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ABSTRACT

E x p erim en ta l s tu d ie s  o f  muonium p ro d u c tio n  and a  s e a rc h  f o r  

th e  muonium (y+e - ) t o  antim uonium  (y” e+ ) t r a n s i t i o n  in  a  vacuum space  

a re  r e p o r te d .

The em iss io n  o f  muonium from  th e  s u rfa c e  o f  t h i n  g o ld  f o i l s  

has been  s tu d ie d  by a  s p in  p re c e s s io n  tec h n iq u e  u s in g  th e  low momentum 

muon beam from  th e  SREL sy n c h ro c y c lo tro n . The d a ta  a n a ly s is  o f  th e  

decay asymmetry o f  th e  muons, w hich s to p p ed  in  th e  g o ld  f o i l s ,  y ie ld s  

a  low er l i m i t  f o r  th e  r a t e  o f  muonium fo rm a tio n  o f  0 .3 5  ± 0 . 06 .

A se a rc h  f o r  th e  (y+e - ) ■+• (y” e+ ) p ro c e s s  in  a  vacuum has 

been c a r r i e d  o u t u s in g  (y+e~) atoms form ed in  a  t h i n  g o ld  f o i l .  

O b serv a tio n  o f  th e  p o s s ib le  (y+e“ ) -*■ (y” e+ ) t r a n s i t i o n  i n  f r e e  space 

i s  im p o rta n t as a  t e s t  o f  le p to n  number c o n s e rv a tio n  law s and as  a  

s e a rc h  f o r  a  h e re to fo r e  u n d e te c te d  weak p ro c e s s .  The e x p e rim e n ta l 

tec h n iq u e  in v o lv e d  th e  d e te c t io n  o f  a  h ig h  energy  e”  from  y” decay 

which o c c u rre d  w ith in  a  k y sec  g a te  opened by th e  s to p p e d  y+ s ig n a l .

The o b se rv ed  t r a n s i t i o n  r a t e  was c o n s is te n t  w ith  z e ro ,  and  th e  

r e s u l t s  s e t  an u pper l i m i t  on th e  c o u p lin g  c o n s ta n t  r a t i o  £ 1 0 0 ,

assum ing th e  M-M p ro c e ss  i s  a  U -ferm ion weak i n t e r a c t i o n  o f  th e  

u n iv e r s a l  V-A form .

v



I .  INTRODUCTION

At p r e s e n t ,  th e  le p to n  c l a s s i f i c a t i o n  scheme c o n s is t s  o f  fo u r
M  .  +  +  ■»

d i f f e r e n t  p a r t i c l e s :  e , y » ve » an<* t h e i r  a n t i p a r t i c l e s  e , y , vg ,

V . The b e h a v io r  o f  th e s e  p a r t i c l e s  has been  s tu d ie d  e x te n s iv e ly ,  b o th  

i n  ex p erim en t and th e o r y ,  o v e r th e  l a s t  15 y e a r s .  N e v e r th e le s s ,  th e  r e a ­

son f o r  th e  d i f f e r e n c e  betw een th e  muon and th e  e le c t r o n  i s  s t i l l  n o t  - > 

u n d e rs to o d . The e x i s t i n g  ev id en ce  seems t o  in d ic a te  t h a t  b o th  th e  muon 

and th e  e le c t r o n  p a r t i c i p a t e  o n ly  i n  th e  e le c tro m a g n e tic  and weak i n t e r ­

a c t i o n s ,  b o th  h av in g  th e  same i n t e r a c t i o n  p r o p e r t ie s ^  e x c e p t f o r  th e

d i f f e r e n c e  i n  mass (m^ = 207 ) and th e  f a c t  t h a t  th e y  a re  a s s o c ia te d
2

w ith  d i f f e r e n t  n e u tr in o s  .

The d i s t i n c t io n s  betw een e le c t r o n  n e u tr in o s  (v  ) and muone

n e u tr in o s  (v ^) and th e  a p p a re n t absence  o f  m u o n -e lec tro n  t r a n s i t i o n s  

w ith o u t n e u t r in o s , such  as

3 UR ea c tio n s  Upper l i m i t  o f  b ra n c h in g  r a t i o  ’

JA e  Y 2,2 X 10  ̂ (1)
A  -> 3 e  6 x 1  o  ^ (2)

e. t  If | %6 x / o (3)
_j{

M + Z  Z  + e  1.6 x 10 (U)

le a d  one to  s p e c u la te  t h a t  th e r e  i s  an i n t r i n s i c  quantum number which

r e s u l t s  from  th e  d i f f e r e n c e s  betw een muons and e l e c t r o n s ,  and t h e i r  n e u t r in o s ,

5 6and i s  con serv ed  i n  a l l  i n t e r a c t i o n s .  * The assignm en t o f  th e s e  so  c a l l e d  

le p to n ic  numbers i s  n o t  u n iq u e . S e v e ra l  p o t e n t i a l l y  v a l i d  schemes have been

1



e 7
su g g e s te d . * (se e  Appendix A .)  A l l  o f  them  a re  c o n s is t e n t  w ith  th e

obse rv ed  weak p ro c e s s e s  and a l s o  w ith  th e  absence o f  th o s e  p ro c e s s e s

w hich have been  shown e x p e r im e n ta l ly  to  be i n h ib i t e d .

No m a t te r  how one a s s ig n s  th e  le p to n  quantum  num ber, th e

n a tu re  o f  th e  c o n s e rv a tio n  law  i s  an  open q u e s t io n . U s u a lly , two

p o s s i b i l i t i e s  f o r  th e  c o n s e rv a tio n  o f  l e p to n  number i n  th e  weak i n t e r -

6 8a c t io n  a re  c o n s id e re d . * The more u s u a l  one i s  an a d d i t iv e  law . I f

we choose L = +1 f o r  e ” and v , and L = -1  f o r  t h e i r  a n t i p a r t i c l e s ,e e e

L = +1 f o r  u~ and V , and L = -1  f o r  t h e i r  a n t i p a r t i c l e s  as  i n  T ab le  1
y y ’ y

( a ) . th is  a d d i t iv e  form  s t a t e s  t h a t  th e  a lg e b r a ic  sum o f  L and o f  L
f * r

a re  s e p a r a te ly  con serv ed  i n  a l l  i n t e r a c t i o n s .

The o th e r  p o s s ib le  c o n s e rv a tio n  law  i s  a  p a r i t y - l i k e  m u lt i ­

p l i c a t i v e  c o n s e rv a tio n  law , i n  w hich on ly  th e  sum E(L + L ) and th ee y
Els ig n  ( -1 )  y a re  co n serv ed  i n  a l l  i n t e r a c t i o n s .  The s ig n  ( -1 )  e m ust 

c o n seq u e n tly  a ls o  be c o n se rv e d . T h is  law  h a s  been  p ro p o sed  b ecau se  o f  

th e  f a c t  t h a t  a l l  th e  " m is s in g  i n te r a c t io n s "  in v o lv e  an odd number o f  

m uon-like  and e le c t r o n - l i k e  p a r t i c l e s .

Of th e  two la w s , th e  a d d i t iv e  one i s  th e  more r e s t r i c t i v e .

In  p a r t i c u l a r ,  i t  f o rb id s  th e  fo llo w in g  f o u r - le p to n  i n t e r a c t io n s  a llow ed
g

by th e  m u l t ip l i c a t iv e  law :

M ( -* M (fiuoniam

and

A*  —» e + + Pe *  Jji (  huotic tiuon Vety)'  (6)

There axe c e r t a i n  t h e o r e t i c a l  argum ents i n  f a v o r  o f  a  m u l t ip l i c a t iv e  law
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f o r  muons and e l e c t r o n s ,  s in c e  i t  may be d e r iv e d  from  r e f l e c t i o n  o r  p e r ­

m u ta tio n  symmetry p r in c i p le s  in  which e and y a re  re g a rd e d  as a  com bin-

8 9a t io n  o f  two more p r im i t iv e  le p to n s .  *

S e v e ra l  ex p e rim e n ts  have been  c a r r ie d  o u t i n  s e a rc h  o f  th e  

r e a c t io n s  t h a t  would d e te rm in e  w hich form  o f  th e  le p to n  c o n s e rv a tio n  

law  p r e v a i l s .  The p r e s e n t  r e s u l t s  a re  i n s u f f i c i e n t  t o  r u le  o u t th e  

p o s s i b i l i t y  o f  a  m u l t ip l i c a t iv e  c o n s e rv a tio n  law  f o r  th e  muon num ber, 

and on ly  p ro v id e  u pper l im i t s  f o r  th e  a s s o c ia te d  weak i n t e r a c t i o n  co u p l­

in g  c o n s ta n t t h a t  a re  much l a r g e r  th a n  th e  u n iv e r s a l  v e c to r -c o u p l in g  

c o n s ta n t  o f  b e ta  decay C y  Amato‘S  e t  a l .  have looked  f o r  muonium- 

antim uonium  c o n v e rs io n  i n  a  h ig h  p re s s u re  a rgon  gas t a r g e t  and w ere a b le  

to  s e t  an u pper l i m i t  o f  o n ly  i  5800 C y  A group a t  S ta n fo rd '1''*' has 

s e a rc h e d  f o r  th e  e q u iv a le n t  r e a c t io n

e "  + « "  — *  / jC  +  A ~  (T)

u s in g  c o l l id in g  beam s. They were a b le  to  s e t  an u p p e r l i m i t  o f  £ 6 l0

12C y  A nother t e s t  h a s  been  made by Chang. He h as  exam ined a  CERN h ig h
T O

energy  n e u tr in o  experim en t f o r  ev id en ce  o f  " in v e r s e  e x o t ic  muon d ec ay " ,

))A -* z  — *  z  + a + + +  4  (8)
where a re  p roduced  from  th e  decay o f  ir+ o r  K+ . He e s tim a te d  th e  upper

l i m i t  o f  th e  c o u p lin g  c o n s ta n t  f o r  th e  e x o t ic  rauon decay g iv e n  by r e a c t io n

(6) t o  be C„ 6 U .l  C„.M V

A nother i n d i r e c t  s e a rc h  f o r  e x o t ic  muon decay has been  made i n  a 

h ig h  energy  Ve (vg ) -  n u c leo n  s c a t t e r i n g  experim entf a t  CERN by th e  G argam elle 

g ro u p .^ T h e  p re se n c e  o f  Vg (p o s s ib ly  due i n  p a r t  to  e x o t ic  y d ecay s) i s  

d e te c te d  i n  th e  V beam, i n  th e  energy  range  from  lGeV t o  6 GeV by d i s t in g u is h ­

in g  betw een th e  in v e r s e  b e ta  decay r e a c t io n s



k

■f 
€  + /

(9 )

and

•H + N  *. £ + had jr̂ Ms (10)
The e x p e rim e n ta l r e s u l t  o b ta in e d  was e x p re s se d  in  term s o f  th e  b ra n c h in g  

r a t i o

r a t i o  r  t o  be £ 0 .2 5 . The v a lu e  r  = 0 .5  i s  p r e d ic te d  by th e  m u l t ip l ic a ­

t iv e  law . The r e s u l t ,  how ever, i s  i n s u f f i c i e n t  t o  i n v a l id a t e  c o n c lu s iv e ly  

th e  m u l t ip l i c a t iv e  scheme o f  le p to n  number c o n s e rv a tio n . I f  we assume th e  

same s t r e n g th  f o r  e x o tic  muon decay and norm al muon d e c a y ,th e  u p p er l i m i t  

o f  c o u p lin g  c o n s ta n t  would tu r n  o u t t o  be e q u a l t o  0 .6  Cy a c c o rd in g  to  

t h i s  v a lu e  o f  th e  b ran c h in g  r a t i o .

on f r e e  p ro to n s  i n  w a te r  t o  d e te c t  th e  e le c t r o n - a n t in e u t r in o  from  th e  

e x o tic  decay . The n e u tr in o s  o r ig in a t in g  i n  th e  LAMPF beam s to p  have a  

t y p ic a l  en e rg y  o f  Uo MeV. T h is  energy  i s  below  th e  th r e s h o ld  f o r  p ro d u cin g  

muons and p io n s  from  m u o n -n e u trin o s . E le c t ro n - n e u tr in o  i n te r a c t io n s  can 

th e r e f o r e  be s tu d ie d  w ith o u t i n te r f e r e n c e  from  th e  m uon-neu trino  p ro c e s s e s  

w hich dom inate n e u tr in o  e v e n ts  a t  h ig h e r  e n e rg ie s .  I t  i s  hoped t h a t  t h i s  

experim en t w i l l  be s e n s i t iv e  enough t o  d e te c t  any e v e n ts ,  o r  t o  s e t  an 

u p p er l i m i t  o f  i n t e r a c t io n  w hich r e s t r i c t s t o  th e  l e v e l  ~ 0 .2 5  Cy.

OtH M *  Jecajf • TttaJeS

where th e  y+ decay  modes a re  ( l )  norm al decay mode y+ -*■ e+ + v + \5 and© M

( 2 )e x o ti6  decay mode y+ e+ + V + v . The group found th e  b ra n c h in g

15A more d i r e c t  s e a rc h  f o r  th e  r e a c t io n  (6 ) h as  b een  p ro p o sed

a t  LAMPF u s in g  th e  in v e r s e  b e ta  decay p ro c e ss

(11)
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There i s ,  t h e r e f o r e ,  no p r e s e n t  e x p e rim e n ta l ev id en ce  which 

would a llo w  us to  d i s t in g u is h  unam biguously betw een th e  two le p to n  number 

c o n s e rv a tio n  law s f o r  weak i n t e r a c t i o n s .  An a d d i t io n a l  c o n s id e r a t io n  i s  

t h a t  r e a c t io n s  (5 ) and (6 ) r e p r e s e n t  two d i f f e r e n t  c u r r e n ts .  A n e g a tiv e  

r e s u l t  i n  th e  e x o t ic  muon decay experim en t does n o t n e c e s s a r i ly  im ply  th e  

n o n -e x is te n c e  o f  a  muonium-antimuonium t r a n s i t i o n  p ro c e s s ,  b ecau se  (5 ) 

r e q u i r e s  th e  p re se n c e  o f  a  weak n e u t r a l  c u r r e n t  com ponent. T h is  would 

be a  n e u t r a l  c u r r e n t  w hich co u p le s  muonic le p to n s  t o  e le c t r o n ic  l e p to n s ,  

which i s  d i s t i n c t  from  th e  L and L c o n se rv in g  n e u t r a l  c u r r e n t  w hich
y ©

i s  th e  o b je c t  o f  much r e c e n t  a c t i v i t y .  A c tu a l ly ,  r e a c t io n s  (5 ) and (6 ) 

a re  com plem entary t o  each  o th e r  s in c e  i n  th e  M-M t r a n s i t i o n  p ro c e s s  a l l  

le p to n  p a r t i c i p a n t s  a re  c h a rg e d , th u s  a llo w in g  us t o  make a  com parison 

betw een th e  b e h a v io r  o f  charged  le p to n s  v e rs u s  th o se  o f  n e u t r a l  l e p to n s .  

