c i e n c y  o f  th e  d e te c to r  system . The e f f i c i e n c y ,  E f f ,  can 

be  d e f in e d  by

RI ,
E f f  = N

RI

w here N i s  a  n o rm a liz a tio n  f a c t o r  w hich can be  chosen such  t h a t  E f f  i s  an  

a b s o lu te  energy  e f f i c i e n c y ,  RI i s  th e  r e l a t i v e  i n t e n s i t y  o f  a  gamma r a y ,  

and  i s  th e  observed  r e l a t i v e  i n t e n s i t y .  T h is  e f f i c i e n c y  was m easured

by  p la c in g  a t  th e  t a r g e t  p o s i t i o n  a  r a d io a c t iv e  so u rc e  c o n ta in in g  many 

l i n e s  o f  known r e l a t i v e  i n t e n s i t y  and accu m u la tin g  a  sp ec tru m . A l l  e le c ­

t r o n i c  g a t in g  re q u ire m e n ts  ex c ep t th e  K o r  p s to p  w ere employed t o  be 

c e r t a i n  th e  e le c t r o n ic  in f lu e n c e  on th e  r e l a t i v e  e f f i c i e n c y  was a ls o  

m easu red . The r e s u l t i n g  spectrum  was th e n  a n a ly z e d  by  a  l e a s t  sq u a res  

f i t t i n g  r o u t in e  which gave th e  a re a  under each  peak . From t h i s  t h e  ob­

se rv e d  r e l a t i v e  i n t e n s i t y  was d e te rm in ed . The a b s o lu te  e f f i c i e n c y  was 

th e n  d e te rm in ed  by f ix in g  one (o r  m ore) p o in ts  on th e  curve  w ith  a  so u rc e  

o f  c a l i b r a t e d  i n t e n s i t y  th e re b y  d e te rm in in g  N. The e f f i c i e n c y  cu rve  fo r  

t h e  d e te c to r  w ith  1 .1  keV r e s o lu t io n  i s  shown i n  F ig . h . To e s tim a te  

y i e l d s ,  c o r r e c t io n s  f o r  s e l f - a b s o r p t io n  o f  x  r a y s  in  th e  t a r g e t  w ere 

a p p lie d  i n  a d d i t io n  t o  th e  d e te c to r  e f f i c i e n c y  c o r r e c t io n .
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The in s tru m e n ta l  l i n e  shape shou ld  g e n e ra l ly  he  G aussian  assum­

in g  h ig h  charge  c o l l e c t i o n  e f f i c i e n c y  in  th e  G e(L i) d e te c to r .  I f  n e u tro n  

damage o c c u rs  in  t h e  Ge c r y s t a l  caused  by  f a s t  n e u tro n s  p r e s e n t  i n  th e  

e x p e rim e n ta l a r e a ,  a  low energy  t a i l  w i l l  d eve lop  on th e  p eaks i n  th e  

spectrum  b ecau se  o f  ch arg e  t ra p p in g  in  l a t t i c e  d e fe c ts  c r e a te d  by  th e  

n e u tro n s . Only f o r  K" d a ta  ta k e n  w ith  th e  momentum recom bined  beam was 

t h i s  e f f e c t  s i g n i f i c a n t .  In  t h i s  c a se  th e  in s t ru m e n ta l  shape c o u ld  be 

w e ll  d e te rm in e d  u s in g  th e  unbroadened  K-  l i n e s  and c a l i b r a t i o n  l i n e s  from  

r a d io a c t iv e  s o u rc e s .

E . F a s t-S lo w  Timing

Due to  th e  d i f f e r e n c e  in  p u ls e  d u ra t io n s  from  f a s t  p l a s t i c  

s c i n t i l l a t o r s  (nanoseconds) and G e(L i) d e te c to r s  (m ic ro seconds) i t  was 

n e c e s s a ry  t o  form  a  s o - c a l le d  " f a s t - s lo w  c o in c id e n c e "  a t  some p o in t  in  

th e  e l e c t r o n i c  lo g ic  in  o rd e r  t o  in s u r e  t h a t  x  r a y s  w ere in  tim e  c o in ­

c id e n c e  w ith  th e  c o rre sp o n d in g  s to p p ed  beam p a r t i c l e .  The e le c t r o n i c  

lo g ic  used  i s  shown in  F ig . 5* One o f  t h e  p r e a m p l i f ie r  o u tp u ts  was s e n t 

th ro u g h  th e  f i r s t  s ta g e s  o f  an a m p l i f ie r  (T ennelec TC 200) and  th e n  t o  a  

tim in g  d is c r im in a to r  (C anberra  e x tr a p o la te d  ze ro  s t r o b e ) .  The o u tp u t o f  

t h e  t im in g  d is c r im in a to r  was p u t  i n  c o in c id e n c e  w ith  a  s to p  s ig n a l  from  

th e  f a s t  l o g i c ,  th e  y  s ig n a l  in p u t b e in g  a  few nanoseconds w ide and th e  

s to p  s ig n a l  60 t o  120 ns in  w id th . T h is  l a t t e r  w id th  was d e te rm in ed  from 

th e  o u tp u t spectrum  o f  th e  tim e  t o  am p litu d e  c o n v e r te r  shown in  F ig . 5 . 

The d e la y  betw een th e  s to p  and  y s ig n a l s  was a d ju s te d  such  t h a t  th e  o u t­

p u t  o f  th e  y - s to p  c o in c id e n c e  u sed  t o  g a te  a  m u ltic h a n n e l a n a ly z e r
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p e rm itte d  s to ra g e  o f  o n ly  t h a t  p a r t  o f  th e  t im in g  spectrum  co rre sp o n d in g  

t o  th e  prom pt p eak . S in ce  th e  tim e  i n t e r v a l  o f  th e  r e g io n  s to r e d  depen­

ded on th e  w id th  o f  t h e  s to p  p u l s e ,  i t s  w id th  was a d ju s te d  so th e  e n t i r e  

prompt peak was s to re d  i n  th e  a n a ly z e r  memory. Once th e  c o r r e c t  w id th  

and d e la y  w ere o b ta in e d , t h e  o u tp u t o f  th e  y - s to p  c o in c id e n c e  was u se d  to  

g a te  th e  m u ltic h a n n e l a n a ly z e r  f o r  th e  energy  s ig n a l  from  th e  G e(L i) de­

t e c t o r  .

P. Energy C a l ib r a t io n  and S t a b i l i z a t i o n

In  o rd e r  t o  d e te rm in e  th e  e n e rg ie s  o f  th e  o b se rv ed  h a d ro n ic  

x  r a y s ,  i t  was n e c e s s a ry  t o  c a l i b r a t e  th e  d e te c to r - a n a ly z e r  system  w ith  

r a d io a c t iv e  so u rc e s  whose y - r a y  e n e rg ie s  w ere in  th e  energy  ran g e  o f  in ­

t e r e s t .  Due to  coun t r a t e  dependence o f  th e  re sp o n se  o f  th e  sy stem , i t  

was im p e ra tiv e  t o  c a l i b r a t e  under c o n d it io n s  a s  c lo s e  as  p o s s ib le  t o  

th o se  under w hich th e  d a ta  w ere ta k e n .  T h is  was accom plished  by p la c in g  

so u rc e s  n e a r  th e  d e te c to r  and in c r e a s in g  th e  w id th  o f  th e  s to p  p u ls e  t o  

6 y sec . T h is  p e rm itte d  any y w i th in  t h i s  p e r io d  fo llo w in g  a  s to p p e d  beam 

p a r t i c l e  to  b e  s to r e d  i n  th e  a n a ly z e r  memory. T h is  m ethod o f  c a l i b r a t i o n  

a ls o  had  th e  advan tage  o f  s im u lta n e o u s ly  accu m u la tin g  c a l i b r a t i o n  l i n e s  

and  x - r a y  l i n e s  i n  th e  same spectrum . The lo n g e r  s to p  p u ls e  w id th  r e ­

s u l t e d  in  a  deg raded  h a d ro n ic  x - r a y  s ig n a l - t o - n o is e  r a t i o  by a  f a c t o r  o f  

t h r e e .  D uring  a l l  d a ta  and c a l i b r a t i o n  ru n s  two y - ra y  so u rc e s  (1^ C e  a t  