However, o u r p r e s e n t  e m p ir ic a l  knowledge ab o u t r e a c t io n s  o f  t h i s  k in d  i s  

s t i l l  f a r  removed from  y ie ld in g  a  c o n c lu s iv e  r e s u l t .

8 16I t  has been  p o in te d  o u t by F e in b e rg  and W einberg * t h a t  a 

s tro n g  en v iro n m en ta l quench ing  s e r io u s ly  a f f e c t s  th e  M-M t r a n s i t i o n  r a t e .  

T h is  i s  due to  th e  p re se n c e  o f  s t a t i c  e x te r n a l  e le c tro m a g n e tic  f i e l d s  

which w i l l  b re a k  th e  o r ig i n a l  energy  degeneracy  betw een th e  s t a t e s  o f  M 

and M. In  a d d i t io n ,  an i n e l a s t i c  c o l l i s i o n  i n  w hich a p  (a  c o n s t i tu e n t  

o f  M) i s  c a p tu re d  by an e n v iro n m en ta l medium in tro d u c e s  a n o th e r  mode o f  

b reakup  o f  th e  M-M system . A sim p le  V-A fo u r- fe rm io n  weak i n t e r a c t io n  

c a lc u la t io n  a t  Ferm i c o u p lin g  s t r e n g th  (8 -d ecay  c o u p lin g  c o n s ta n t)  p r e ­

d i c t s  an o v e r a l l  p r o b a b i l i t y  f o r  M d isa p p e a ra n c e  i n  vacuum P(M) which 

i s  o n ly  2 .5  x  10- ^ ( in  th e  absence o f  e x te r n a l  f i e l d s ) .  In  a  gaseous
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medium (such  as argon) th e  r a t e  would he reduced  t o  P(M )-= 2 .5  x  1 0 ~ ^ ( l/N ) ,

where N i s  th e  average  number o f  c o l l i s i o n s  s u f f e r e d  by th e  M-M system

o v e r th e  co u rse  o f  a  muon l i f e t i m e .  Thus f o r  STP c o n d it io n s  we a re  fa c e d
£

w ith  a s u p p re s s io n  f a c t o r  o f  ~10 . In  a  s o l i d ,  such as q u a r tz  o r  i c e ,

th e  s i t u a t i o n  i s  even l e s s  p ro m is in g . The p r o b a b i l i t y  P(M) would be

- lU  -2 0red u ced  t o  a  v a lu e  betw een  10 and 10 depending  on th e  m a te r i a l .  

T h e re fo re , in  o rd e r  t o  m a in ta in  an e x p e r im e n ta lly  a c c e s s ib le  co n v e rs io n  

p r o b a b i l i t y ,  i t  i s  b e s t  t o  p e rfo rm  th e  experim en t i n  a  vacuum f r e e  sp a c e ,

A g r e a t  d e a l  o f  o u r e f f o r t  h as  gone i n t o  a tte m p ts  t o  s e a rc h  f o r  a  s u i t ­

a b le  m a te r ia l  as  a  f r e e  muonium p ro d u c tio n  t a r g e t  and t o  a v o id  th e s e  

en v iro n m en ta l in f lu e n c e s  i n  th e  M-M t r a n s i t i o n  r a t e .

S e c tio n  I I  o f  t h i s  p a p e r  c o n ta in s  a  d e s c r ip t io n  o f  th e  t h e o r ie s  

w hich b e a r  upon th e  q u e s tio n  o f  f r e e  muonium fo rm a tio n  in  t h in  g o ld  f o i l s .  

I t  a ls o  c o n ta in s  th e  c a lc u la t io n  o f  th e  M d isa p p e a ra n c e  r a t e  in  vacuum, 

and how th e  e x te r n a l  e le c tro m a g n e tic  f i e l d s  a f f e c t s  t h i s  r a t e .

S e c tio n  I I I  c o n ta in s  a  d e s c r ip t io n  o f  th e  e x p e rim e n ta l se tu p  

f o r  th e  p ro d u c tio n  o f  muonium and th e  d e ta i le d  d a ta  a n a ly s i s  o f  th e  same.

S e c tio n  IV in c lu d e s  a  d e s c r ip t io n  o f  th e  e x p e rim e n ta l s e a rc h  

f o r  th e  m uonium-antimuonium t r a n s i t i o n ,  as  w e l l  as th e  c o rre sp o n d in g  d a ta  

r e d u c t io n .

In  s e c t io n  V th e  e x p e rim e n ta l r e s u l t s  a re  r e p o r te d .  P o s s ib le  

im provem ents i n  t h i s  ex p erim en t f o r  th e  f u tu r e  a re  c o n s id e re d  w ith  r e g a rd  

to  th e  a v a i l a b i l i t y  o f  a  h ig h e r  i n t e n s i t y  muon beam a t  LAMPF.



I I .  THEORY

A. Muonium Form ation

When a  p o s i t i v e  muon beam i s  slow ed down to  s u f f i c i e n t l y  low

17energy  in  m a t te r  th e r e  deve lops an e n e r g e t i c a l l y  fa v o ra b le  c o n d it io n  

in  w h ich , th ro u g h  c h a rg e -ex ch an g e , a  p+ c a p tu re s  an e le c t r o n  from  an 

atom o f  th e  medium to  form  a  ground s t a t e  muonium atom (p  e ) .  T h is  

atom may be io n iz e d  and form a g a in  many tim es as th e  system  lo s e s  e n e rg y . 

In  a  sm a ll group o f  m a t e r i a l s ,  th e  m a jo r i ty  o f  p+ p a r t i c l e s  re a c h  th e rm a l 

v e lo c i ty  i n  th e  muonium s t a t e .  By s e le c t i n g  h ig h ly  p o la r iz e d  p*, th e  

muonium s t a t e  can  be s tu d ie d  by th e  p re c e s s io n  te c h n iq u e . A th e rm a l 

muonium atom  which c h e m ica lly  resem b les  a  low mass hydrogen atom can  

i n t e r a c t  w ith  n e a rb y  m a tte r  th ro u g h  c o l l i s i o n s  o r  chem ica l r e a c t io n s .  

T hus, a lth o u g h  p o la r iz e d  muonium may i n i t i a l l y  fo rm , a  p ro c e s s  o f  s p in  

r e l a x a t io n  can q u ic k ly  r e s u l t  w henever ( l )  c h e m ic a lly  a c t iv e  o r  p a ra ­

m agnetic  im p u r i t ie s  a re  p r e s e n t ,  (2 ) c o v a le n t bond ing  o f  th e  muonium 

(p+e “ ) atom to  a d ja c e n t  s i t e s  o c c u rs , o r  (3 ) e le c t r o n  t r a p s  a re  p r e s e n t  

in  th e  l a t t i c e .

S e v e ra l  w orkers have in v e s t ig a t e d  muonium fo rm a tio n  and sub­

seq u en t d e p o la r iz a t io n  in s id e  s o l i d  materials'*'®""^'*'. These s o l id s

in c lu d e  q u a r t z ,  i c e ,  germanium, and s i l i c o n .  S u c c e ss fu l  a tte m p ts  have

22a ls o  beem made t o  observe  muonium i n  argon g a s . For th e  p u rp o ses  o f  

an M-M c o n v e rs io n  e x p e rim e n t, a  gas o r  s o l i d  env ironm ent p r e s e n ts  a

7



8

s u b s t a n t i a l  d isa d v a n ta g e  as p o in te d  o u t by P e in b erg  and W e in b e rg ^  (se e  

s e c t io n  I IB ) .  The above m a te r i a l s ,  some o f  which a re  h ig h ly  e f f i c i e n t  

i n  form ing  muonium, a re  in a p p r o p r ia te  as m edia i n  which t o  p u rsu e  th e  

M-M t r a n s i t i o n  b ecau se  o f  s tro n g  e n v iro n m en ta l quench ing . I t  i s  n e c e s ­

sa ry  t h a t  th e  muonium form ed i n  a  medium be q u ic k ly  t r a n s f e r r e d  t o  a  

vacuum f r e e  s p a c e , i n  w hich th e  M-M system  can develop  f r e e  o f  e x te r n a l  

in f lu e n c e .  We i n i t i a l l y  s e le c te d  an o u r  t a r g e t  an a r r a y  o f  t h i n  g o ld  

f o i l s  sp aced  a t  r e g u la r  i n t e r v a l s  i n  a  vacuum cham ber.

We have r e p o r te d  th e  f i r s t  o b s e rv a t io n  o f  f r e e  muonium form a­

t io n  in  t h i n  g o ld  f o i l s  and su b seq u en t d e l iv e ry  o f  th e  muonium atoms
23 2kt o  th e  in te r v e n in g  vacuum sp a c e . '  Thin  g o ld  f o i l s  were chosen  as

t a r g e t  m ain ly  b ecau se  g o ld  i s  known t o  be c h e m ic a lly  i n a c t iv e  and th e

f o i l s  were t h i n  enough t o  p e rm it th e  muonium atom to  d i f f u s e  o u t i n  a

v e ry  s h o r t  t im e .

The n a tu re  o f  th e  p h y s ic a l  m echanism  which would acco u n t f o r

t h i s  muonium p ro d u c tio n  i s  n o t c le a r  t o  us a t  t h i s  t im e . A v a r i e ty  o f

r e l a t e d  p ro c e s s e s  s u g g e s t t h a t  nob le  h ig h  Z m a te r ia ls  may be a p p ro p r ia te

c a n d id a te s  f o r  th e  fo rm a tio n  o f  th e  muonium atom

( l )  A h ig h  p e rc e n ta g e  o f  th e  a tom ic  c h a rg e -c a p tu re  r e a c t io n  o f

p ro to n s  i n  g o ld  t o  form  n e u t r a l  hydrogen atom s has been  shown in  th e  work 

25 26o f  J .  A. P h i l l i p s  * . F ig u re  1 shows e x p e rim e n ta l d a ta  on th e  e q u i l i ­

b rium  f r a c t io n s  o f  th e  p ro to n  beam p a s s in g  th ro u g h  a  g o ld  t a r g e t  i n  th e  

charge  s t a t e s  H+ , H°, and H_ (F+1, PQ, and F_1 , r e s p e c t iv e ly )  as a  fu n c t io n  

o f  beam k i n e t i c  e n e rg y . The r a t i o ,  F + j/Fq , o f  th e  f r a c t i o n  o f  th e  beam i n  1 

th e  charge  s t a t e  +1 t o  t h a t  i n  s t a t e  0 i s  ap p ro x im ate ly  e q u a l a t  a  g iv en
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en erg y  t o  th e  r a t i o  o f  c ro s s  s e c t i o n s ,  a o i /̂ cyiO ’ ^o r  ^on;*-za^ ^ on an<i

ch arg e  c a p tu re .  I t  i s  seen  t h a t  a t  a  k i n e t i c  en erg y  o f  h keV a  f r a c t i o n

o f  th e  beam g r e a te r  th a n  0 .85  i s  i n  th e  n e u t r a l  s t a t e  H^. We have p e r*

27form ed a  s e p a ra te  experim en t by u s in g  th e  Space R a d ia tio n  E f fe c ts  

L a b o ra to ry  (SREL) C ockro ft-W alton  a c c e le r a to r  to  p roduce p ro to n s . This 

a llo w ed  u s  t o  ex te n d  th e  low er bound o f  energy  t o  650 eV. Our r e s u l t s  

show t h a t  th e  f r a c t i o n  o f  H° p ro d u c tio n  i s  s t i l l  g r e a t e r  th a n  0 .9  down 

to  t h i s  e n e rg y , w ith  no s ig n  o f  d e c re a s in g . The f a c t  t h a t  t h i s  c h a rg e -  

c a p tu re  c ro s s  s e c t io n  cî q f o r  p ro to n s  i n  g o ld  a t  low  e n e rg ie s  rem ains 

h ig h  i s  i n  c o n t r a s t  t o  th e  case  o f  th e  c h a rg e -c a p tu re  r e a c t io n  o f  p ro ­

to n s  in  argon  g a s . U n like  th e  case  o f  g o ld , th e  c h a rg e -c a p tu re  c ro s s

s e c t io n  o f  p ro to n s  i n  a rgon  s t a r t s  t o  f a l l  o f f  r a p id ly  a t  2 keV p ro to n

17 +energy  . T h e re fo re , i f  we use  a  y beam in s te a d  o f  p ro to n s  p a s s in g

th ro u g h  a  g o ld  t a r g e t ,  th e  f r e e  muon and muonium f r a c t i o n s ,  from  our

t h e o r e t i c a l  u n d e rs ta n d in g , w i l l  be abou t th e  same as th e  H+ and H°

f r a c t i o n s  a t  th e  same v e l o c i t i e s ,  e . g . ,  th e  c ro s s  s e c t io n s  f o r  a  650 eV

p ro to n  w i l l  c o rre sp o n d  t<5 a  70 eV y+ .

(2 ) I t  has been  shown t h a t  l a r g e  ch arg e-ex ch an g e  c ro s s  s e c t io n s

on th e  o rd e r  o f  10~ cm a re  n o t r e s t r i c t e d  t o  th e  keV energy  ran g e  i n

28 29w hich th e  io n  v e lo c i ty  app rox im ates  t h a t  o f  o u te r  a tom ic e l e c t r o n s .  ’

F or exam ple, i n  th e  c a se  o f  He+ i n t e r a c t i n g  a t  e n e rg ie s  below  20 eV w ith

Xe atoms th e r e  i s  ev id en ce  t h a t  cha rge-exchange  p ro ce e d s  q u i te  fa v o ra b ly
+  + #v i a  He + Xe He + Xe due to  a  n e a r  degeneracy  betw een th e  i n i t i a l

s t a t e  (He+Xe) and th e  e x c i t e d  s t a t e s  o f  (HeXe+ ) .  There i s  a  sh a rp  peak 

i n  th e  c ro s s  s e c t io n  a t  10 eV en erg y  t h a t  i s  a lm o st an  o rd e r  o f  m agnitude
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l a r g e r  th a n  t h a t  e x p e c te d  i n  th e  s o - c a l l e d  a d ia b a t ic  t r a n s i t i o n .  F o r a  

m u l t i - e le c t r o n  system  such as  g o ld , we a ls o  a n t i c ip a t e  s im i la r  reso n an ce  

in te r a c t io n s .

(3 ) S tu d ie s  o f  n e u t r a l i z a t i o n  o f  slow  in c id e n t  io n s  on m e ta l

s u r f a c e s  have shown t h a t  b o th  reso n an ce  and Auger n e u t r a l i z a t i o n  o ccu r

30w ith  h ig h  p r o b a b i l i t y  f o r  ad io n s a t  h ig h -Z  m e ta l s u r f a c e s .  The mech­

anism  i s  one o f  m e ta l e le c t r o n  tu n n e l in g  th ro u g h  th e  p o t e n t i a l  b a r r i e r  

betw een th e  s u r f a c e  and th e  ad ion  to  f i l l  an e x c i te d  s t a t e  o f  th e  in c id e n t  

io n .  The io n  i s  th e n  n e u t r a l i z e d  and th e  e x c i te d  atom may be d e -e x c i te d .  

The energy  i s  b a la n c e d  w ith  th e  s im u ltan eo u s  r e l e a s e  from  th e  m e ta l s u r ­

face  o f  an Auger e le c t r o n .  I f  a  y+ beam i s  in c id e n t  on a  m e ta l s u r fa c e  

w ith  s u f f i c i e n t  e n e rg y , one can s p e c u la te  t h a t  ground s t a t e  muonium w i l l  

be form ed th ro u g h  th e  d e - e x c i t a t io n  o f  n e u t r a l i z e d  muonium i n  th e  m e ta l

s u rfa c e  w ith  th e  s im u ltan eo u s  em iss io n  o f  an Auger e le c t r o n .

31(It) I t  has been  r e p o r te d ,  b o th  i n  e x p e rim e n ta l and t h e o r e t -

32 33i c a l  * w ork , t h a t  p o s i t r o n s  have a n e g a tiv e  work fu n c t io n  i n  g o ld .

33Fo llow ing  th e  c a lc u la t io n  o f  Hodges and S t o t t  , we can s e p a ra te  th e

p o s i t r o n  work f u n c t io n  <p , by ana logy  w ith  th e  e le c t r o n  c a s e ,  i n to  th re e
P

te rm s :

~ U  ~ £ 0 ”  ^ c o r r .  ( 1 2 )

In  t h i s  e x p re s s io n , D i s  th e  p o t e n t i a l  b a r r i e r  a g a in s t  e le c t r o n  e scap e

due t o  th e  s u r f a c e - d ip o le  l a y e r ,  w hich a c t s  t o  e x p e l th e  p o s i t r o n  b ecause

o f  i t s  o p p o s ite  c h a rg e . The term s E . and E to g e th e r  a re  th e  p o s i t r o nu c o r r

chem ica l p o t e n t i a l  i n  th e  i n t e r i o r  o f  th e  m e ta l .  E^ i s  c a l l e d  z e ro  p o in t  

energy  which a r i s e s  from  th e  p o s i t r o n - io n  i n t e r a c t i o n ;  Ec o r r  i-8 "the
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p o s i t r o n - e le c t r o n  c o r r e la t io n  en erg y  w hich te n d s  to  b in d  th e  p o s i t r o n  to  

th e  m e ta l ,  w hereas th e  p o s i t r o n - io n  i n t e r a c t i o n  and th e  s u r f a c e - d ip o le  

la y e r  b o th  te n d  t o  squeeze  th e  p o s i t r o n  o u t  o f  th e  m e ta l .  D and Eg a re  

no rm ally  p o s i t i v e ,  w h ile  Ec o r r  i s  n e g a t iv e .  In  g o ld , th e  sum o f  D(U.U9 eV) 

and Eq(1k 62 eV) i s  l a r g e r  th a n  ®le p o s i t r o n  work f u n c t io n

f o r  g o ld  i s  th e n  e q u a l t o  -1 .6 3  eV.

33I t  h as  a ls o  been  shown by Hodges and S t o t t  t h a t  th e  p o s itro n iu m

work fu n c t io n  <b can be w r i t t e n  as 
ps

where 4> = 5 .1 7  eV i s  th e  e le c t r o n  work fu n c t io n  i n  g o ld  and i s  th e
6 X)

p o s itro n iu m  b in d in g  energy  ( 6 . 8  eV) .  The p o s itro n iu m  work fu n c t io n  ap p ears

a ls o  t o  be n e g a tiv e  i n  g o ld  ( - 3 .2  eV) ,  and i t  r e q u i r e s  l e s s  work t o  remove

p o s itro n iu m  from  g o ld  th a n  rem oving j u s t  th e  p o s i t r o n  a lo n e .

An in d ep en d en t p o s itro n iu m  l i f e t im e  experim en t , i n  which

p o s i t r o n s  w ere s to p p ed  i n  a  m e ta l ox ide  pow der, has p ro v id e d  ev id en ce  t h a t

th e  f r e e  o r th o p o s itro n iu m  can e n e r g e t i c a l l y  d i f f u s e  o u t o f  th e  pow der.

T his may c o n s t i tu t e  ev id en ce  to  s u p p o rt th e  p o s s i b i l i t y  o f  a  n e g a tiv e  w ork-

f u n c t io n  f o r  p o s itro n iu m . I f  a  y+ re p la c e d  an e+ i n  th e s e  c a l c u la t io n s ,

th e  m ajo r changes i n  th e  c a lc u la t io n  o f  th e  work fu n c t io n  would be t o

reduce  th e  z e ro  p o in t  energy  Eg o f  th e  lo w e s t B loch s t a t e  by a  f a c to r

i . e .  vSOT, and t o  s l i g h t l y  in c r e a s e  E . T his would make th e  y+'la )  > * c o r r
® 35 + —w o rk fu n c tio n  i n  g o ld  p o s i t i v e .  The muonium (y e ) w o rk fu n c tio n  i n  g o ld ,

how ever, w ould p o s s ib ly  rem ain  a t  a  n e g a tiv e  v a lu e 1 b ecau se  th e  muonium

b in d in g  en erg y  i s  1 3 .5  eV. T his im p lie s  t h a t  i t  i s  e a s i e r  f o r  muonium to

d i f f u s e  o u t o f  a  g o ld  s u r f a c e  th a n  f o r  th e  y+ i t s e l f .
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(5 ) From th e  p o in t  o f  v iew  o f  s o l u b i l i t y ,  i t  i s  known t h a t  

hydrogen  i s  n o t s o lu b le  in  go ld  t o  any m easu rab le  e x te n t .  S o lu b i l i ty

as u sed  h e re  i s  d e f in e d  to  mean th e  c a p a b i l i t y  o f  th e  m e ta l to  d is s o lv e

hydrogen t o  form  h y d r id e s . The s o l u b i l i t y  o f  hydrogen i n  s i l v e r  i s

37q u i te  low . The v a lu e  o b ta in e d  a t  800 T o rr  hydrogen p re s s u r e  and 

1*00 °C i s  ( 5 . 5  x  10- ^ ) H p e r  Ag. The s o l u b i l i t y  o f  hydrogen i n  g o ld  

w ould be low er th a n  t h i s  v a lu e .  S ince  muonium i s  a  h y d ro g e n - lik e  atom , 

i t s  s o l u b i l i t y  in  g o ld  m ust l ik e w is e  be low . T h is low s o l u b i l i t y  

im p lie s  t h a t  once muonium i s  form ed in  g o ld  i t  w i l l  n o t  s ta y  w ith in  th e  

g o ld , b u t in s t e a d  would d i f f u s e  to  th e  s u r f a c e .

B. Muonium-Antimuon-fnm T r a n s i t io n

The muonium M(u+e~) can be re g a rd e d  as a  l i g h t  i s o to p e  o f  

hydrogen from  th e  v iew p o in ts  o f  a tom ic i n t e r a c t i o n  and chem ica l r e a c ­

t i o n .  I t  i s  th e  s im p le s t  system  in v o lv in g  th e  o n ly  known charged

le p to n s ,  th e  muon and th e  e le c t r o n .  Hence i t s  s tu d y  can y i e l d  p r e c i s e

17in fo rm a tio n  abou t th e  i n t e r a c t io n  o f  th e  muon and th e  e le c t r o n .

From th e  e le c tro m a g n e tic  p o in t  o f  v iew , th e  i n t e r a t i o n  o f  th e  muon 

and th e  e le c t r o n  can be s tu d ie d  th ro u g h  m easurem ents o f  th e  energy  

l e v e l s  o f  muonium, which have been  c a r r i e d  o u t by s e v e r a l  w o rk e rs . * 

From th e  weak i n t e r a c t i o n  p o in t  o f  v iew , th e  s u b je c t  m a t te r  o f  t h i s  

p a p e r ,  th e  c o u p lin g  o f  muonium M to  antim uonium  M(ji_e + ) can be s tu d ie d  

th ro u g h  o b s e rv a tio n s  o f  th e  decay o f  th e  n e g a tiv e  muon from  antim uonium , 

o r  th ro u g h  th e  o b s e rv a t io n  o f  th e  c h a r a c t e r i s t i c  x - ra y s  e m itte d  by th e
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n e g a tiv e  muon when a to m ic a l ly  c a p tu re d  i n  a  c o l l i s i o n  o f  M w ith  a  

n e ig h b o rin g  atom.

The t o t a l  H am ilton ian  f o r  th e  muonium-antimuonium system  

in  th e  ground s t a t e  i s

H  35 Hem  + H w  ,
(1U)

The term  Hgm i s  an e le c tro m a g n e tic  i n t e r a c t io n  which p r e d ic t s  th e

h y p e rf in e  s t r u c tu r e  ( h f s )  l e v e l  s p l i t t i n g  and th e  Zeeman i n te r a c t io n s

o f  muonium (an tim uonium ). H i s  th e  weak i n t e r a c t i o n  p e r tu r b a t io nw

term  which co u p le s  M and M s t a t e s  and i s  r e s p o n s ib le  f o r  th e  M*M 

t r a n s i t i o n  p r o c e s s .  The e x p l i c i t  form  o f  Ĥ . can be w r i t t e n  i n  th e  

c u r r e n t - c u r r e n t  i n t e r a c t i o n ^ ’^  as

H w •  U  L "  +  h .c v

(15)

where

U  = +

(16)

i s  a  n e u t r a l  l e p to n ic  U -c u r r e n t , s in c e  i t  in v o lv e s  le p to n  f i e l d  o p e ra ­

to r s  t h a t  le a v e  th e  to ta l ,  charge unchanged when a c t in g  on an o c c u p a tio n

number wave f u n c t io n .  C.-n i s  th e  muonium-antimuonium c o u p lin g  c o n s ta n t .MM

t 'M M  would be ap p ro x im ate ly  e q u a l to  th e  u s u a l  3 -decay  c o u p lin g  c o n s ta n t

*C , i f  one e x ten d s  th e  u n iv e r s a l  Fermi i n t e r a c t io n  concep t t o  th e  M-M 
v*

i 3p ro c e s s .  T h is v a lu e  i s  ab o u t 1 .4  x  10 erg -cm  . The f i e l d  o p e ra to r s
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and y -m a tr ic e s  have t h e i r  u s u a l  m eaning. The H am ilton ian  Hw i s  

th e r e f o r e  a  fo u r-fe rm io n  weak i n t e r a c t i o n  o f  th e  u n iv e r s a l  V-A form .

The com plete e ig e n s ta te s  and en erg y  l e v e l s  o f  th e  coup led  

M-M system  i n  an e x te rn a l , m agnetic  f i e l d  i s  d e r iv e d  i n  d e t a i l  i n  

Appendix B. Because on ly  th e  c h a rg e - c o n ju g a t io n - in v a r ia n t  p a r t  o f

koH can c o n tr ib u te  t o  th e  m a tr ix  e lem en t o f  th e  m ixed s t a t e ,  th e  w *

weak i n t e r a c t io n  H am ilto n ian  y ie ld s  a  m a tr ix  e lem en t f o r  conver­

s io n  o f  M+M e q u a l to

2 ;  = i , b

r 'A

where

,  .  .  i3 i

(17)

( 18)

i s * * * r  (19)

and i = l , 2 , 3 ,  and 4 r e p r e s e n t  th e  h f s  s t a t e  w ith  (P,mF ) = ( l , + l ) , ( 1 , 0 ) ,

( 1 , - 1 ) ,  and ( 0 , 0 ) ,  r e s p e c t iv e ly .  P i s  th e  t o t a l  a n g u la r  momentum

quantum number and m^ i s  th e  a s s o c ia te d  m agnetic  quantum  number f o r

th e  M-M system . The v a lu e  o f  6 i s  143{—pj----- ) tim es  s m a l le r  th an
MM
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X = 3x l0 - 1 ® eV, th e  muon decay w id th . In  th e  low m agnetic  f i e l d  r e g io n ,  

where x  i s  s m a l l ,  <M^|Hw|M^> = -g i s  a p p lic a b le  f o r  b o th  th e  F=1 and F=0 

h fs  s t a t e s .