1^5*^3 keV and  ^ ^ C s  a t  661 .635  keV) were p la c e d  n e a r  th e  d e te c to r .  A 

tw o -p o in t  d i g i t a l  s t a b i l i z e r  c o n tin u o u s ly  m o n ito re d  and c o r r e c te d  th e  

g a in  and i n te r c e p t  o f  th e  ADC t o  in s u r e  t h a t  th e s e  two e n e rg ie s  w ere k e p t



21

c e n te re d  i n  p r e s e le c te d  ch an n e ls  in  th e  a n a ly z e r . The system  was s t a b i ­

l i z e d  d u r in g  th e  beam o f f  p o r t io n  o f  th e  AGS p u ls e  c y c le  by  th e  fo llo w in g  

m ethod. A "beam o f f "  g a te  was g e n e ra te d  and u sed  to  i n h i b i t  th e  memory 

" a d d - l"  command o f  th e  m u ltic h a n n e l a n a ly z e r .  Any y  r a y  w hich was d e te c ­

t e d  d u rin g  t h i s  beam o f f  t im e  was d i g i t i z e d  b u t  n o t  added t o  memory.

T h is  d i g i t i z a t i o n  p e rm itte d  t h e  s t a b i l i z e r  t o  c o r r e c t  changes in  g a in ,  

b u t p re v e n te d  so u rc e  l i n e s  from  accu m u la tin g  in  th e  d a ta .  D uring  th e  

beam s p i l l ,  o n ly  y - r a y  e v e n ts  in  c o in c id e n c e  w ith  s to p p ed  beam p a r t i c l e s  

w ere d i g i t i z e d ,  and th e s e  w ere added t o  memory. The s t a b i l i z a t i o n  so u rces  

w ere p la c e d  s u f f i c i e n t l y  f a r  from  th e  d e te c to r  t o  en su re  a  low  co u n tin g  

r a t e  and a lm ost no a c c id e n ta l  c o in c id e n c e s  betw een s t a b i l i z a t i o n  y r a y s  

and s to p p ed  beam p a r t i c l e s  o c c u rre d . D uring th e  c a l i b r a t i o n  ru n s  th e  

s t a b i l i z a t i o n  l i n e s  came i n  s u f f i c i e n t l y  s lo w ly  t h a t  c o r r e c t io n s  d u rin g  

any s in g le  beam s p i l l  w ere n e g l ig ib l e .  T h is m ethod o f  s t a b i l i z a t i o n  i s  

v a l i d  so lo n g  a s  th e  beam r a t e  i s  k e p t re a s o n a b ly  s te a d y , a s  i t  was d u rin g  

th e  c o u rse  o f  th e  ex p e rim e n t.

The above c a l i b r a t i o n  p ro ce d u re  was n o t u sed  f o r  th e  p d a ta  

ta k e n  in  o u r e a r l i e r  ru n s .  A s l i g h t l y  d i f f e r e n t  scheme was employed 

w hereby d u r in g  c a l i b r a t i o n  ru n s  th e  system  was a llo w ed  t o  s t a b i l i z e  d u rin g  

beam -on a s  w e ll  a s  beam -o ff p e r io d s ,  b u t  o n ly  d u r in g  b eam -o ff t im e s  f o r  

x - ra y  d a ta  accu m u la tio n  i t s e l f .  The d i f f e r e n t  s t a b i l i z a t i o n  m ethods u sed  

i n  c a l i b r a t i o n  v s . d a ta  ru n s  r e s u l t e d  i n  a  ze ro  s h i f t  i n  th e  c a l i b r a t i o n  

s p e c t r a  w hich y ie ld e d  an a c c u ra te  g a in  c a l i b r a t i o n  (eV /ch an n e l)  b u t  a  

l e s s  a c c u ra te  a b s o lu te  en e rg y  c a l i b r a t i o n  due t o  th e  beam-on beam -o ff 

in te r c e p t  s h i f t .  C o n seq u en tly , a lth o u g h  i t  was s t r a ig h t f o rw a r d  t o
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m easure a  f i n e - s t r u c t u r e  s p l i t t i n g  from  th e s e  d a ta ,  a b s o lu te  p  x - ra y  

e n e rg ie s  w ere o b ta in e d  t o  l e s s  p r e c i s io n .

G. T a rg e ts

The x - ra y  t a r g e t s  u se d  in  t h i s  work w ere p o s i t io n e d  in  a  "V" 

c o n f ig u ra t io n  w ith  th e  d e te c to r  p o s i t io n e d  a t  th e  in s id e  o f  th e  V. T h is 

c o n f ig u r a t io n  p re s e n te d  a  maximum t a r g e t  th ic k n e s s  t o  th e  beam w h ile  

m in im iz in g  th e  th ic k n e s s  th e  x  ra y s  had  to  t r a v e r s e  b e fo re  e sc a p in g  from 

th e  t a r g e t .  For th e  K~ -  £“ ex p erim en ts  one had t o  in s u r e  t h a t  t h e  t a r ­

g e t  was n o t so t h i n  a s  t o  p e rm it to o  la r g e  a  f r a c t i o n  o f  th e  produced  

hyperons t o  e sc a p e . For a  d e ta i le d  d e s c r ip t io n  o f  th e  t a r g e t s  u sed  see  

T ab le  1 .



IV . DATA ANALYSIS

The x - ra y  d a ta  w ere an a ly zed  u s in g  a  s ta n d a rd  l e a s t  sq u a re s  

5kf i t t i n g  r o u t in e .  The a n a ly s is  was c a r r ie d  o u t on th e  W illiam  and Mary 

IBM 360/50 and th e  Brookhaven N a tio n a l L a b o ra to ry  CDC 6600 com puters .

For a l l  x - ra y  t r a n s i t i o n s  an a ly zed  in  t h i s  w ork, th e  n a tu r a l  (L o re n tz ia n )  

l i n e  w id th  was so narrow  t h a t  th e  e x p e r im e n ta lly  o b se rv ed  l i n e  shape was 

th e  in s tru m e n ta l  one im posed by th e  G e(L i) d e te c to r  system . T h is was 

ta k e n  t o  be G aussian  b u t was m o d if ie d  t o  in c lu d e  a  low energy  exponen­

t i a l  t a i l  when th e  re sp o n se  o f  th e  d e te c to r  changed due t o  charge  t ra p p in g  

i n  l a t t i c e  d e f e c ts  caused  by  n e u tro n  damage. The s p e c i f i c  f u n c t io n a l  

form s u se d  in  th e  l e a s t  sq u a re s  f i t s  a r e  d is c u s s e d  below .

A. C a l ib r a t io n  A n a ly s is

The c a l i b r a t i o n  l i n e s  from  r a d io a c t iv e  so u rc e s  and K~ x ra y s  

were f i t t e d  t o  a  G aussian  fu n c t io n  p lu s  an e x p o n e n tia l  background  o f  th e  

form

F (x ) = A exp { - (x  -  x Q)2/2 a 2} + BQ exp {X(x -  x Q)}

(6 )

« # ( * )  + B(x)

w here x Q was th e  G aussian  c e n te r ,  a  t h e  FWHM d iv id e d  by 2 .3 5 ^ 6 , A th e  

am p litu d e  o f  th e  G a u ss ia n , B^ th e  background h e ig h t  u nder th e  peak  c e n te r ,  

and X was an e x p o n e n tia l  c o n s ta n t  f o r  th e  background . In  th o s e  c a se s
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where a  low energy  t a i l  was p r e s e n t ,  th e  f i t t i n g  re g io n  was d iv id e d  in to  

two p a r t s .  A p a ra m e te r  £ was d e f in e d  such  t h a t  f o r  x  <_ (xq -  £ ) th e  

fu n c t io n  $ 3  (x ) was r e p la c e d  hy an e x p o n e n tia l  o f  th e  form

T (x) = A exp { 2 £ [x -(x Q -  £ /2 )] /2 c r2} x <, (xQ -  £) (7 )

w here th e  o th e r  p a ra m e te rs  have th e  same m eaning as i n  Eq. ( 6 ) .  The 

f u n c t io n a l  form  was chosen  such  t h a t  b o th  th e  fu n c t io n s  and t h e i r  d e r i ­

v a t iv e s  w ere co n tin u o u s  a t  th e  m atch ing  p o in t  (x^ -  £ ) .