The a c tu a l  energy  l e v e l s  f o r  th e  M-R co u p led  IS  sy stem  a re

(20)

where + and -  n o ta t io n  r e f e r s  t o  s t a t e s  o f  sym m etric and an tisy m m e tric  

com bina tions o f  M and R, A i s  th e  energy  s p l i t t i n g  o f  th e  M-M system  due 

to  th e  p re se n c e  o f  an e x te r n a l  e le c tro m a g n e tic  f i e l d ,  and A i s  th e  z e ro -  

f i e l d  h f s  s p l i t t i n g .  For th e  ab o v e , A ~ 2 | h | f o r  th e  s t a t e s  w ith

F = l, nij, = ±1 i s  e le c t r o n  Bohr m agneton). The c o rre sp o n d in g  new 

e n erg y  e ig e n s ta te s  a re
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(21)

| M l+> = ^ 2 M\I( W- * ) )  ( SI M|> + ( W - a ) | M i > )

| M,_> = { 2 v\l (WtA)J 4 (-SIM,> + ( W + a ) | P V )

I r W  = 3 5  ( I V  ±

| MJ + > -  { . i W l v i l - A ) ] ^  SIM,> + ( W - a) | R j >)

I r i j - >  =  ( 2 W ( v o + A ) f 4 ( - s m J > +  ( ' M + * ) | R 3 >J 

I I V >  = ( I M*> ±  | I V )
/12. f

2 2 %where W = (A + 6  ) . We n o te  t h a t  i f  A = 0 ,  i . e . ,  i n  th e  absence o f  

an e x te r n a l  m agnetic  f i e l d ,  th e  fo u r  s t a t e s  w ith  nip, = ±1 sim ply  red u ce  

t o  th e  e x p e c te d  sym m etric and a n tisy m m e tric  com bination  o f  M and M. 

F u r th e r ,  when A=0, we have th e  c o n d it io n s :

y . "  E  > ~ % *  ”  * / 2  > 3 ,  #
L~ K. + *-~

(2 2 )

F ig u re  2 shows th e  energy  l e v e l  s p l i t t i n g  v s .  th e  m agnetic  f i e l d ,  w here , 

f o r  th e  pu rpose  o f  i l l u s t r a t i o n ,  th e  e f f e c t  o f  6 h a s  been  g r e a t ly  

e x a g g e ra te d . Dashed l i n e s  r e p r e s e n t  u n p e r tu rb e d  muonium (o r  antim uonium ) 

h f s  energy  l e v e l s .  S o l id  l i n e s  a re  th e  en erg y  l e v e l s  o f  th e  M-M co u p led  

system . We se e  t h a t  b o th  o f  th e  l e v e l s ,  F=1 and F=0, t h a t  a re  p r e s e n t  a t  

z e r o - f i e ld  when H .̂ i s  a b s e n t a re  each  s p l i t  i n to  a  p a i r  o f  l e v e l s  by th e  

a c t io n  o f  H^. The s e p a r a t io n  o f  energy  l e v e l s  f o r  each  p a i r  i s  e q u a l to  

<5. F o r a l l  v a lu e s  o f  m agnetic  f i e l d ,  th e  p re se n c e  o f  s im i la r ly  s p l i t s  

each  o f  th e  two u n p e rtu rb e d  l e v e l s  Eg = Eg (F = l, nip=0) and = E^(F=0,ny=0)
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i n to  a  p a i r  o f  l e v e l s ,  r e s p e c t iv e ly  (Eg+ , Eg_) and (E^+ , E^ _ ) . For

th e  s t a t e s  la b e le d  2 and k , th e  energy  s e p a r a t io n  w ith in  each  p a i r

i s  g r e a t e s t  a t  | h |=0 ,  where i t  i s  e q u a l to  6 , and d e c re a se s  s low ly

w ith  in c r e a s in g  | h | .  At a  f i e l d  v a lu e  o f  70 G th e  energy  s e p a r a t io n

has d e c re a se d  t o  ab o u t 6 /2 .  The e f f e c t  o f  on th e  l e v e l s  E^ = E^

(nij, = + 1 , mp = - l )  and E^ = E^ (mp, = - 1 ,  mp, = +1) does n o t  p roduce  a

s p l i t t i n g  i n  each  o f  th e s e  l e v e l s ,  b u t  s im ply  s h i f t s  them  to  E^+ = E^+

and E^ = E^ , r e s p e c t iv e ly .  Each o f  th e s e  s h i f t s  i s  e q u a l t o  6 /2

m aking th e  energy  s e p a r a t io n  betw een th e  p a i r s  e q u a l to  6 a t  z e ro  f i e l d .

The energy  s h i f t  6 /2  a t  |S |= 0  d e c re a se d  t o  6A  a t  a  f i e l d  v a lu e  o f  abou t

1 .3 5  x 10~k G. The energy  s h i f t  d e c re a se  t o  6 /20  a t  a  f i e l d  v a lu e  o f  

-Uabou t 9 x  10 G ~ mG.

The energy  e ig e n s ta te s  f o r  th e  M-M co u p led  sy stem  a re  l i n e a r  

com bina tion  o f  | m̂ > and |M^>, n o t  | m̂ > o r  | m̂ > i t s e l f .  T hus, i f  th e  

system  i s  i n i t i a l l y  i n  th e  p u re  muonium s t a t e  ^  (t= 0)= |M ^> , th e n  a t  

tim e  t  i t  w i l l  have deve loped  an antim uonium  component e q u a l t o

-  "t
< R e  I M i . X  Mi t I > €

+  < M i l M i . > < M i . | M ; > e

> ( £ ‘* ~ml 3

f

C23)
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where V = 6 (1  + x ) i s  th e  energy  s e p a r a t io n  o f  nysO s t a t e s ,

p r o b a b i l i t y  t h a t  th e  muon decays as  a  p* r a t h e r  th a n  a  p+ i n  an

e le c tro m a g n e tic  env ironm ent by  tim e t  i s

_  CX - M 1 __

= j  « ' A e

The

2. (A (1 -e"1J

J-or i - i , 3  

-for *' = 2 , 4. (2 l |)

w her A = 3 x 10” 1® eV (= 0.1*55 x  10^ se c - 1 ) ,  i s  th e  muon decay w id th . 

For t  -»• 00, t h i s  becomes

s 1

2  ( i ' +  A*" +  A3")

sx
2 C ( » + x a) x x + S O

* ' , 3

A. * 2 , 4

(25)

In  th e  absence  o f  e x te r n a l  f i e l d s  (A=0) we o b ta in

(2 6)
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s in c e  6 « X . From t h i s  e x p re s s io n  i t  c l e a r l y  fo llo w s  t h a t  e x te r n a l  

e le c tro m a g n e tic  f i e l d s  w i l l  quench th e  M-0 co n v e rs io n  u n le s s

A «  A
(27)

As lo n g  as A «X , th e  co n v e rs io n  p ro c e s s  w i l l  he  u n a f f e c te d ;  th e  re a so n  

i s  t h a t  as A in c re a s e s  beyond 6 , |M^+> app roaches | m^> and | m̂ _> 

approaches | m̂ > f o r  i  = 1 and 3 , h u t  a ls o  th e  in te r f e r e n c e  " h e a t"  b e ­

tw een |Mi+ > and | m^_> speeds u p . F ig u re  3 g iv en  th e  developm ent in  

tim e o f  b o th  |<M^| ^ ( t ) > | j2e - ^  and P(M^, t )  f o r  th e  A = 0 c o n d it io n .

A c o n s ta n t  e l e c t r i c  f i e l d  does n o t c o n tr ib u te  t o  A, as has 

been  shown i n  th e  work o f  F e in b erg  and W e in b e rg .^  T h is  i s  t r u e  b e ­

cause th e  o n ly  s c a l a r s  t h a t  th e  energy  may depend upon i n  a  s t a t e  w ith  

a n g u la r  momentum F a re  | S | 2 and ($*F)2 ( s in c e  E*F i s  p s e u d o s c a la r ) ;  b o th  

s c a la r s  a re  even i n  2  so  t h a t  th e y  a re  th e  same f o r  M and M. In  an 

inhomogeneous e l e c t r i c  f i e l d ,  A w i l l  c o n ta in  o n ly  odd pow ers o f  E , and 

s in c e  M and M a re  n e u t r a l  th e  lo w e s t  te rm  w i l l  be o f  o rd e r  | e |  . A 

c a lc u la t io n  o f  F e in b e rg  and W einberg t o  lo w e st o rd e r  i n  g r a d ie n t  shows 

t h a t  f o r  f i e l d s  v a ry in g  i n  d is ta n c e s  o f  o rd e r  1 mm t h i s  te rm  g iv e s  A < X
Q

f o r  < 10 v /cm . We may th e r e f o r e  s a f e ly  ig n o re  c o n tr ib u t io n s  t o  A

from  any re a s o n a b le  e x te r n a l  e l e c t r i c  f i e l d .  From e q . ( 2 5 ) ,  we see  
2

t h a t  f o r  sm a ll x  ,  t h e  t r a n s i t i o n  r a t e  w i l l  rem ain  e q u a l to  th e  vacuum
—5 C — —r a t e  2 .5  x  10 ( MM)2 . f o r  th e  m = 0  s t a t e s .  The IS  M and M s t a t e s  w ith

C * e -*•
F = l, ny=±l a re  s p l ? t  by  a  c o n s ta n t  m agnetic  f i e l d  by an amount | A | ~2y^ | H | ;

t h u s ,  in  o r d e r  t o  av o id  quenching i n  th e s e  s t a t e s  we have t o  l i m i t  th e

m agnetic  f i e l d  a c c o rd in g  t o  e q u a tio n  (27 )

(28 )
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which s e t s  a  c o n d it io n  t h a t

| HI «  o .o3

A p o s s ib le  s ig n a tu re  o f  an M+M t r a n s i t i o n  i s  th e  em iss io n  

o f  a  f a s t  decay e“  w ith  an slow  e+ , i . e . .

/H (M'e*)  fast e' t  s/oiv e + + 2 neutrinos.
( 2 9 )

O rd inary  muonium d ecay , by c o n t r a s t ,  i s

M ( M +e~)  - >  f a s t  e f  •+ s/ow l e + 2. m fa inos ,
(30)

The p r o b a b i l i t y  t h a t  th e  e + e m itte d  when th e  y+ decays i n  o rd in a ry  

muonium (y+e ~ ) sh o u ld  g iv e  up > 10 MeV o f  i t s  ene rgy  t o  th e  bound e ” 

has been  e s tim a te d  by F e in b erg  and W eiribergy^, who g iv e ' a  v a lu e  

~ lO- ^ ;  hence a  f a s t  e“ i s  a  su re  s ig n  t h a t  M was form ed.

A nother s ig n a tu re  o f  M-M c o n v e rs io n  (u se d  by Amato e t  a l ^ ) 

would be t o  d e te c t  th e  c h a r a c t e r i s t i c  x - ra y s  fo llo w in g  th e  a tom ic 

c a p tu re  o f  th e  n e g a tiv e  muon o f  th e  M atom  i n  a  t a r g e t  p la c e d  down­

s tre a m  o f  th e  muonium p ro d u c tio n  r e g io n . For exam ple, th e  atom ic 

c a p tu re  o f  y~ in  g o ld  w ould p roduce 2 MeV (3d  -*■ 2p) and 5 MeV 

(2p -*■ I s )  x - r a y s .

The ch o ic e  betw een th e s e  two s ig n a tu re s  depends i n  la r g e  

p a r t  upon th e  o v e r a l l  d e te c t io n  e f f i c i e n c y  f o r  e v e n ts  a llow ed  by  th e  

e x p e rim e n ta l s e tu p  and  th e  background problem s r e l a t e d  to  th e  d i f ­

f e r e n t  te c h n iq u e s .



I I I .  THE PRODUCTION OF MUONIUM

A. I n tr o d u c tio n
1+1

W ell known consequences o f  p a r i t y  n o n c o n se rv a tio n  in

the Tr-p-e decay chain are ( l )  the lo n g itu d in a l sp in  p o lar iza tion

o f  muons in  meson "beams em erging from  sy n c h ro c y c lo tro n s  and (2 )
1+2 1+3

th e  asym m etric a n g u la r  d i s t r i b u t i o n  o f  muon decay  e le c t r o n s .  *

The decay  o f  a  p o s i t i v e  p i  on a t  r e s t  ( 7T+ ■+ p+ + v ) p roduces a

p o s i t i v e  muon w ith  i t s  s p in  i n  th e  d i r e c t i o n  o p p o s ite  t o  i t s  l i n e a r

momentum, th e  p+ c a r ry in g  a  h e l i c i t y  o f  - 1 .  F u r th e r ,  th e  decay o f

a  p o s i t i v e  muon (p  e + v + v ) o c c u rs  w ith  an a n g u la r  asymmetry6 y
"fa

fa v o r in g  p o s i t r o n  e m iss io n  i n  th e  d i r e c t i o n  o f  th e  muon s p in ,  th e  e 

p o s s e s s in g  a  h e l i c i t y  o f  +1 .

Once p o la r iz e d  muon slow s down i n  m a t te r  p o la r iz e d  muonium 

w i l l  be  form ed upon c a p tu re  o f  an a tom ic  e le c t r o n  from  an atom o f  th e  

medium. The p o l a r i z a t i o n  o f  th e  muons i s  n o t  changed in  th e  s low ing  

down p ro c e s s ,  b e c au se  p r in c i p a l ly  th e  Coulomb i n t e r a c t i o n  i s  in v o lv e d  

and m agnetic  fo rc e s  a re  s m a ll.  When muonium i s  form ed, th e  m agnetic  

i n t e r a c t io n  betw een th e  muon s p in  and th e  e le c t r o n  s p in  can  a l t e r  th e  

muon s p in  d i r e c t i o n  and th u s  le a d  t o  a  p a r t i a l  d e p o la r iz a t io n  o f  th e  

muon.

The d i s t r i b u t i o n  o f  muonium atoms in  th e  f o u r  h f s  m agnetic  

s u b s ta te s  depends on th e  i n i t i a l  p o l a r i z a t io n  PQ o f  th e  muon beam and 

on th e  e x te r n a l  m agnetic  f i e l d  5 .  I f  Pq * +1 and 5  i s  in  th e  lo n g i -

21
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t u d in a l  d i r e c t io n  ( p a r a l l e l  t o  th e  muon s p i n ) , th e n  th e  p o p u la tio n

in  w hich th e  s t a t e  d e s ig n a t io n s  i  a re  th o s e  g iven  in  F ig u re  2 and th e  

q u a n t i t i e s  s and c a re  g iv en  in  eq . (B -8 ) .  The r e s u l t i n g  p o lo r i z a t io n  

P o f  th e  muons form ing  muonium i s  g iv en  by

in  w hich x i s  d e f in e d  by e q . (B-6 ) ,  and i s  n e g l ig ib le  i n  t h i s  e x p e r i -

t i v e  asymmetry p a ra m e te r  o f  th e  decay  p o s i t r o n  a n g u la r  d i s t r i b u t i o n  

and th e  c h a r a c t e r i s t i c  muonium Larmor p re c e s s io n  fre q u e n c y  in  a  u n ifo rm  

e x te r n a l  m agnetic  f i e l d  w ere o b ta in e d  i n  a  m easurem ent o f  th e  decay 

p o s i t r o n  tim e  d i s t r i b u t i o n .  For a  g iv en  system  w ith  m agnetic  moment 

y and t o t a l  s p in  a n g u la r  momentum F th e  m otion  o f  th e  s p in  i n  a  u n ifo rm  

e x te r n a l  m agnetic  f i e l d  H i s  g iv en  by

p r o b a b i l i t i e s  P . o f  fo rm ing  th e  h f s  s u b s ta te s  a re  g iv en  by

(31)

(32)

ment

Unambiguous ev id en ce  o f  muonium p ro d u c tio n  h a s  been  sough t

h2w ith  th e  s p in - p r e c e s s io n  te c h n iq u e . In  t h i s  p ro c e s s  b o th  th e  e f f e c -

(33)

where w i s  th e  Larmor freq u en cy
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The m ag n e tic  moment o f  a  f r e e  y+ i s  yjj and i t s  Larmor p re c e s s io n  

freq u en cy  in  a  t r a n s v e r s e  m agnetic  f i e l d  H (6  u n i t )  i s

'( 3 4 )

s in c e  F =

The m agnetic  moment o f  muonium depends on th e  h f s  m agnetic  

s u b s ta te  and on H. Under th e  t r a n s v e r s e  w e a k - f ie ld  c o n d it io n  w hich 

we u sed  in  t h i s  e x p e rim e n t, th e  sm a ll h o r iz p n ta l  f i e l d  components 

( x « l ) ,  to g e th e r  w ith  th e  v a lu e  f o r  th e  r a t i o  o f  m agnetic  moments

J i t  == _2k. = 2 0 7
a * >

mean t h a t  th e  m agnetic  moment o f  muonium f o r  each  p o la r iz e d  h f s  su b -
e

s t a t e  i s  dom inated  by th e  e le c t r o n  m agnetic  moment T h e re fo re ,

th e  Larmor p re c e s s io n  freq u en cy  f o r  muonium i n  th e  s t a t e s  1 and 3 i s  

ap p ro x im ate ly

(35)

f  = MlH » £  H • UH r°%~ ,
(36)

s in c e  th e  t r i p l e  s t a t e  h as  F = 1 (H i n  6 u n i t ) .  W ith a  muon i n i t i a l l y  

p o la r i z e d  a lo n g  th e  beam d i r e c t io n  th e  o n ly  muonium Larmor p re c e s s io n  

w hich c o n tr ib u te s  t o  th e  decay p o s i t r o n  tim e  spectrum  i s  th e  h f s  s t a t e  

l ( F = l ,  mp = + l ) ,  s in c e  th e  p r o b a b i l i t y  o f  fo rm ing  s t a t e  3 i s  z e ro .



I f  muons e f f e c t i v e l y  rem ain  f r e e  in  th e  g o ld  t a r g e t s  u se d ,

th e n  th e  p re c e s s io n  o f  th e  muon a t  th e  free-m uon freq u en cy  u) + sh o u ld
y

be o bserved  in  t h i s  e x p e rim e n t. On th e  o th e r  h a n d , i f  th e  muons d i f ­

fu se  to  th e  g o ld  s u r f a c e  and e n te r  th e  su rro u n d in g  vacuum as muonium 

in  a  tim e  s h o r t  compared to  th e  p re c e s s io n  p e r io d ,  th e n  th e  c h a r a c te r ­

i s t i c  muonium p re c e s s io n  freq u en cy  u>M, w hich i s  103 t im es  g r e a te r  th a n  

u>^+, sh o u ld  be o b se rv ed .

I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  th e  " b e a t  f re q u e n c y " , w hich

a r i s e s  from  th e  t r a n s i t i o n s  betw een muonium h fs  l e v e l s  in  a  m agnetic  
L5

f i e l d ,  does n o t  a f f e c t  t h i s  ex p e rim e n t. The decay p o s i t r o n  d i s t r i b ­

u t io n  fu n c t io n  o f  muonium p re c e s s io n  would be m o d if ie d  by th e  b e a t  

frequency  SI t o  th e  form

i n  w hich a  i s  th e  e x p e rim e n ta l c o e f f i c i e n t  o f  th e  y -e  decay asym m etry, 

onium Larmor p re c e s s io n  f re q u e n c y , and b e a t  freq u en cy  SI i s

In  t h i s  e x p re s s io n , coq i s  th e  freq u en cy  o f  th e  ground s t a t e  h fs  o f  th e  

muonium atom  a t  z e ro  m agnetic  f i e l d ,  nam ely , o>o /2 tt = UU63 MHz and

(37)

(38)

H_ = 2% -  = 1585 G i s  th e  m agnetic  f i e l d  a t  th e  lo c a t io n  o f  th e  e le c t r o n

+due t o  th e  m agnetic  moment o f  y . H i s  a  p re c e s s io n  f i e l d  w hich i s  l e s s
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th a n  21 G f o r  t h i s  ex p e rim e n t; h e n c e , wM»J2 . I t  i s  n e c e s s a ry  t o  

re c o rd  a  v e ry  la r g e  number o f  Larmor p re c e s s io n  p e r io d s  in  o rd e r  

to  o b se rv e  a  s in g le  b e a t  p e r io d . T h e re fo re , i t  i s  n e g l ig ib le  in  

ou r e x p e rim e n t, f o r  which o n ly  a  r e l a t i v e l y  sm a ll number o f  few 

c y c le s  have been  d e te c te d .

The e x p e rim e n ta l m ethod c o n s is te d  o f  m easu ring  th e  tim e 

d i s t r i b u t i o n  o f  decay p o s i t r o n s  w ith  r e s p e c t  t o  p a re n t  muons and 

th e n  i n  a n a ly z in g  th e  d a ta  f o r  th e  c h a r a c t e r i s t i c  p re c e s s io n  f r e ­

quency o f  muonium. For m a te r ia ls  where we a n t i c ip a t e  o n ly  

p a r t i a l  fo rm a tio n  o f  muonium th e  tim e  d i s t r i b u t i o n  o f  th e  decay 

p o s i t r o n s ,  as o b se rv ed  w ith  a  f ix e d  c o u n te r  t e l e s c o p e ,  sh o u ld  be 

g iven  by  th e  e x p re s s io n

N i t ) -  /V0 e + <P) + + +B

(39)

where Nft = N,, + N„ i s  th e  sum o f  b o th  f r e e  y+ and muonium e v e n ts ,  u y M

a t  th e  i n i t i a l  t im e ;  T i s  th e  muon mean l i f e t i m e ;  i s  th e  o bserved  

f r e e  muon asymmetry in  th e  t a r g e t  m a te r i a l ;  R = Nm/Nq i s  th e  f r a c t i o n  

o f  y+ s to p s  w hich form  muonium; \  i s  th e  p r o b a b i l i t y  t h a t  th e  muonium 

w i l l  form  i n  th e  p o la r iz e d  s t a t e  (F , m ,̂) = ( l ,  + l ) ;  T i s  th e  muonium 

r e la x a t io n  t im e , <f> i s  th e  o b se rv ed  p h ase  a n g le ,  and B i s  th e  a c c id e n t­

a l  backg round . In  term s o f  t h i s  fu n c t io n  a  l e a s t - s q u a r e s  f i t  o f  th e  

d a ta  can be made t o  o b ta in  th e  unknown p a ra m e te rs . The fo llo w in g  

s e c t io n  w i l l  d e s c r ib e  t h i s  p ro c e d u re  in  f u r t h e r  d e t a i l s  and g iv e  th e  

r e s u l t s  o f  a n a ly s i s .
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B. E x p erim en ta l P ro ced u re

1 . Beam C h a r a c te r i s t i c s  and E x p e rim en ta l A rrangem ent

The experim en t was pe rfo rm ed  in  th r e e  c y c lo tro n  ru n s  

from  Sep tem ber, 1970 th ro u g h  November, 1972 a t  N .A .S.A . Space 

R a d ia tio n  E f fe c ts  L a b o ra to ry  (SREL) in  Newport News, V i r g in ia .  

We r e q u i r e d  a  p o la r iz e d  p o s i t i v e  muon beam o f  h ig h  p u r i t y  and 

low momentum. We chose th e  "backw ard-produced" p o s i t i v e  muon

h6beam from  th e  muon c h a n n e l. (The "backw ard" beam c o n s is t s  

o f  th o se  y+ which decay in  th e  backw ard d i r e c t i o n  as m easured  

in  th e  p io n  r e s t  f ra m e .)  The beam was a lm ost e n t i r e l y  f r e e  o f  

p io n s  and had  a  muon p u r i t y  o f  ap p ro x im a te ly  95%• The rem ain ­

in g  3% w ere e le c t r o n s .

F ig u re  U shows a  la y o u t  o f  th e  muon beam a re a  a t  

SEEL. The p io n s  w ere p roduced  i n  th e  600 MeV s y n c h ro c y c lo tro n  

when o r b i t in g  p ro to n s  were in c id e n t  on a  s t a t io n a r y  t h i n  f i l a ­

m ent carbon  "h arp "  t a r g e t .  The beam was " s t r e tc h e d "  such  t h a t  

i t  had a  d u ty  f a c t o r  o f  20%. The p io n s  and th e  r e s u l t i n g  

decay muons th e n  t r a v e le d  th ro u g h  th e  f r in g e  f i e l d  o f  th e  

c y c lo t ro n ,  e n te r in g  a  p a i r  o f  12" a p e r tu re  m atch ing  q u ad ru p o le  

m agnets w hich  se rv e d  as  a  fo c u s s in g  le n s  f o r  th e  muon c h an n e l 

beam. The main ch an n el i s  composed o f  tw e n ty - fo u r  q u ad ru p o le  

m agnets. A beam momentum o f  90 MeV/c ± ±0% c o rre sp o n d in g  t o  

backw ard muons was s e le c te d  w ith  a  18" x  18" d ip o le  b end ing  

m agnet. The p io n s ,  fo rw ard  p o s i t i v e  m uons, and n e g a tiv e  p a r t -
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i c l e s  were d e f le c te d  i n to  th e  m agnetic  y o k e , w h ile  th e  backw ard 

p o s i t i v e  muons went th ro u g h  two a d d i t io n a l  fo c u s s in g  q uad rupo le  

m agnets in to  th e  muon cav e .

A t y p i c a l  e x p e rim e n ta l s e t  up i s  shown i n  F ig u re  5. 

A lthough some c o u n te rs  w ere changed f o r  d i f f e r e n t  t a r g e t s  (as  

d e s c r ib e d  in  s e c t io n  I I I  B. 5 ) ,  th e  g e n e ra l  f e a tu r e s  were th e  

same f o r  a l l  t a r g e t s .  A 6 " th ic k  le a d  b r ic k  w a l l ,  w ith  a  

8" x  8" op en in g , s e rv e d  as a  f i r s t  c o l l im a to r ,  and was b u i l t  

a g a in s t  th e  dow nstream  s id e  o f  th e  l a s t  q u ad ru p o le  m agnet.

The second  le a d  c o l l im a to r  (2" th ic k )  w ith  a  U" x  V  opening  

fo llo w ed  th e  energy  d e g ra d e r , and was lo c a te d  on th e  upstream  

s id e  o f  c o u n te r  3 . A ll  c o u n te rs  from  1 t o  1 0 , e x c e p t 5 and 6 , 

were made o f  P i l o t  B p l a s t i c  s c i n t i l l a n t .  They were o p t i c a l ­

ly  co u p led  to  Amperex 56 AVP p h o to m u l t ip l ie r  tu b e s  by means o f  

a d ia b a t ic  L u c ite  l i g h t  p ip e s .  A ll  l i g h t  p ip e s  w ere made lo n g  

enough t o  lo c a te  th e  p h o to tu b e s  f a r  from  th e  r e g io n  o f  th e  

p re c e s s io n  f i e l d .  M u-m etal and s o f t  i r o n  c y l in d e rs  s h ie ld e d  

th e  p h o to tu b e s  from  th e  e f f e c t s  o f  th e  f r in g in g  f i e l d  o f  th e  

c y c lo tro n  and o f  th e  H elm holtz c o i l s .  The a c t iv e  a re a s  o f  

th e  s c i n t i l l a t i o n  c o u n te rs  w ere:

c o u n te r  1 and 2 -  8" x  8" x  V*

c o u n te r  3 -  8" x  8" x  3 / 8" w ith  d ia m e te r

h o le  a t  th e  c e n te r

c o u n te r  U -  U y  d ia m e te r  x  V  th ic k  d is k

c o u n te rs  7-10  -  10" x  10" x  V 1
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C ounters 5 and 6 w ere e s p e c ia l ly  d e s ig n e d  t o  be 

s e n s i t i v e  t o  muons s to p p in g  in  sm a ll mass t a r g e t s .  Both were 

made o f  P i l o t  M p l a s t i c  s c i n t i l l a n t ,  and w ere lo c a te d  in s id e  

th e  vacuum cham ber. C ounter 5 was a  0 .0 0 1 "  t h i c k ,  UV d ia ­

m ete r s h e e t  o f  s c i n t i l l a n t  w hich was a t ta c h e d  t o  th e  down­

s tre a m  s id e  o f  an 1 /8 "  t h i c k ,  d ia m e te r  L u c ite  l i g h t  p ip e .

I t  was v iew ed from  o u ts id e  o f  th e  vacuum chamber by  a  5" d ia ­

m ete r RCA C70133B p h o to m u l t ip l ie r  tu b e  w ith  a  h ig h  g a in  

ca th o d e  and g a lliu m -p h o sp h id e  f i r s t  dynode. The e f f i c i e n c y  

o f  c o u n te r  5 was found t o  be abou t 50J5 f o r  s to p p in g  y+ 

p a r t i c l e s .  C ounter 6 was a  f iv e - s id e d  s c i n t i l l a t o r  cup (3 /8 "  

w a ll  th ic k n e s s )  which in s c r ib e d  a  volume o f  6" x  6" x  6" .