The rep lacem en t o f  th e  G aussian  by an e x p o n e n tia l  on th e  low  

energy  s id e  was n e c e s s a ry  o n ly  in  th e  l a s t  K~ -  E~ d a ta  accu m u la ted . For 

th e  a n a ly s i s  o f  th e  E“ ( l2  -> 11) f i n e - s t r u c t u r e  com ponents, th e  a d ja c e n t  

K~(9 8) was f i r s t  f i t t e d  w ith  th e  p a ra m e te r  £ f r e e .  A lthough  w ith in

s t a t i s t i c s  t h i s  v a lu e  o f  £ a g re e d  w ith  t h a t  o b ta in e d  by f i t t i n g  l i n e s  

from  r a d io a c t iv e  s o u rc e s ,  th e  shape u sed  i n  th e  E” a n a ly s i s  was ta k e n  

from th e  a d ja c e n t  K~(9 "*■ 8) t r a n s i t i o n  b ecau se  i t  was accum ulated  under 

c o n d it io n s  i d e n t i c a l  t o  th e  E ~ (l2  ->-11) a c cu m u la tio n .

To o b ta in  an  a b s o lu te  energy  c a l i b r a t i o n  o f  th e  G e (L i)-  

m u ltic h a n n e l a n a ly z e r  sy s tem , th e  c e n tr o id s  o f  l i n e s  o f  known e n e rg ie s  

w ere u se d . A l e a s t  sq u a re s  f i t  was pe rfo rm ed  w ith  f i r s t ,  seco n d , and

t h i r d  o rd e r  p o ly n o m ia ls . The b e s t  f i t  was d e te rm in ed  by u s in g  th e  F 

55v a lu e  t o  t e s t  th e  v a l i d i t y  o f  th e  a d d i t io n a l  te rm . Once th e  b e s t  f i t  

r e p r e s e n t in g  energy  a s  a  fu n c t io n  o f  ch an n el number was d e te rm in e d , th e  

e n e rg ie s  o f  th e  h a d ro n ic  x  r a y s  co u ld  b e  o b ta in e d .

B, A n a ly s is  f o r  F in e -S t r u c tu r e  S p l i t t i n g

E xcept f o r  th e  p ( l l  -*• 10) t r a n s i t i o n  in  U, th e  two f i n e - s t r u c ­

t u r e  components i n  a  p  o r  E" x  r a y  w ere s e p a ra te d  by l e s s  th a n  one FWHM,
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i . e . , th e s e  l i n e s  d id  n o t s a t i s f y  R a y le ig h 's  c r i t e r i o n  f o r  th e  r e s o lu t io n

5 6o f  two s p e c t r a l  l i n e s .  I t  was n e c e s s a ry  t o  deve lop  a  m ethod o f  a n a ly ­

s i s  f o r  th e s e  d a ta  w hich p e rm itte d  one to  d e te rm in e  th e  s e p a r a t io n  o f  th e  

two c e n tr o id s .  These two u n reso lv e d  components w i l l  he  r e f e r r e d  t o  an a  

d o u b le t in  th e  fo llo w in g  d is c u s s io n .

The f u n c t io n a l  form  f o r  a  d o u b le t was d e f in e d  as

D(x) = RAg exp { - (x  -  x Q)2/2 a 2} + Ag exp { - [ x - ( x Q + <5)]2/2 a 2} (8 )

where Ag was th e  am p litu d e  o f  th e  second com ponent, and 6 th e  s e p a ra t io n  

betw een c e n te r s  o f  th e  two com ponents. The w id th s  o f  th e  two G aussians 

w ere assumed t o  be  e q u a l th e re b y  m aking R (= A m plitude ( l) /A m p litu d e  (2 ) )  

th e  r a t i o  o f  a re a s  a s  w e ll  a s  th e  r a t i o  o f  a m p litu d e s  f o r  th e  d o u b le t 

members. The s t a t i s t i c a l  r a t i o  a /c  a s  d e f in e d  by Eq.. (U) was u sed  f o r  

R , and i t  was h e ld  f ix e d .  S in ce  t h e  n o n c ir c u la r  t r a n s i t i o n s  a ls o  c o n t r ib ­

u te d  to  th e  ob se rv ed  l i n e ,  a  second d o u b le t fu n c t io n  D '(x )  was d e f in e d  a s ,

D '(x )  = R'Ag exp { - (x  -  x ^ )2/2 a 2 } + Ag exp { - [x - (x ^  + 5 ' ) ] 2/2CT2} (9)

w here x^ was th e  d i f f e r e n t  c e n te r  due t o  th e  J dependence o f  th e  s o lu t io n  

to  th e  D irac  e q u a tio n , 6 ' was th e  s p l i t t i n g  o f  th e  n o n c ir c u la r  d o u b le t as 

g iv e n  by E qs. ( 3 ) ,  ( 5 ) ,  and R1 was th e  r a t i o  d e f in e d  by Eq. (U ).

The r e s u l t i n g  f u n c t io n a l  form was

F (x )  = D (x) + GD '(x) + B(x) (10)

w ith  th e  background te rm  ta k e n  to  be  th e  same a s  in  Eq. ( 6 ) .  The amount 

o f  n o n c irc u la r  c o n t r ib u t io n  in c lu d e d , G(= ot/y i n  F ig . 2 ) ,  was e s tim a te d
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from  e i t h e r  th e  e x p e r im e n ta lly  d e te rm in ed  r a t i o  I ,  o r from  a  cascad e  c a l ­

c u la t io n ,  b o th  o f  which a re  d is c u s s e d  in  S e c tio n  I I .  For th e  p d a ta  where 

such  an e s tim a te  o f  G was no t p o s s ib le  f o r  th e  t r a n s i t i o n s  o f  low er n ,  G 

was p e rm itte d  to  be a  f r e e  p a ra m e te r  in  th e  l e a s t  sq u a re s  f i t ,  p ro v id e d  

t h a t  th e  f i t  converged . I f  th e  f i t  d id  n o t converge , th e n  G was e s tim a te d  

from  th e  cascade  program  and h e ld  f ix e d .  F i t s  w ere th e n  perfo rm ed  o v e r  a  

ran g e  o f  v a lu e s  o f  G, th e  ran g e  b e in g  d e te rm in ed  by th e  range  o f  p r e d ic ­

t io n s  o f  th e  cascad e  program  f o r  r e l a t i v e  y i e ld s  o f  th e  h ig h e r  n (An = 2)

and (An = l )  t r a n s i t i o n s .  I t  sh o u ld  be  n o ted  t h a t  th e  a d d it io n  o f  D*(x) 

added no more ind ep en d en t p a ra m e te rs  b ecau se  b o th  x^ and 6 1 w ere r e l a t e d  

to  Xq and 6 th ro u g h  th e  D irac  e q u a tio n . In  th o s e  s i t u a t i o n s  where i t  was 

n e c e s sa ry  t o  in c lu d e  an e x p o n e n tia l  t a i l  on th e  low energy  s id e ,  each

G aussian  was t r e a t e d  s e p a r a te ly  u s in g  th e  p a ram ete r £ , d is c u s s e d  above,

which was d e te rm in ed  from th e  K(9 8) t r a n s i t io n *

In  th e  p t r a n s i t i o n s  where th e  s e p a r a t io n  betw een th e  two 

d o u b le t components was s u f f i c i e n t l y  l a r g e ,  th e  s e p a r a t io n  was t r e a t e d  as 

a  f r e e  p a ra m e te r . The r a t i o  o f  a re a s  was h e ld  f ix e d  a s  d e s c r ib e d  above. 