This cup was a tta c h e d  t o  a  8h" lo n g  c o n ic a l  L u c ite  l i g h t  p ip e .

I t  was v iew ed by a  5" d ia m e te r  RCA 1+522 p h o to m u l t ip l ie r  tu b e

( b i a l k a l i  p h o to c a th o d e ) . Both p h o to m u l t ip l ie r  tu b e s  o f  c o u n te rs

1+85 and 6 w ere p r o te c te d  by C o-N etic  m agnetic  s h ie ld s  from  th e  

e f f e c t s  o f  e x te r n a l  m agnetic  f i e l d s .  The t a r g e t  vacuum chamber 

was a  0 . 032" th ic k  s t a i n l e s s  s t e e l  c y l in d e r  o f  10" d ia m e te r  and 

12" le n g th .  The c e n te r  p o r t io n  o f  th e  upstream ; aluminum end 

p l a t e  was red u ced  t o  1 / 8" th ic k n e s s  f o r  th e  p u rp o se  o f  beam 

tra n s m is s io n . The downstream  end p l a t e  c o n ta in e d  a  5" d ia m e te r  

h o le  t o  a llo w  p assag e  o f  th e  c o u n te r  6 l i g h t  p ip e .  The chamber 

was f i t  w ith  Nupro v a lv e s  and a  V ' d ia m e te r  v a lv e  f o r  gas hand­

l in g  and e v a c u a t io n . A vacuum o f  10- ^ T o rr  was a t t a in e d  w ith  

an o i l  d i f f u s io n  pumping system .
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C oinc idences betw een c o u n te rs  1 and 2 (12) s e rv e d  

as a  m o n ito r  o f  th e  number o f  p a r t i c l e s  i n  th e  beam. C ounter 

3 , o p e ra te d  in  th e  a n t ic o in c id e n c e  mode, was fo llo w ed  by- 

c o u n te r  H, which was p la c e d  a g a in s t  th e  u p s tream  s id e  o f  th e  

vacuum cham ber, (se e  F ig u re  5 ) .  Both 3 and U to g e th e r  s e rv e d  

to  c o n tr o l  th e  e n tra n c e  a n g le  o f  th e  beam in to  th e  t a r g e t .  A 

c o in c id en c e  s ig n a l  1 2 3 5 5 in d ic a te d  t h a t  a  p a r t i c l e  had

s to p p e d  i n  th e  t a r g e t  cham ber. C ounter 5 was made th in  so  as 

to  reduce  th e  number o f  f a l s e  s ig n a ls  ( i . e .  s to p s  i n  th e  

c o u n te r  i t s e l f )  t o  a  minimum.

The number o f  muon s to p s  in  th e  t a r g e t  chamber was 

m aximized by s tu d y in g  th e  v a r i a t i o n  in  s to p s  p e r  m o n ito r coun t 

as a  fu n c t io n  o f  p o ly e th y le n e  d e g ra d e r  th ic k n e s s .  A t y p i c a l  

range curve  i s  shown in  F ig u re  6 .

The d e c a y -p o s itro n  d e te c to r s  w ere d iv id e d  in to  two 

sym m etric p a i r .  These c o u n te r  te le s c o p e s  w ere lo c a te d  on 

e i t h e r  s id e  o f  th e  vacuum cham ber. C oun ters 7 and 8 w ere on 

th e  le f t - h a n d  s id e  as  one looks downstream  and c o u n te rs  9 and 

10 w ere on th e  r ig h t -h a n d  s id e .  The f r a c t i o n a l  s o l i d  a n g le  

sub tended  by each  p o s i t r o n  te le s c o p e  from  th e  c e n te r  o f  th e  

t a r g e t  was ap p ro x im a te ly  8%.

F or some muonium ru n s  a  10" x  10" x  V ' aluminum p l a t e  

was p o s i t io n e d  betw een  c o u n te rs  7 and 8 , and betw een  c o u n te rs  

9 and 10 , t o  e l im in a te  th e  low energy  p o r t io n  o f  th e  p o s i t r o n  

spectrum . The o v e r a l l  asymmetry am p litu d e  i n  y+ decay i s
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energy-dependent, increasing with increasing energy cu to ff. 

This low-energy cu toff s e t  the positron energy detection  

threshold at about 6 MeV. This cu toff thereby increased  

the observed'absolute asymmetry amplitude by about 0.5$.

A decay positron was indicated by the coincidence 

signal (2) (3) (5) 7 8 or (2) (3) (5) 9 10, where (5) ,  (3) 

and (5) overlapped in  an "or” anticoincidence mode. For

the 200 g o ld -fo il ta rg e t, which had a thickness o f 1*5.5
2 + mg/cm and a  t o t a l  mass o f  3 .3  g ,  th e  y s to p  r a t e  was

O
8 0 /se c  ( f o r  65 x  10 / s e c  1 2 ’s ) .  T h is co rre sp o n d s  to  a  

n o rm a lized  muon s to p  r a t e  o f  2 l* /g -sec . B oth decay p o s i t r o n  

te le s c o p e s  re c o rd e d  e v e n ts  a t  a  r a t e  o f  6 / s e c .

2 . T a rg e ts

The main target used in  th is  experiment was thin  

gold le a f .  However, in  order to  measure beam polarization  

and to  te s t  our experimental, s e n s it iv ity  to  muonium we also  

used graphite, fused quartz, and argon gas as targets. For 

the so lid  targets the chamber was evacuated to  10”  ̂ Torr.

F or th e  gas t a r g e t  ru n s  th e  chamber was p re e v a c u a te d  t o  a
_5

p re s s u r e  o f  10 T o rr  b e fo re  in tro d u c in g  th e  argon  g a s . A 

b r i e f  d e s c r ip t io n  o f  each  t a r g e t  fo llo w s ,

a .  G ra p h ite

I t  i s  w e ll  known t h a t  p o s i t i v e  muons rem ain  h ig h ly  
1*9p o la r iz e d  i n  g r a p h i t e .  T h e re fo re , a  g r a p h i te  m easurem ent 

o f  th e  asymmetry c o e f f i c i e n t  p ro v id e s  a  c a l i b r a t i o n  o f  th e
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p ro d u c t o f  th e  q u a n ti t ie s :b e a m  p o l a r i z a t i o n ,  f i n i t e  decay 

c o u n te r  geom etry , and p o s i t r o n  energy  c u t - o f f  c o r r e c t io n .

The g r a p h i te  t a r g e t  u sed  was a  th in  s h e e t  o f  dim ensions 

6” x U"3d / 8,T and d e n s i ty  1.1+1 g/cm . T his t a r g e t  was 

p o s i t io n e d  in s id e  th e  cup -shaped  c o u n te r  6 , and o r ie n te d  

a t  1+5 d eg rees t o  th e  beam.

b . Q uartz

Fused q u a r t z ,  a  w e ll  known muonium p ro d u c in g ;
1Am a te r i a l ,  was u se d  t o  t e s t  th e  system  f o r  an unambiguous 

muonium s ig n a l .  Two s h e e ts  were u s e d , one e x tre m e ly  th in  

(d im en sio n s : 6 " x  5V  x 1 / 32” ; m ass: 38g . ) ,  th e  o th e r

fo u r  tim es  as th ic k  as th e  f i r s t .  Each was p o s i t io n e d  

in s id e  c o u n te r  6 , a n g le d  1+5 d eg rees  t o  th e  beam.

c . Argon Gas

Argon gas i s  a ls o  known to  be a  m uonium-forming 

m a t e r i a l ,  a lth o u g h  w e l l- d e f in e d  s ig n a ls  had n o t been  

observed  p r i o r  to  th e s e  m easurem ents. Because th e  argon 

mass c o u ld  be made com parable t o  th e  mass o f  ou r g o ld  f o i l s  

we chose i t  t o  t e s t  th e  s e n s i t i v i t y  o f  th e  system  f o r  a  

9Tnn.H mass t a r g e t .  The argon  gas was r a t e d  u l t r a h ig h  p u r i t y ,  

i . e . ,  few er th a n  20 ppm o f  c o n ta m in a tio n .^0 I t  was m ain­

ta in e d  u n d er a  co n tin u o u s  flow  c o n d it io n  w ith in  th e  t a r g e t  

chamber a t  e i t h e r  a  p r e s s u r e  o f  2280 T o rr o r  1290 T o rr .

The argon  mass w ith in  th e  6” x  6” x  6” t a r g e t  r e g io n  was
p

1+lmg/cm a t  a  p re s s u r e  o f  1290 T o rr . We a tte m p te d  a t  one
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p o in t  t o  p u r i f y  th e  argon  gas by r e c i r c u l a t i n g  th e  gas th ro u g h

a h e a te d  t i ta n iu m -z irc o n iu m  p u r i f i e r ,  b u t  th e  muonium s ig n a l

d e c re a se d  as a  consequence .

d . Gold F o i ls

We used  two d i f f e r e n t  t a r g e t  a rran g em en ts  f o r  th e

g o ld  f o i l s  in  t h i s  e x p e rim e n t. The f i r s t  g o ld  f o i l  t a r g e t

51c o n s is te d  o f  an a r ra y  o f  200 com m ercial g o ld  l e a f ,  and were 

each  s e p a r a te ly  suspended  by  a  th in  th r e a d  from  a  fram e o f  1 / 8" 

d ia  and O.OOV' w a l l  s t a i n l e s s  s t e e l  tu b in g . The fram e , in c lu d ­

in g  th e  th r e a d ,  had  a  t o t a l  mass o f  abou t k g ,  and f o r  th e  m ost 

p a r t  was lo c a te d  o u ts id e  o f  th e  beam a r e a .  Each f o i l  was 8 .5  

cm x  8 .5  cm x 10“ ^ cm, so  t h a t  th e  t o t a l  w eigh t o f  200 f o i l s  

was 3 .3  g . The f o i l s  w ere s e p a r a te d  from  one a n o th e r  by ~0 .08  

cm on th e  a v e ra g e , th u s  f i l l i n g  th e  6" le n g th  o f  th e  a c t iv e  

t a r g e t  r e g io n . For y+ p a r t i c l e s  s to p p in g  in  th e s e  g o ld  f o i l s  i t  

was a n t i c ip a t e d  t h a t  a  c e r t a i n  num ber, upon d i f f u s in g i :t o  th e  

s u r f a c e ,  would e n te r  th e  vacuum re g io n  i n  th e  form  o f  p o la r ­

iz e d  muonium. The i n t e r v a l  betw een f o i l s  wan such t h a t  t h e r ­

m al muonium atoms in  th e  vacuum space  co u ld  be  e x p e c te d  t o  

undergo  two t o  th r e e  u n in te r r u p te d  c y c le s  o f  muonium p re c e s ­

s io n  on th e  average  i f  th e  p re c e s s io n  f i e l d  was -1 0  G. In  

a d d i t io n ,  a  c a lc u la t io n  o f  y+ d i f f u s io n  tim e a t  room tem per­

a tu r e  shows t h a t  th e  y+ io n  i s  c ap ab le  o f  t r a v e r s in g  a  h a l f -
2

f o i l  th ic k n e s s  in  t  = ^  - 1*0 n s e c ,  a  tim e  s h o r t  compared to  

th e  e x p e c te d  muonium p re c e s s io n  p e r io d ,  where x  = h a l f - f o i l
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th ic k n e s s  and D i s  th e  y+ d i f f u s io n  c o e f f i c i e n t  i n  g o ld  a t  

25°C.

The second  g o ld  f o i l  t a r g e t  c o n s is te d  o f  800 g o ld  

l e a f  c o n fin e d  to  th e  same volume d e f in e d  by th e  200 f o i l  t a r ­

g e t .  These f o i l s  w ere sim ply  bunched random ly i n  o rd e r  to  

rduce  s i g n i f i c a n t l y  th e  vacuum space  a v a i l a b le  f o r  u n in te r ­

ru p te d  muonium p r e c e s s io n .

e .  Empty T a rg e t

Empty t a r g e t  ru n s  w ere made i n  w hich a  d u p l ic a te  

fram e, minus g o ld  f o i l s ,  was p o s i t io n e d  in  th e  c o u n te r  6 cup . 

T his p e rm it te d  us t o  d e te rm in e  t o  what e x te n t  y+ s to p s  i n  th e  

fram e, i n  c o u n te r  5 , o r  i n  th e  d e a d la y e r  o f  c o u n te r  6 c o n t r i ­

b u te d  t o  th e  muonium s ig n a l .

f .  Gold F o i ls  i n  Argon

The 200 g o l d - f o i l  t a r g e t  was in tro d u c e d  i n to  th e  

argon  gas e i t h e r  a t  a  p r e s s u r e  o f  2280 T o rr  o r  1290 T o rr to  

s tu d y  how t h i s  compound t a r g e t  w ould a f f e c t  th e  muonium 

s ig n a tu r e .  The number o f  muons s to p p e d  in s id e  any f r a c t i o n  

o f  a  compound t a r g e t  i s  p r o p o r t io n a l  t o  th e  number o f  grams 

o f  t h a t  f r a c t i o n  o f  t a r g e t .  I f  th e  muons w hich s to p p ed  in  

th e  g o ld  f o i l  does n o t  form  muonium, th e  f r a c t i o n  o f  muonium 

fo rm a tio n  r a t e  sh o u ld  be red u ced  by  a  c o n s id e ra b le  amount.
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3. M agnetic F ie ld

A u n ifo rm  p re c e s s io n  f i e l d  was p ro v id e d  a lo n g  th e  

v e r t i c a l  d i r e c t i o n  by a  p a i r  o f  23" d iam e te r  Helmho l t z  c o i l s  

s e p a ra te d  by 1 1 .5 " . We d e f in e d  "+" f o r  f i e l d  p o in t in g  up and " - "  

f o r  f i e l d  p o in t in g  down. The c o i l  c u r r e n t  was s u p p lie d  by a  

Sorenson  N obatron DCR 300-8A power su p p ly  and m o n ito red  by a  

d i g i t a l  v o l tm e te r  (DVM) w hich was lo c a te d  in  th e  c o u n tin g  a r e a .