For th e  h ig h e r  t r a n s i t i o n s ,  t h e  w id th  was a ls o  h e ld  f ix e d .  The d a ta  

w ere f i t  w ith  t h r e e  d i f f e r e n t  w id th s :  th e  m easured  in s t ru m e n ta l  w id th ,

th e  m easured w id th  p lu s  i t s  s ta n d a rd  e r r o r ,  and th e  m easured  w id th  minus 

i t s  s ta n d a rd  e r r o r .

I f  th e  s e p a ra t io n  betw een th e  d o u b le t components was l e s s  them 

o f  one FWHM, i t  became n e c e s s a ry  to  h o ld  th e  s e p a r a t io n  f ix e d  f o r  a  

g iv e n  f i t .  I t  was no lo n g e r  v a l i d  t o  l e t  6 be a  f r e e  p a ra m e te r  because  

th e  e r r o r  d e te rm in ed  from  th e  e r r o r  m a tr ix  rea c h e d  th e  same o rd e r  o f
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m agnitude as th e  v a lu e  o b ta in e d  f o r  6 . One th u s  needed to  u se  th e  ran g e  
2

o v e r  which x changed by  one u n i t  a s  th e  s ta n d a rd  e r r o r  r a t h e r  th a n  th e

v a lu e  o b ta in e d  from  th e  e r r o r  m a tr ix ,  s in c e  th e  c r i t e r i o n  o f  r e q u i r in g  
2

X to  change by one u n i t  i s  alw ays v a l i d  so  lo n g  as one can make a  p a r a -
2 2 55

b o l ic  ex p an sio n  o f  th e  X h y p e rs u r fa c e  in  th e  r e g io n  o f  th e  x minimum.

One sh o u ld  n o te  t h a t  f o r  e r r o r s  much l e s s  th a n  th e  p a ra m e te r , t h e  two 

m ethods g iv e  th e  same v a lu e  f o r  th e  s ta n d a rd  e r r o r .  For each  f i t  th e  

f r e e  p a ra m e te rs  in c lu d e d  th e  background  a m p litu d e  and e x p o n e n tia l  con­

s t a n t ,  th e  c e n te r  o f  t h e  f i r s t  G aussian  ( th e  second  c e n te r  b e in g  a  d i s ­

ta n c e  6 away) and th e  a m p litu d e  o f  th e  second G aussian  ( th e  a m p litu d e  o f  

th e  f i r s t  G aussian  b e in g  d e te rm in ed  by RA^). A ll  w id th s  w ere assum ed 

e q u a l and h e ld  f ix e d ,

A s e r i e s  o f  f i t s  was made on each  f i n e - s t r u c t u r e  d o u b le t ,  w ith  

th e  s e p a r a t io n  5 f ix e d  f o r  each  f i t .  By f i t t i n g  o v e r  a  ra n g e  o f  6 i t  

was p o s s ib le  t o  o b ta in  X a s  a  fu n c t io n  o f  6 th u s  e n a b lin g  one t o  o b ta in  

’’m ost p ro b a b le "  v a lu e s  f o r  6 . S in ce  6 i s  th e  d i f f e r e n c e  o f  th e  f i n e -  

s t r u c tu r e  s p l i t t i n g s  f o r  s u c c e s s iv e  n l e v e l s ,  a  v a lu e  fo r  th e  m ag n e tic  

moment was th e re b y  o b ta in e d . For n  >_10 th e  r a t i o  R (= a / c ,  Eq. (U b )), 

d i f f e r s  from u n i ty  by 10J5 o r  l e s s ,  and  i t  was n o t alw ays p o s s ib le  t o  

o b ta in  a  c le a r  in d ic a t io n  o f  th e  s ig n  o f  th e  m ag n e tic  moment.

F or th e  p ( l2  -*• 11 ) and (11 -*■ 10) l i n e s  in  b o th  Fb and U t h i s  

s ig n  was unam biguous. F i t s  t o  th e  E~ d a ta  w ere s e n s i t iv e  t o  th e  m agni­

tu d e  o f  th e  m agnetic  moment, and th e r e  was an i n d ic a t io n  o f  a  p re fe re n c e  

f o r  a  n e g a tiv e  s ig n .  The v a lu e  o f  th e  m agnetic  moment was ta k e n  t o  be
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2
t h e  p o in t  a t  w hich th e  x fu n c t io n  rea c h e d  a  minimum and th e  s t a t i s t i c a l

2 55e r r o r  was ta k e n  to  he th e  i n t e r v a l  o v e r  which x changed by one u n i t .

The in s t ru m e n ta l  w id th  o f  th e  l i n e s  u sed  in  th e  s e r i e s  o f  

l e a s t  sq u a re s  f i t s  was d e te rm in ed  from th e  fo llo w in g  c o n s id e r a t io n s .  The 

o b se rv ed  K~ ( 9  8 ) x  r a y  i s  a  s u p e rp o s i t io n  o f  two t r a n s i t i o n s :  t h a t  b e ­

tw een th e  en erg y  l e v e l s  (n  = 9 > A = 8 ) -*■ (n = 8 , I  = 7 ) and t h a t  f o r  

(9 ,  7) ( 8 , 6 ) .  The K lein-G ordon e n e rg ie s  o f  th e s e  two components d i f f e r

by  586  eV which c o rre s p o n d s , f o r  ou r r e s o l u t i o n ,  to  a  d i f f e r e n c e  o f  abou t 

0 .5  FWHM. (The am p litu d e  r a t i o  o f  c i r c u la r /n o n c i r c u la r  t r a n s i t i o n s  i s  

a p p ro x im a te ly  5 .)  T h is  sm a ll n o n c ir c u la r  c o n tr ib u t io n  .tends t o  b roaden  

th e  w id th  and s h i f t  t h e  c e n tr o id  h ig h e r  in  e n e rg y  i f  th e  two peaks a re  

f i t  t o  a  s in g le  G au ss ian . The K(9 -*• 8 ) was f i t  t o  a  d o u b le t fu n c t io n  

(se e  Eq. ( 8 ) )  over a  ra n g e  o f  R, th e  r e l a t i v e  s e p a r a t io n  s e t  e q u a l to  

t h a t  p r e d ic te d  by th e  K lein-G ordon e q u a tio n , and a l l  o th e r  p a ra m e te rs  

f r e e .  The e f f e c t  o f  R on th e  w id th  i s  d isp la y e d  in  F ig . 6 . The cascad e  

program  p r e d ic te d  R = 5 .2  w hich c o rre sp o n d s  to  a  w id th  o f  7-57 c h a n n e ls . 

An e r r o r  o f  15$ was a s s ig n e d  t o  th e  r a t i o ,  R , o b ta in e d  by t h i s  m ethod 

b e c au se  th e  cascad e  program  p r e d ic te d  th e  r e l a t i v e  y ie ld s  o f  th e  k aon ic  

x  r a y s  t o  b e t t e r  th a n  15$ . T h is  u n c e r t a in ty  in  R co rresp o n d ed  t o  a  ran g e  

o f  w id th  in  ch a n n e ls  from  7*5 0  t o  7 *6 5 , and a g re e d  w ith  t h a t  p r e d ic te d  

from  c a l i b r a t i o n  l i n e s ,  (7*^ +. 0 .3 ) .  ^he K(9 "*■ 8 ) t r a n s i t i o n  a t  292 keV 

when f i t  t o  a  s in g le  G aussian  e x h ib i te d  th e  same w id th  in  th e  c a l i b r a t i o n  

ru n  as i t  d id  in  th e  d a ta  ru n s  ( 8 . 2  + 0 . 3 ) ,  a  w id th  c o n s id e ra b ly  b ro a d e r

th a n  th e  y - r a y  l i n e s  a t  276 keV (7 .0 2  + 0 .2 9 )  and 303 keV (7-71  + 0 .1 5 ) 
133from Ba. T his s e rv e d  t o  co n firm  th e  c o n c lu s io n  t h a t  th e  b ro ad en in g
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i n  th e  K(9 -*• 8 ) l i n e  was due t o  th e  f i r s t  n o n c ir c u la r  t r a n s i t i o n  and n o t ,  

f o r  exam ple, from p i le u p  in  th e  d e te c to r  d u r in g  th e  heam s p i l l .  Thus 

one co u ld  u se  a  c o n s id e ra b ly  narrow er in s tru m e n ta l  w id th  th a n  th e  s in g le  

G aussian  f i t  t o  th e  K(9 8 ) w ould i n d i c a t e .  The in s t ru m e n ta l  w id th  was

ta k e n  t o  be th e  c e n t r a l  v a lu e  in  th e  ran g e  de te rm in ed  from  th e  cascade  

p rogram , and th e  e r r o r  ta k e n  to  be th e  q u a d ra tu re  o f  th e  e r r o r s  due to  

th e  u n c e r ta in ty  in  R and t h a t  due t o  s t a t i s t i c a l  ■ uncerta in ty  from  th e  

l e a s t  sq u a re s  f i t  w ith  R eq u a l t o  i t s  c e n t r a l  v a lu e .

For th e  p d a ta ,  th e  w id th  c a l i b r a t i o n  was ta k e n  from K~ x ra y s  

accum ula ted  f o r  an  Au t a r g e t  under th e  same c o n d it io n s  a s  th e  p d a ta  were 

ta k e n ,  and from  c a l i b r a t i o n  ru n s .

S in ce  th e  in s t ru m e n ta l  w id th  was h e ld  f ix e d  in  g e n e ra tin g  th e
2

X fu n c t io n  v s .  d o u b le t s e p a r a t io n  6 , i t  was n e c e s s a ry  t o  v a ry  th e  w id th  

o v e r  th e  ran g e  o f  i t s  e x p e rim e n ta l u n c e r ta in ty  and t o  s tu d y  i t s  e f f e c t  

on th e  m agnetic  moment. The v a lu e s  d e r iv e d  from th e  d a ta  r e f l e c t  b o th  

th e  u n c e r t a in ty  in  in s t ru m e n ta l  w id th  and in  G, th e  c o n tr ib u t io n  from  th e  

n o n c ir c u la r  t r a n s i t i o n s .

C. D ata  S im u la tio n

In  o rd e r  t o  t e s t  th e  l e a s t  sq u a re s  f i t t i n g  r o u t in e s  u sed  and 

t o  s tu d y  th e  e f f e c t  o f  c o n tr ib u t io n s  from in n e r  t r a n s i t i o n s  when th e y  

w ere w e ll  known, s im u la te d  d a ta  w ere g e n e ra te d  w ith  a  com puter. The i n ­

p u t t o  th e  program  was th e  f u n c t io n a l  form  g iv en  by Eq. ( 1 0 ) ,  w hich was 

th e n  random ized w ith  G aussian  s t a t i s t i c s .  These s im u la te d  d a ta  w ere th e n  

an a ly z e d  by th e  same l e a s t  sq u a re s  f i t t i n g  r o u t in e  u sed  t o  f i t  th e  a c tu a l
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d a ta .  The r e s u l t s  o f  a n a ly s i s  o f  th e  s im u la te d  d a ta  e x h ib i te d  th e  same 

s e n s i t i v i t y  t o  G a s  d id  th o s e  o b ta in e d  from  e x p e rim e n ta l d a ta  and added 

t o  th e  c o n fid en ce  w ith  w hich one co u ld  view  th e  r e s u l t s .



V. RESULTS AND CONCLUSIONS

For a  d e te rm in a tio n  o f  th e  m agnetic  moment one needs to  know

th e  p a r t i c l e ' s  mass in  o rd e r  t o  compute th e  red u ced  m ass u sed  in  Eq. (3 )•

A lthough th e  t a b u la te d  m a sse s , m = (938.2592 £  0 .0052) MeV, and m =
P y~

57 — —
(1197*3^ ±  0 .0 7 )  MeV w ere u s e d , i t  was p o s s ib le  t o  d e te rm in e  p and E

m asses d i r e c t l y  from  t h i s  experim en t t o  th e  d eg ree  o f  p r e c i s io n  needed 

fo r  th e  d e te rm in a tio n  o f  th e  r e s p e c t iv e  moments.

The e r r o r s  i n  th e  v a lu e s  o f  th e  m agnetic  moments a s s o c ia te d  w ith  

th e  u n c e r t a i n t i e s  in  th e  c o n tr ib u t io n s  o f  n o n c ir c u la r  t r a n s i t i o n s  and in  

th e  in s t ru m e n ta l  l in e w id th  w ere common t o  th e  a n a ly s i s  o f  b o th  p and E-  

d a ta .  We s h a l l  d is c u s s  e f f e c t s  r e l e v a n t  to  b o th  a n a ly s e s  b e fo re  p r e ­

s e n t in g  th e  v a lu e s  o b ta in e d .

A. N o n c irc u la r  T r a n s i t io n s

S im u la ted  d a ta  w ere g e n e ra te d  u s in g  v a lu e s  o f  G (se e  Eq. (1 0 ))  

ra n g in g  from 0 . 0  t o  0 . 2 5  w ith  th e  w id th , t o t a l  number o f  co u n ts  and 

background b e in g  ta k e n  from th e  s e t  o f  K~ -  E~ d a ta  in  Pb w ith  th e  g r e a t ­

e s t  number o f  K~ s to p s .  For each  s e t  o f  s im u la te d  d a ta ,  th e  com puter 

random number g e n e ra to r  was r e s e t  t o  th e  same i n i t i a l  v a lu e  t o  in s u re  

t h a t  th e  o n ly  v a r i a b le  among th e  d i f f e r e n t  s e t s  o f  d a ta  was th e  v a lu e  

o f  G.

The r e s u l t s  o f  t h i s  a n a ly s is  o f  t h e  s im u la te d  d a ta  showed t h a t  

th e  v a lu e  o b ta in e d  f o r  th e  m agnetic  moment i s  v e ry  s e n s i t iv e  t o  th e  con­

t r i b u t i o n  f o r  t h e  f i r s t  n o n c ir c u la r  t r a n s i t i o n .  S im i la r ly ,  s im u la te d

31
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d a ta  w ere g e n e ra te d  f o r  s e v e ra l  p t r a n s i t i o n s  and th e  a n a ly s i s  showed th e  

m agnetic  moment to  "be ex tre m e ly  s e n s i t iv e  t o  th e  c o n tr ib u t io n s  from  th e  

f i r s t  n o n c ir c u la r  t r a n s i t i o n .  T h is  was a ls o  found t o  he th e  c a se  i f  G 

was v a r ie d  i n  th e  E” o r  p  a n a ly s i s .

G was f i t  as a  f r e e  p a ra m e te r  in  th e  a n a ly s is  o f  th e  U-p (12 

11) and p ( l l  -*■ 10) t r a n s i t i o n s  and in  th e  Pb-p  ( l l  -► 10) t r a n s i t i o n .

For th e  h ig h e r  t r a n s i t i o n s  G was d e te rm in ed  from  th e  d a ta ,  i f  th e  appro ­

p r i a t e  An = 2  t r a n s i t i o n  was in  th e  e x p e r im e n ta lly  o b ta in e d  sp ec tru m , o r  

from  a  cascade  c a lc u la t io n  i f  i t  was n o t .