The DVM re a d in g  showed t h a t  th e  c u r r e n t  rem ained  h ig h ly  s t a b l e  

o v e r th e  co u rse  o f  each  e x p e rim e n ta l ru n . We found t h a t  th e  

c y c lo tro n  f r i n g e - f i e l d  c o n tr ib u te d  a  3 G v e r t i c a l  f i e l d  a s  w e ll  

as a  n o n -z e ro  h o r iz o n ta l  f i e l d  a t  th e  t a r g e t  p o s i t i o n .  I t  was 

n e c e s s a ry  f o r  u s t o  u se  tw o p a i r s  o f  b u ck in g  c o i l s  to  e l im in a te  

th e  h o r iz o n ta l  components t o  l e s s  th a n  100 mG. For th e  a rgon  gas 

ru n s  we used  th e  c y c lo tro n  f r in g e  f i e l d  a lo n e  t o  p re c e s s  th e  muon­

ium s p in .

The f i e l d  in  th e  t a r g e t  r e g io n  was c a r e f u l ly  mapped 

52w ith  th e  a id  o f  a  H a ll  p robe  w henever t a r g e t s  were in te rc h a n g e d . 

I t  showed t h a t  th e  v a r i a t i o n  o f  m agnetic  f i e l d  i n t e n s i t y  was l e s s  

th a n  ± 50 mG th ro u g h  o u t th e  t a r g e t  r e g io n . The m agnetic  f i e l d  

was a ls o  c a l i b r a t e d  in  fo u r  s p e c ia l  ru n s .  Among th e s e  were one 

g r a p h i t e ,  one 800 -g o ld  f o i l ,  and two q u a r tz  ru n s . We f i t  th e  d a ta  

o f  th e  g ra p h i te  and g o ld  t a r g e t  t o  th e  f r e e  muon p re c e s s io n  fu n c ­

t i o n .  By u s in g  a  l e a s t - s q u a r e s  m ethod t o  o b ta in  th e  p re c e s s io n  

fre q u e n c y , we th e n  c a lc u la te d  th e  c o rre sp o n d in g  m agnetic  f i e l d .
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The r e s u l t s  were a l l  c o n s is te n t  w ith  th e  m agnetic  f i e l d  m easured 

by th e  H a ll  p robe  te c h n iq u e . F ig u re  7 shows a  p l o t  o f  th e  mag­

n e t i c  f i e l d s  u se d  in  each  run  v e rs u s  th e  obse rv ed  f re q u e n c ie s .

H. E le c t r o n ic  Logic

A t y p ic a l  b lo ck  d iagram  o f  th e  lo g ic  c i r c u i t r y  used  

in  th e  p re c e s s io n  ex p erim en ts  i s  shown in  F ig u re  8 . A lthough th e r e  

a re  two c y c lo tro n  runs in  w hich we u sed  o n ly  one decay  te le s c o p e  

and a  100 MHz d i g i t a l  t im e r  in s te a d  o f  th e  tim e t o  am p litu d e  con­

v e r t e r  (TAC), th e  g e n e ra l  f e a tu r e s  were th e  same f o r  m ost e x p e r i ­

m en ta l ru n s .  A ll  th e  u n i t s  shown i n  F ig u re  8 were m odular in  form  

and w ere m anufactu red  co m m erc ia lly . B locks la b e le d  D a re  s ta n d a rd  

d is c r im in a to r s  (C h ro n e tic s  m odel 15^ o r  E. G. & G. model T105/N) 

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  (E . G. & G. model C203/N 

o r  C h ro n e tic s  model 1 5 2 ). The main p u rp o se  o f  t h i s  c i r c u i t r y  was 

t o  d e f in e  a  s to p p in g  muon and t o  de te rm ine  in  tim e  i n t e r v a l  betw een 

each  p o s i t r o n  e v e n t r e l a t i v e  t o  th e  y+ s to p  s ig n a l .

The f a s t  o u tp u ts  from  th e  beam te le s c o p e  c o u n te rs  1 -6  

were fe d  th ro u g h  d e la y  boxes t o  d is c r im in a to r s  D1-D6. The shape 

o u tp u ts  o f  d is c r im in a to r s  form ed th e  n e c e s s a ry  in p u ts  t o  th e  c o in ­

c id en ce  u n i t s  as shown i n  F ig u re  8 . The o u tp u t o f  each  r e le v a n t  

c o in c id en c e  u n i t  was s c a le d .  A 12 c o in c id e n c e  s e rv e d  as  th e  beam 

m o n ito r;  1 2  3 ^ 5 = 1  s p e c i f i e d  th e  a r r i v a l  o f  a  beam p a r t i c l e  i n  

th e  t a r g e t  r e g io n ;  1 2  3 ^ 5 5 =  15 in d ic a te d  th e  p a r t i c l e  had 

s to p p e d  in  th e  t a r g e t .  Given th e  p o o r p u ls e  h e ig h t  and  tim e  J i t t e r
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resp o n se  o f  th e  1 m il  c o u n te r  5 , we chose t o  make c o u n te r  U th e  

t im e -d e te rm in in g  c o u n te r  in  th e  s to p p in g  s ig n a tu r e .  For t h i s  

re a so n  th e  DU o u tp u t (U^) was narrow ed t o  5 n se c  (FWHM). The 

t r u e  s to p p ed  muon was th e n  in d ic a te d  by .

As a  p r e c a u t io n ,  we checked  f o r  "second" and 

"p re v io u s"  muons; i . e . , we a s c e r ta in e d  t h a t  ex p ep t f o r  2% o f  th e  

c a s e s ,  th e  muon a s s o c ia te d  w ith  th e  o bserved  decay p o s i t r o n  was 

n e i t h e r  p reced ed  n o r  fo llo w ed  by a n o th e r  s to p p e d  muon w ith in  th e  

o b s e rv a tio n  tim e  o f  k y se c . The 2% e f f e c t  i s  n e g l ig ib l e  and we 

th e r e f o r e  removed t h i s  " p r o te c t iv e "  c i r c u i t r y  from  th e  lo g ic  

sequence f o r  th e  sake  o f  s im p l ic i ty .

The f a s t  o u tp u ts  from  th e  p o s i t r o n  te le s c o p e  c o u n te rs  

7-10  were a ls o  fe d  th ro u g h  d e la y  boxes t o  d i s c r im in a to r s ,  which fe d  

c o in c id en c e  u n i t s  in  t u r n .  The f a s t  c o in c id e n c e  7 8 and 9 10 were 

v e to e d  by a  prom pt p u ls e  from  e i t h e r  2 , 3 , o r  U t o  e l im in a te  d i r e c t  

sp ra y  from  th e  beam. Thus th e  decay p o s i t r o n  s ig n a l  was e i t h e r  an 

e L -  (2 ) (3 ) (5) 7 8 o r  an e R = (2 ) (3 ) (5) 9 10 . A d e la y  o f  0.1* 

y sec  was p la c e d  in  th e  p o s i t r o n  c i r c u i t s .  D is c r im in a to rs  D13 and 

Dlk w ere used  to  re sh a p e  th e  lo g ic  s ig n a l  fo llo w in g  th e  d e la y ,  and 

t h e i r  o u tp u ts  r e p re s e n te d  th e  decay p o s i t r o n  s ig n a l s  which sh o u ld  

be a n a ly z e d .

The tim e  i n t e r v a l  betw een a  t r u e  s to p p e d  muon

and th e  su b seq u en t decay p o s i t r o n ,  e i t h e r  e_ o r  e _ , was d e te rm in edLi X\

by s e p a ra te  TAC”̂  u n i t s  ( o r  a  100 MHz d i g i t a l  t i m e r ^ ) .  The TAC 

o u tp u ts  were f i n a l l y  s o r te d  by a  d u a l ADC p u ls e  h e ig h t  a n a ly z e r
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55(PHA) . The muon s to p  s ig n a l s  w ere u sed  as a  "START” p u ls e  t o  th e  

TACs w hich w ere s e t  f o r  a  ran g e  o f  U u s e e . The decay p o s i t r o n  s ig ­

n a l  was u sed  as a  "STOP" p u ls e s  t o  t h e  TAC and was d e la y e d  a  f ix e d

0.1* ysec  r e l a t i v e  to  th e  muon. T h is  p e rm itte d  a  s tu d y  o f  " n e g a tiv e  

tim e"  e v e n ts ,  i . e . . random background . Thus, good d e c a y -p o s itro n

e v e n ts  e o r  e_ were d e f in e s  as th o se  which o c c u rre d  w i th in  3 .6  
L R

ysec  a f t e r  th e  tim e  o f  a r r i v a l  o f  a p o s i t i v e  muon.

The tim e r e s o lu t io n  was s l i g h t l y  d i f f e r e n t  f o r  th e  

l e f t  and r i g h t  sy s te m s , due t o  th e  f a c t  t h a t  d i f f e r e n t  TAC u n i ts  

were u se d . The c a l i b r a t i o n  f o r  th e  l e f t  system  was 1 .8 7  y sec  p e r  

c h a n n e l;  f o r  th e  r i g h t  system  i t  was 1 .80  y sec  p e r  c h a n n e l.

5 . D ata  C o l le c t io n

D uring th e  g r a p h i t e , q u a r tz  and m ost o f  th e  g o ld  f o i l

55in  vacuum ru n s  a  N u c le a r  D ata  1*096 ch a n n e l PHA and m agnetic  ta p e

re c o rd in g  system  w ere u se d  f o r  d a ta  a c q u i s i t i o n .  The PHA o p e ra te d

in  a  d u a l mode, w ith  th e  f i r s t  201*8 ch an n e ls  d evo ted  t o  th e  decay

p o s i t r o n  e v e n ts  e_ and th e  rem a in in g  20l*8 ch an n els  u sed  f o r  th e  
Jj

decay p o s i t r o n  e v e n ts re _Re

F or th e  v a r io u s  a rgon  gas runs and th e  p a r t i c u l a r  

g o ld  f o i l  ru n  a t  a  m agnetic  f i e l d  o f  H = - 7  G ta k e n  Septem ber 1970, 

we s e t  up on ly  th e  l e f t  p o s i t r o n  t e l e s c o p e .  In  a d d i t io n ,  a  100 MHz 

d ig i t r o n  r e p la c e d  th e  TAC a s  a  t im in g  d e v ic e  t o  m easure th e  tim e  

i n t e r v a l  betw een th e  o c c u rre n c e  o f  th e  muon s to p  and th e  su b seq u en t 

decay s ig n a l .  The s ig n a l s  w ere fe d  th ro u g h  th e  SREL IBM 2972/7
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i n t e r f a c e  t o  an IBM 36O/UU com puter. A ll  d a ta  ta k e n  by t h i s  m ethod 

were p u t  o n to  m agnetic  ta p e  and c a rd s .

F or th e  g ra p h i te  t a r g e t ,  d a ta  w ere ta k e n  a t  th e  mag­

n e t i c  f i e l d  o f  + 31 G. B efo re  making a s e a rc h  f o r  muonium p roduc­

t io n  in  th e  g o ld  f o i l s ,  d a ta  were c o l l e c te d  from  th e  q u a r tz  t a r g e t s  

a t  f i e l d  o f  + 10 G, -  U G, and -  10 G. T y p ic a l tim in g  s p e c t r a  f o r  

e+ e v e n ts  in  g ra p h i te  (H = + 31 G) and q u a r tz  (H = -  U G) a re  shown 

in  F ig u re  9 and F ig u re  1 0 , r e s p e c t iv e ly .  These s p e c t r a  a re  l e s s  

th a n  U ysec  in  e x te n t  and a re  c h a ra c te r iz e d  by a  2 .2  ysec  expon­

e n t i a l  m odulated  by  pronounced  s in u s o id a l  p re c e s s io n  s ig n a l s .  The 

c h a r a c t e r i s t i c a l l y  h ig h e r  frequency  o f  muonium v e rs u s  th e  f r e e  muon 

i s  r e a d i ly  a p p a re n t h ere '.

S earches f o r  muonium p ro d u c tio n  in  sm a ll mass t a r g e t s  

were ta k e n  in  th e  fo llo w in g  sequence : low  p re s s u re  argon  (2280

T o rr and 1290 T o r r ) ,  low p re s s u re  a rgon  w ith  200 g o ld  f o i l s  i n t r o ­

duced , 200 g o ld  f o i l s  i n  vacuum, and 800 g o ld  f o i l s  in  vacuum. The 

c y c lo tro n  f r in g e  f i e l d  (H » -3  G) was u se d  to  p re c e s s  muonium when 

argon nans w ere in v o lv e d . The m agnetic  f i e l d s  u sed  f o r  th e  200 

g o l d - f o i l  nans w ere s e q u e n t i a l ly  - 7 ,  - 9 . 3 ,  + 8 .U , -5  and -1 0 .5  G.

The m agnetic  f i e l d s  usied! f o r  th e  800 g o ld  f o i l  nans were -5  and 

+ 21 G. T o p ic a l s e t s  o f 1 PHA d a ta  f o r  th e  argon  (2280 T o rr)  and 

g o ld  f o i l  (H = + 8.U G) nan a re  shown in  F ig u re  11 and F ig u re  1 2 , 

r e s p e c t iv e ly .

T a rg e t  empty aruns c o n s is t in g  o f  th e  b a re  fram e were 

tak e n  a t  m ag n e tic  f i e l d  o f  -3  and -9  G. The r a t i o  o f  th e  y+ s to p



39

r a t e  l5 ^ r  t o  th e  in c id e n t  beam i n t e n s i t y  I  was found t o  be 1.1JS 

f o r  th e  fram e o n ly , w hereas th e  same r a t i o  f o r  th e  200 g o ld  f o i l s  

i n  vacuum runs was 1.1% .

6. C a l ib ra t io n

The m ethod employed to  c a l i b r a t e  th e  TAC-ADC system

56was t h a t  su g g e s te d  by E. 6 . & G ., I n c .  A b lo c k  d iagram  o f  t h i s

i s  shown i n  F ig u re  13 . A 10 kHz s i g n a l ,  d e r iv e d  from  "TRIGGER OUT"

57o f  a  tim e  mark g e n e r a to r ,  se rv e d  as  th e  s t a r t  p u ls e  to  th e  TAC.