The s e t  o f  K~ -  E” d a ta  r e p r e s e n t in g  th e  l a r g e s t  number o f  K 

s to p s  was an a ly zed  f o r  th e  E ~ (l2  1 1 ) f in e  s t r u c tu r e  s p l i t t i n g  f o r  two

extrem e v a lu e s  o f  G. These v a lu e s  were chosen  from b o th  t h e  E and p 

d a ta  from  th e  fo llo w in g  c o n s id e r a t io n s .  S in ce  th e  E” atom ic  energy  l e v e l s  

in  Fb have ap p ro x im ate ly  th e  same Bohr r a d i i  a s  th e  c o rre sp o n d in g  p l e v e l s  

in  U, we chose  a  ran g e  o f  G w hich was c o n s i s t e n t  w ith  th e  U-p (12 11)

a n a ly s is  and w ith  th e  u pper l i m i t  o b ta in e d  d i r e c t l y  from  th e  E” d a ta .

We th u s  chose a  ran g e  o f  0 .0 5  t o  0 .1 5  f o r  G in  th e  Fb E-  a n a ly s i s .  The

r e s u l t s  o f  th e  a n a ly s is  f o r  G ■ 0 .05  and G = 0 .1 5  f o r  th e s e  d a ta  a re
2

shown in  F ig . 7« The re g io n  o v e r  which x changed by one u n i t  was approx­

im a te ly  th e  same f o r  th e  two v a lu e s  o f  G, b u t th e  c e n te r  was s h i f t e d .

The re g io n  s i z e  was in c re a s e d  by 20$ i f  one to o k  th e  u p p er l i m i t  from 
2

th e  G = 0 .1 5  X cu rve  and th e  lo w er l i m i t  from  th e  G = 0 .0 5  one . Sim i­

l a r l y ,  th e  r e g io n  f o r  G was chosen  t o  be  from  0 .1 0  t o  0 .2 0  f o r  P t .

B. In s tru m e n ta l  W idth U n c e r ta in t ie s

When a  s in g le  G aussian  such  as  a  co m p u te r-s im u la te d  l i n e  o r  a  

r a d io a c t iv e  so u rce  l i n e  in  a  c a l i b r a t io n  ru n  was f i t  w ith  a  d o u b le t
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f u n c t io n  w ith  R = 1 .0 9 6  ( th e  v a lu e  from  Eq. (Ub) f o r  a  c i r c u l a r  (12 ->-11)
2

t r a n s i t i o n )  and a  f ix e d  in s t ru m e n ta l  w id th , th e  x fu n c t io n  was c e n te re d
2

about z e ro  s e p a r a t io n ,  b u t th e r e  was a  f i n i t e  i n t e r v a l  ov er w hich x 

changed by one u n i t .  T h is  ran g e  was a  r e f l e c t i o n  o f  s t a t i s t i c a l  u n c e r­

t a i n t i e s  in  th e  w id th  o f  th e  s in g le  G au ss ia n . S im u la ted  d a ta  w ere g e n e r­

a te d  w ith  s in g le  G aussians o f  d i f f e r i n g  a m p litu d es  on th e  same background .
2

As th e  am p litu d e  was in c r e a s e d ,  th e  r e g io n  over w hich X changed by one 

u n i t  d e c re a se d  a s  one would e x p e c t ,  becau se  a  s in g le  G aussian  f i t  t o  each 

one showed t h a t  w ith  b e t t e r  s ig n a l- to -b a c k g ro u n d , u n c e r t a in t i e s  in  th e  

e x t r a c te d  w id th  d e c re a s e d .

S in ce  th e  in s t ru m e n ta l  w id th s  each  had an  a s s o c ia te d  s t a t i s t i ­

c a l  e r r o r ,  i t  was n e c e s s a ry  t o  c a r r y  o u t th e  d o u b le t a n a ly s i s  on th e  p 

o r  Z~ d a ta  f o r  s e v e r a l  w id th s  and to  in c lu d e  th e  e f f e c t s  o f  t h e i r  u n c e r­

t a i n t i e s  i n  th e  q u o ted  e r r o r s .  For s u f f i c i e n t l y  l a r g e  s e p a r a t io n s  b e ­

tw een th e  d o u b le t com ponents such as were p r e s e n t  f o r  th e  Fb-p (1 2  l l )  

and ( l l  -*■ 10) and th e  U-p (13 1 2 ) ,  (12 -► l l )  and ( l l  -»• 10) t r a n s i t i o n s ,

th e r e  was l i t t l e  s e n s i t i v i t y  t o  th e  w id th  u s e d , and in  f a c t ,  a  change o f  

f iv e  s ta n d a rd  d e v ia t io n s  in  th e  in s tru m e n te d  w id th  f o r  th e  l a s t  two l i n e s  

in  U caused  l e s s  th a n  a  2% change in  th e  e x t r a c te d  v a lu e  o f  y ( p ) .

C. S t a t i s t i c a l  P o p u la tio n  o f  F in e -S t r u c tu r e  L e v e ls

The f i n e - s t r u c t u r e  com ponents o f  th e  p ( l l  ■+• 10) in  U were 

s e p a ra te d  by  more th a n  one FWHM so i t  was p o s s ib le  to  make a  f r e e  f i t  

t o  a l l  p a ra m e te rs  in c lu d in g  G o f  a  d o u b le t fu n c t io n  p lu s  an  e x p o n e n tia l  

background . The o n ly  c o n s t r a in t  was t h a t  th e  two component l i n e s  have 

th e  same w id th . T h is  f i t  p ro v id e d  a  m easurem ent o f  th e  r a t i o  R (Eq.. ( 8 ) ) .
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The r e s u l t  was R = 1 .2 7  +. 0 .1 9  w hich was in  agreem ent w ith  1 .1 1 , th e  

v a lu e  o b ta in e d  u s in g  Eq. (H b). One can  th u s  conc lude  t h a t  th e  s t a t i s ­

t i c a l  p o p u la t io n  o f  th e  f i n e - s t r u c t u r e  s t a t e s  i s  n o t s ig n i f ic a n t ly -  

changed b y , e .g .  Ml Auger t r a n s i t i o n s ,  a  r e s u l t  w hich a g re e s  w ith  th e  

c a lc u la t io n  d is c u s s e d  i n  s e c t io n  I I .  The assum ption  t h a t  R (and R ')  

cou ld  be  h e ld  f ix e d  and e q u a l t o  th e  v a lu e s  o b ta in e d  from  Eq. (Ua) ap ­

p e a rs  re a s o n a b le .

D. Dependence o f  R e s u l ts  on Region o f  P i t

The s p e c t r a  o b ta in e d  from  p i n  Fb and U, and K” in  P t  and ^® Pb 

a re  d is p la y e d  i n  F ig s .  8 th ro u g h  11 . In  t h e  p d a ta  th e  l i n e s  were w e ll  

s e p a ra te d  and t h e r e  was no p roblem  cho o sin g  a  r e g io n  o v e r w hich t o  f i t  

a  g iv en  t r a n s i t i o n ,  i . e .  an ample r e g io n  o f  background c o u ld  be in c lu d e d  

on b o th  s id e s  o f  th e  r e le v a n t  peak . Due t o  th e  c lo s e  p ro x im ity  o f  th e

K_ (9  -► 8 ) and K-  (lU -*■ 11) on th e  h ig h  and low energy  s id e s  r e s p e c t iv e ly
_ 2

o f  th e  E (12 ->-11), th e  dependence o f  th e  x f u n c t io n  on th e  r e g io n  over
2w hich th e  d a ta .w e re  f i t  was s tu d ie d .  F ig . 12 shows .a s e r i e s  o f  x ' fu n c tio n s

g e n e ra te d  by  s u c c e s s iv e ly  d e c re a s in g  th e  r e g io n  o f  f i t  by one channel
«• pnA

on each  s id e  o f  th e  E” (12 -»■ 11) in  Fb (w ith  G = 0 ) .  A lthough th e r e
2

w ere s l i g h t  f l u c tu a t io n s  in  th e  x f u n c t io n ,  i t  was n o t s t a t i s t i c a l l y  

s i g n i f i c a n t . The o th e r  E“  d a ta  e x h ib i te d  a  s im i la r  independence o f  th e  

r e g io n  o v e r w hich th e  f i t  was made.

E. The A n tip ro to n  M agnetic Moment

The An = 1 p t r a n s i t i o n s  from th e  l e v e l s  n = 15 t o  n  = 10 i n

2b o th  Pb and U w ere a n a ly z e d  f o r  f i n e - s t r u c t u r e  s p l i t t i n g .  The X fu n c t io n
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o b ta in e d  f o r  th e  p ( l l  ->■ 10) t r a n s i t i o n  in  U i s  shown in  F ig . 13 . One 

can o b se rv e  t h a t  th e  s ig n  o f  y (p )  i s  n e g a tiv e  and t h a t  th e  two cu rves

r e p r e s e n t in g  d i f f e r e n t  in s tru m e n ta l  w id th s  a lm ost c o in c id e  in  th e  re g io n

2 —o f  th e  minimum x • The r e s u l t s  o f  a  f r e e  f i t  t o  th e  U-p ( l l  -*■ 10) t r a n ­

s i t i o n  a re  shown in  F ig . lU . T able  2 i s  a  c o m p ila tio n  o f  th e  v a lu e s  ob­

ta in e d  f o r  y (p )  from  a n a ly s is  o f  th e  An = 1  t r a n s i t i o n s  from  n = 1 3  t o  

n = 10 in  b o th  U and Fb.

One sh o u ld  n o te  t h a t  th e  v a lu e  f o r  y (p ) d e r iv e d  from  th e  Pb-p

( l l  10) t r a n s i t i o n ,  a s  l i s t e d  in  T ab le  2 ,  i s  s u b s t a n t i a l l y  d i f f e r e n t

30from  th e  c o rre sp o n d in g  v a lu e  r e p o r te d  p r e v io u s ly .  T h is  d isc re p a n c y  

a r i s e s  from a  f a i l u r e  t o  in c lu d e  th e  c o n tr ib u t io n  from th e  f i r s t  n o n c ir ­

c u la r  t r a n s i t i o n  i n  th e  e a r l i e r  a n a ly s is  o f  th e  d a ta .  T r a n s i t io n s  h ig h e r  

th a n  th e  (13 -*■ 1 2 ) were o m itte d  b ecau se  o f  th e  l a r g e  s t a t i s t i c a l  u n c e r­

t a i n t y  r e s u l t i n g  from th e  - c o m p a ra tiv e ly  sm a ll f i n e - s t r u c t u r e  s p l i t t i n g s .  

The w e ig h ted  av erag e  o f  th e  v a lu e s  o f  y (p )  i s

y(p) -  ( -2 .8 1 9  + 0 . 0 5 6 ) yjj

where y^ i s  th e  n u c le a r  m agneton, y^ = eft/2m^c. The q u o ted  e r r o r  i s  th e  

ro o t-m e a n -sq u a re  e r r o r  s in c e  th e  s ix  m easurem ents o f  T ab le  2 r e p r e s e n t  a  

c o n s is te n t  s e t .  T h is  v a lu e  i s  in  good agreem ent w ith  t h a t  o f  2 .793  y^ 

f o r  th e  p ro to n  and i s  o p p o s ite  in  s ig n .  I t  i s  a ls o  in  agreem ent w i th ,  

b u t  much more p r e c i s e  t h a n ,  th e  e a r l i e r  m easurem ent o f  B u tto n  and
rQ

M a g lic , who o b ta in e d  ( - 1 . 8  + .1 .2 )  y^ from  a  double  s c a t t e r in g  e x p e r i ­

m ent in  a  hydrogen b u b b le  cham ber. A f r e e  f i t  t o  a l l  p a ra m e te rs  in c lu d ­

in g  G and R f o r  th e  p ( l l  -*• 10 ) i n  U gave a  v a lu e  o f  y (p )  = ( -2 .8 6  +_ 

0.08) yN.
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F. The E M agnetic Moment

Each s e t  o f  E~ d a ta  w ere an a ly zed  f o r  f i n e - s t r u c t u r e  s p l i t -
2 -

t i n g  and th e  in d iv id u a l  cu rv es  o f  x  v s .  E m ag n e tic  moment w ere added
2

t o g e th e r  to  y i e l d  th e  r e s u l t  shown in  F ig . 15 . The x re sp o n se  f o r  th e  

t o t a l  d a ta  r e p re s e n te d  in  t h i s  f ig u r e  was o b ta in e d  w ith  G f ix e d  a t  0 .1 0  

fo r  th e  Pb d a ta  and a t  0 .1 5  f o r  th e  P t d a ta .  The re g io n  o f  y(E ) shown 

betw een th e  two v e r t i c a l  l i n e s  in  t h i s  f ig u r e  r e p r e s e n ts  th e  e r r o r  due 

to  th e  in s tru m e n ta l  w id th  b u t n o t  t h a t  due t o  th e  u n c e r t a in t i e s  in  th e  

c o n tr ib u t io n s  from  n o n c ir c u la r  t r a n s i t i o n s .  T h is  e r r o r  was in c re a s e d  

by 20# t o  in c lu d e  u n c e r t a i n t i e s  due t o  c o n tr ib u t io n s  from  th e  n o n c irc u ­

l a r  E ( 1 2  -*■ 11) t r a n s i t i o n .

From F ig . 15 one n o te s  an in d ic a t io n  o f  a  p re fe re n c e  f o r  a

2n e g a tiv e  s ig n  f o r  th e  E m ag n e tic  moment, th e  X d i f f e r e n c e  betw een th e
p

two minima b e in g  0 .9 5  f o r  one x cu rve  and 0 .8 2  f o r  th e  o th e r .  The 

f i n a l  v a lu e  o b ta in e d  f o r  v(E~) i s :

y (E ")  = ( -1 .8 9  + 0.1*7)

o r e q u iv a le n t ly

y (E ") = ( - 1 .U8 + 0 .3 7 )

The v a lu e  f o r  JJ (E- ) d i f f e r s  by  1 . 6  s ta n d a rd  d e v ia t io n s  from  th e  SU(3)

v a lu e  o f  - 0 .9  V*̂ . One sh o u ld  n o te ,  how ever, t h a t  ou r r e s u l t  i s  in  a -

— — 59greem ent w ith  th e  r e c e n t  m easurem ent o f  y (E  ~) by  C ool, e t  a l . who

o b ta in e d
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M(- " )  = ( - 2 . 2  + 0 .8 )  UN .

S ince  th e  mass o f  th e  E” i s  27$ g r e a t e r  th a n  t h a t  o f  th e  p ro to n , th e

p re se n c e  o f  an a p p re c ia b le  m ass c o r r e c t io n  te rm  in  th e  m agnetic  moment

59would n o t be s u r p r i s in g .  However, a s  m entioned  by  C oo l, e t _ a l . ,  th e r e  

i s  a t  p r e s e n t  no f u l l y  a c c e p ta b le  m ethod f o r  c a lc u la t in g  such  a  c o r r e c ­

t i o n .  C e r ta in ly  a t  th e  p re s e n t  l e v e l  o f  e x p e rim e n ta l p r e c i s io n  no 

d e f i n i t i v e  d isag reem en t w ith  th e  v a lu e  p r e d ic te d  by Eq. (2 ) i s  im p lie d  

by ou r r e s u l t .
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V I. TABLES

T able  1 . T a rg e t D im ensions. The th ic k n e s s  g iv en  i s  th e  t o t a l  a c tu a l  

th ic k n e s s  o f  th e  t a r g e t .  I n  c a ses  where s e v e r a l  s h e e ts  o f  

d i f f e r e n t  s iz e s  were u sed  s im u lta n e o u s ly , a l l  a r e  l i s t e d .  D 

s ta n d s  f o r  th e  momentum d is p e r s iv e  beam and R th e  momentum 

recom bined  one .

Beam T a rg e t M a te r ia l L ength

(cm)

W idth

(cm)

Thicknes
(gm/cm"

k"  d ^ A u 9 .6 5 9 .65 8 .3

p  D N a tu ra l  Fb 1 2 .7 1 2 .7 5 .b

P D D e p le te d  U 1 0 . 2 1 2 .7 k .5

k“  d N a tu ra l  Fb 1 2 .7 1 2 .7 6 . 8

k“ d D e p le te d  U 1 1 . 1 1 U. 0 1 .5 5

1 0 . 2 1 U. 0 1 .5 3

8 . 6 1 1 . 1* 3 .0 3

k"  r N a tu ra l  Fb 1 2 .7 1 0 . 2 1 0 . 2

k"  r N a tu ra l  Fb 1 2 .7 1 0 . 2 6 . 8

k“ r

£
COoCM

7 .6 7 .6 7-2

k“ r N a tu ra l  P t 1 2 .7 1 0 . 2 6 . 8
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T ab le  2 . M agnetic moment d e r iv e d  from  a n t ip r o to n ic  x  ra y s  in  Pb and U. 

For a l l  t r a n s i t i o n s  shown, R was g iv en  by th e  a p p ro p r ia te  

s t a t i s t i c a l  r a t i o  a /c  g iv en  by Eq.. (V b). The c o n t r ib u t io n ,  G, 

o f  th e  f i r s t  n o n c ir c u la r  t r a n s i t i o n  was f i t  a s  a  f r e e  p a ram ete r 

in  th e  d a ta  a n a ly s i s  f o r  th e  12 -*■ 11 and 11 -*■ 10 t r a n s i t i o n s  in  

U and f o r  th e  11 10 t r a n s i t i o n  in  Pb.

Elem ent T r a n s i t io n  u(efi/2m  c )
P

Pb 13 12 .-2 .70  + 0 .85

1 2 -»■ 11 - 2 .76  + 0.55

11 +  10  - 2 .58  +  0.21

U 13 12 - 2 .7 8  + 0 .65

12 -*■ 11 -2 .8 1  + 0 . 1 3

11  ^  1 0  - 2 . 8U7 + 0 . 0 6 6
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IX. FIGURE CAPTIONS

E l t r a n s i t i o n s  "between two f i n e - s t r u c t u r e  s t a t e s .

Schem atic d iagram  o f  c i r c u l a r  and n o n - c i r c u la r  t r a n s i t i o n s  con­

s id e re d  in  th e  a n a ly s i s  o f  th e  £ x - r a y  d a ta .  L ev e ls  a r e  l a b e le d  

by  (n , A) v a lu e s .  The f in e  s t r u c tu r e  s p l i t t i n g s  a re  n o t shown. 

T a rg e t and c o u n te r  geom etry  drawn to  approx im ate  s c a l e .  The Pb 

s h ie ld in g  was 0 .6  m th ic k  i n  th e  d i r e c t i o n  o f  th e  beam. C ounter 

U was p la c e d  im m ed ia te ly  upstream  o f  th e  t a r g e t .

A b so lu te  energy  e f f i c i e n c y  o f  th e  G e(L i) d e te c to r  w hich e x h ib i te d  

1 .1 0  keV r e s o lu t io n  a t  292 keV. The e f f i c i e n c y  o f  th e  second 

d e te c to r  was a lm o st i d e n t i c a l .  T h is  f ig u r e  e x c lu d e s  s o l id  a n g le  

f a c t o r s .

F a s t- s lo w  and g a tin g  lo g ic  u sed  w ith  th e  m u ltic h a n n e l a n a ly z e r .

The o u tp u t o f  BO was th e  "beam o f f "  s ig n a l  and t h a t  o f  S th e  

p a r t i c l e  s to p  s ig n a tu r e .  PA was th e  co o led  FET p r e a m p l i f i e r ,

A1 and A2 l i n e a r  a m p l i f ie r s  (se e  t e x t ) ,  TD th e  tim in g  d is c r im in a ­

t o r ,  and TAC was th e  tim e  t o  a m p litu d e  c o n v e r te r .

In s tru m e n ta l  r e s o lu t io n  e x t r a c te d  as a  f u n c t io n  o f  th e  r a t i o  o f  

th e  c i r c u l a r  t o  f i r s t  n o n - c i r c u la r  t r a n s i t i o n s  f o r  th e  K~(9 8 )

t r a n s i t i o n  i n  Pb. The FWHM i s  g iv en  in  ch an n e ls  w ith  one channel 

c o rre sp o n d in g  t o  lU8 eV. The dashed  l i n e  r e p r e s e n ts  th e  w id th  

o b ta in e d  from a  s in g le  G aussian  f i t  t o  th e  complex K~(9 ■* 8) l i n e .

U8
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- f  x ^ -re sp o n se  from  f i t t i n g  E” ( l2  -* l l )  i n  n a tu r a l  Pb w ith  2 d i f ­

f e r e n t  v a lu e s  o f  G (Eq.. ( 1 0 ) ) .  The re g io n  betw een th e  dashed
2

v e r t i c a l  b a r s  i s  th e  ran g e  o v e r w hich x changes by 1 u n i t  f o r

th e  cu rv e  w ith  G = 0 .0 5 . The re g io n  betw een th e  s o l i d  v e r t i c a l
2

b a rs  i s  th e  range  o v e r  w hich x changes by  1 u n i t  f o r  th e  curve  

w ith  G = 0 .1 5 .

8 X -ray  spectrum  o b ta in e d  by s to p p in g  p i n  n a tu r a l  Pb. The d a ta

8 —represent 4 .5  x 10 p stop s.

9 X -ray  spectrum  o b ta in e d  by s to p p in g  p in  U. The d a ta  r e p r e s e n t  

4 .9  x  10^ p s to p s .

10 X -ray  spectrum  o b ta in e d  by s to p p in g  K-  i n  P t .  The d a ta  r e p r e s e n t

8 —3 .6  x  10 K~ s to p s .

“ 20811 X -ray  spectrum  o b ta in e d  by s to p p in g  K in  Pb. The d a ta  r e p -
7 _

r e s e n t  8 .3  x  10 K s to p s .
o M

12 x response generated for  severa l regions o f  f i t  for  the E (12
208-> 11) t r a n s i t i o n  in  Pb w ith  G = 0 . Each s u c c e s s iv e  cu rv e  was 

g e n e ra te d  by d e c re a s in g  th e  r e g io n  by one ch an n el on each  s id e .

The number o f  d e g re e s  o f  freedom  i s  i n d ic a te d  by  V*
2 — 213 X re sp o n se  f o r  th e  p ( l l  -*■ 10) t r a n s i t i o n  in  U. The X d i f f e r e n c e

between th e two minima i s  6 .7 . The two curves p lo tte d  are for  

instrum ental widths that are one standard d ev ia tion  greater and 

one standard d ev iation  le s s  than the measured va lu e.

14 p ( l l  10 ) t r a n s i t i o n  in  U. The smooth cu rve  r e p r e s e n ts  a  f r e e  

f i t  t o  th e  d a ta .
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p „
F ig . 15 X re sp o n se  from f i t t i n g  th e  E (12 ■+ 11) t r a n s i t i o n s .  The

g
cu rv es  r e p r e s e n t  a c o m p ila tio n  o f  d a ta  from n a tu r a l  Pb (5.1* x  10 

K-  s t o p s ) ,  ^® Fb (8 .3  x  107 K~ s t o p s ) ,  and P t (3 .6  x  10^ K~ s to p s ) .  

The s o l id  cu rve  was c a lc u la te d  f o r  in s t ru m e n ta l  r e s o lu t io n  t h a t  

was one s ta n d a rd  d e v ia t io n  g r e a t e r  th a n  th e  m ost p ro b a b le ;  th e  

d o t te d  c u rv e  fo r  one s ta n d a rd  d e v ia t io n  l e s s .  In c lu d e d  in  th e  

e r r o r  f o r  th e  E” moment (se e  t e x t )  b u t  n o t in d ic a te d  in  t h i s  F ig . 

i s  th e  u n c e r ta in ty  in tro d u c e d  by c o n tr ib u t io n s  from  n o n - c i r c u la r  

t r a n s i t i o n s .
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