A f ix e d  frequency  s ig n a l ,  10 MHz, from  th e  "MARKER OUT" o f  th e  

tim e  mark g e n e ra to r ,  which' was random ly g a te d  by  a  p u ls e  from  a  

r a d io a c t iv e  sou ree(R u"^^) th ro u g h  a  c o in c id e n c e  u n i t ,  was u sed  as 

s to p  p u ls e s  f o r  th e  TAC. A spectrum  e v e n ly  spaced  peaks o f  eq u a l 

am p litude  was th e n  o b ta in e d , w ith  a  sp a c in g  o f  100 n s e c .  The a v e r­

age w id th  betw een two peak  was (5 3 .5  ± 0 .3 )  ch a n n e ls  and (55«5 ±

0 .1 )  ch an n e ls  f o r  l e f t  and r i g h t  sy s te m , r e s p e c t iv e ly .  The c a lc u l ­

a te d  c h an n e l w id th  f o r  th e  l e f t  system  was 1 .87  n sec  p e r  ch an n el 

and was 1 .8 0  n sec  p e r  c h an n e l f o r  th e  r i g h t  system .

In  o rd e r  t o  d e te rm in e  th e  sp ec tru m  tim e  t  = 0 c o r­

r e c t l y  we perfo rm ed  a  s p e c i a l  run  w ith  5 removed from  th e  lo g ic  

c i r c u i t r y .  The c o in c id e n c e  s ig n a l  1 2 3 U 5 became a  s t a r t  p u lse  

and th e  c o rre sp o n d in g  decay o r  s c a t t e r e d  s ig n a l  (2 ) (3 ) (5 ) 7 8 

o r  (2 ) (3 ) (5 ) 9 10 was th e  s to p  p u ls e  as  b e f o r e .  T h is  r e s u l t e d  

in  a  sh a rp  tim in g  s p ik e  c o rre sp o n d in g  t o  beam s c a t t e r e d  e v e n ts  

and hence d e te rm in ed  th e  p o s i t io n s  o f  t  = 0 .
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C. D ata  A n a ly s is

1 . G eneral Technique

Decay p o s i t r o n  tim e  d i s t r i b u t i o n s  were f i t  by a  non-
pQ

l i n e a r  l e a s t - s q u a r e s  m ethod (se e  Appendix C f o r  d e t a i l )  t o  th e  

g e n e ra l iz e d  fu n c t io n :

/ V * >  =  <  e ' ^ t  I + Qu +  4 * }

+ «0r t*  + 4»k )] + K

The fu n c t io n  Nk ( t )  was a s s o c ia te d  w ith  th e  number o f  decay p o s i­

t r o n  e v e n ts  d e te c te d  e i t h e r  i n  th e  l e f t  p o s i t r o n  te le s c o p e  (k-Hfr) 

o r  in  th e  r i g h t  p o s i t r o n  te le s c o p e  (k-*r). The f i r s t  o s c i l l a t i n g  

te rm  in  t h i s  e x p re s s io n  a c co u n ts  f o r  th e  s lo w ly  v a ry in g  f r e e  muon 

p re c e s s io n  w hich i s  c h a r a c te r iz e d  by  th e  f r e e  y p re c e s s io n  f r e ­

quency 0)^. The second o s c i l l a t i n g  te rm  a c co u n ts  f o r  th e  r a p id  

v a r i a t i o n  o f  muonium p r e c e s s io n  a t  th e  c h a r a c t e r i s t i c  freq u en cy  

The p a ra m e te rs  a re  d e f in e d  a s  fo llo w s  (w ith  th e  k l a b e l  

s u p p re s s e d ) :

Nq i s  th e  i n i t i a l  am p litu d e  a t  tim e  t  = 0 and i s  th e  sum o f

b o th  f r e e  y+ and muonium e v e n ts ,  nam ely NQ = NM + N^,

where i s  th e  number o f  s to p p e d  muons fo rm ing  muonium

i n  any (F , mp,) s u b s ta te  and in c lu d e s  a l l  s to p p e d

muons w hich m a in ta in  th e  c h a r a c te r  o f  f r e e  y+ p a r t i c l e s ,

x i s  th e  y+ mean l i f e t i m e  o f  2 .2  y s e c ,

a^ i s  th e  e m p ir ic a l  f r e e  muon asym m etry,

a  i s  th e  c a l i b r a t i o n  s ig n a l  m easured  f o r  y+ s to p p in g  inc

( Uo)
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g r a p h i te .  I t  i s  r e l a t e d  t o  th e  t h e o r e t i c a l  v a lu e  o f  1 /3  

by th e  e x p re s s io n  a Q = 1 /3  PQ f ^  f E ( l  -  D ), where PQ i s  

th e  i n i t i a l  p o l a r i z a t io n  o f  y+ i n  th e  in c id e n t  beam, D i s  

th e  d e p o la r iz a t io n  f a c t o r  by w hich th e  i n i t i a l  muon p o la r ­

i z a t i o n  i s  red u ced  as th e  p a r t i c l e  i s  b ro u g h t t o  r e s t ,  f  ̂  

i s  a  c o r r e c t io n  f a c t o r  a s s o c ia te d  w ith  th e  f i n i t e  p o s i t r o n  

d e te c to r  geom etry , and f_  i s  an en erg y  c u to f f  c o r r e c t io nill
f a c t o r  a r i s in g  from  th e  c o n d it io n  t h a t  on ly  p o s i t ro n s  

above a  low energy  th r e s h o ld  w ere a b le  t o  t r i g g e r  th e  

decay te l e s c o p e ,

R i s  th e  f r a c t i o n  o f  s to p p in g  y+ w hich form  muonium, i . e . .

R = + N ^), b o th  p o la r iz e d  and u n p o la r iz e d ,

\  i s  th e  p r o b a b i l i t y  t h a t  muonium w i l l  form  in  th e  p o la r ­

iz e d  s t a t e  (F , mp) = ( l ,  l ) ,

T i s  th e  muonium r e l a x a t io n  t im e , c h a r a c t e r i s t i c  o f  th e  

medium,

uiĵ  i s  th e  muonium Larmor p re c e s s io n  f re q u e n c y , 

b  -is a  s c a l in g  f a c t o r  which i s  e q u a l t o  th e  r a t i o  o f  th e  

f r e e  muon Larmor fre q u e n c y  t o  t h a t  o f  muonium, namely 

b = -“ y/o)M = -  1 /1 0 3 ,

<J>k r e p r e s e n ts  th e  av erag e  p hase  a n g le  f o r  each  p o s i t r o n  

d e te c to r .  For th e  l e f t  te le s c o p e  th e  a n g le  <|> was 

m easured from  th e  i n i t i a l  beam p o l a r i z a t i o n  a x is  t o  

th e  c e n te r  o f  th e  l e f t  t e le s c o p e .  The a n g le  <j>r  was 

r e l a t e d  t o  <j)̂  by d e f in in g  <f>r  = <J>£ + <t>0 where <|>o i s  th e



. 1*2

o pen ing  a n g le  betw een two te l e s c o p e s ,  and 

B i s  a  m easure o f  th e  a c c id e n ta l  background .

The v a r i a b le  p a ra m e te rs  a ^ , R, u)^, and T w ere common t o  

b o th  system s w h ile  N^, <j>k , and w ere s e n s i t iv e  t o  th e  sm a ll d i f ­

fe re n c e s  betw een th e  l e f t  and r i g h t  t e l e s c o p e s .  The f i t t i n g  was 

perfo rm ed  w ith  l e f t  and r i g h t  d a ta  s im u lta n e o u s ly  u s in g  an i t e r a ­

t i v e  p ro c e s s  in  o rd e r  t o  d e te rm in e  un ique  v a lu e s  f o r  common p a ra ­

m e te rs . The convergence l i m i t  f o r  p a ra m e te rs  was s e t  a t  1%.

Because th e  common p a ra m e te rs  w ere a d ju s te d  t o  f i t  b o th  l e f t  and
2

r i g h t  d a ta  s im u lta n e o u s ly , a  s in g le  v a lu e  o f  th e  x c h a r a c te r iz e d  

th e  f i t  t o  b o th  te le s c o p e  s p e c t r a .

S in ce  th e  i n t e n s i t y  o f  th e  muonium s ig n a l  v a r ie d  g r e a t ly  

from  t a r g e t  t o  t a r g e t ,  i t  was n o t  p o s s ib le  t o  f i t  a l l  f r e e  p a ra ­

m ete rs  s im u lta n e o u s ly  in  m ost d a ta  s e t s .  We a p p lie d  th e  f i t t i n g  

p ro ce d u re  to  d a ta  i n  th e  fo llo w in g  sequence : g r a p h i t e ,  q u a r t z ,

argon and f i n a l l y  th e  g o ld  f o i l  d a ta .  From th e  g ra p h i te  d a ta  we 

de te rm in ed  th e  p a ra m ete r  a c , w hich in c lu d e d  th e  beam p o l a r i z a t i o n ,  

a  d e te c to r  geom etry c o r r e c t io n ,  and p o s i t r o n  en erg y  c u to f f  c o r­

r e c t io n .  Where th e  muonium s ig n a l  i n  q u a r tz  and a rgon  was l a r g e ,  

we w ere a b le  t o  f i t  s im u lta n e o u s ly  a l l  f iv e  p a ra m e te rs ,  w i th  a^ 

s e t  e q u a l to  z e ro . In  th e  g o ld  and fram e o n ly  d a ta  th e  number o f  

f i t t i n g  p a ra m e te rs  was red u ced  w ith  th e  a id  o f  th e  in fo rm a tio n  

from  th e  g r a p h i t e ,  q u a r tz  and a rg o n  p a ra m e te r  a n a ly s i s .
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The asymmetry c o e f f i c i e n t  a Q was o b ta in e d  in  a  c o n tr o l  

experim en t perfo rm ed  w ith  a  g r a p h i te  t a r g e t .  I t  i s  w e l l  known t h a t  

a  p o s i t i v e  muon does n o t d e p o la r iz e  in  g r a p h i t e ,  and t h a t  g r a p h i te  

d a ta  i s  o n ly  c h a ra c te r iz e d  by th e  slow  p re c e s s io n  s ig n a tu r e  o f  th e  

f r e e  muon ( r e f e r  t o  F ig u re  9 ) .  The a n a ly s i s  o f  th e  d a ta  t o  o b ta in  

th e  asymmetry p a ra m ete r  was t h e r e f o r e  b ased  on eq . ( 1+0 ) w ith  p a ra ­

m e te r  R s e t  e q u a l t o  z e ro . A f i t  was perfo rm ed  t o  th e  f r e e  p a ra ­

m ete rs  a ^ , 0)^, and <|>k , w here ay = ac > “ y = “ H ere , as

e lse w h e re  in  o u r  w ork , th e  background  was s e le c te d  a s  th e  a v e r­

age v a lu e  accum ulated  i n  th e  " n e g a t iv e "  tim e  c h a n n e ls . <J>q = 3.86  

ra d ia n s  was th e  c o n s ta n t p hase  d i f f e r e n c e  betw een l e f t  and r i g h t  

p o s i t r o n  t e le s c o p e s .

A t h i n  s h e e t  o f  g r a p h i te  was u se d  as  a  beam c a l i b r a t i o n  

t a r g e t  b ecause  i t s  sm all s to p p in g  power (0 .5  g/cm  ) p ro v id e d  a  

n e g l ig ib l e  energy  c o r r e c t io n  t o  th e  (y  -  e )  asym m etry. About

1 .2  x  10^ e v e n ts  w ere ta k e n  d u r in g  t h i s  g r a p h i te  ru n  i n  a  mag­

n e t i c  f i e l d  o f  H = +31 G. The v a lu e  o f  p a ra m e te rs  o b ta in e d  from  

th e  d a ta  a n a ly s is  w ere as fo llo w s :

a c = 0.176  ± 0 . 002 ; <(>£ = l . M  * 0.02  r a d ia n s

= 0.1+3 ± 0 .0 2  M Hz/sec; = 33
2

X /v  = 2 .0  where v a r e  th e  t o t a l  number o f  d e g re e s  o f  

freedom .
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In  t h i s  e x p re s s io n  a c= l/3  PQ f ^  f g ( l - D ) .  I f  we assume

D = 0 f o r  g ra p h i te  and c a lc u la t e  f ^  = 0 .9 5  and f ^  = 1 .0 0 6  f o r  t h i s

t a r g e t ,  we f in d  t h a t  th e  beam p o la r i z a t io n  Pq = 62%.

Because th e  t a r g e t  r e g io n  was d e f in e d  by c o u n te rs  5 and 6 ,

th e  c o r r e c t io n  f o r  th e  p o s i t r o n  te le s c o p e  a n g u la r  ac ce p tan c e  f^

sh o u ld  be th e  same f o r  a l l  t a r g e t s  u sed  i n  t h i s  e x p e rim e n t, i . e . , 

f C = q u a r tz
fi f2 = f^"  = f ^  . In  a d d i t io n ,  th e  c o n tr ib u t io n  t o  th e

p o s i t r o n  energy  c u to f f  c o r r e c t io n  t o  th e  (y -  e )  asymmetry i s  neg­

l i g i b l e  f o r  t h i s  t h in  s h e e t  o f  g r a p h i t e ,  as w e l l  as f o r  th e  sm a ll 

mass t a r g e t s  w hich a re  d e s c r ib e d  in  th e  fo llo w in g  s u b s e c t io n , i . e . , 

fS  ~ f^ u a r"kz „ f^ u . T h e re fo re , th e  e x p e rim e n ta l v a lu e  o f  th e
Jii ~  i i i  —•  r i  *■" Jci

p a ra m e te r  a c w hich was o b ta in e d  in  t h i s  g r a p h i te  ru n  i s  a  good c a l i ­

b r a t io n  f o r  th e  fo llo w in g  ru n s  in  sm a ll mass t a r g e t s .

3 . Q uartz

The fu n c t io n  N ( t)  o f  e q . (Uo)  w ith  p a ra m e te r  » 0 was 

e x p e c te d  to  r e p r e s e n t  th e  q u a r tz  t a r g e t  d a ta  ( r e f e r  t o  F ig u re  10-). 

F i t s  were t h e r e f o r e  made t o  th e  p a ra m e te rs  b J ,  H, T , and ^  

s im u lta n e o u s ly , s u b je c t  t o  th e  ch o ice  a^  = 0 . H ere , as e lsew h ere  

in  o u r s e a rc h  f o r  muonium, th e  e m p ir ic a l  p a ra m e te r  aQ was t h a t  

o b ta in e d  from  th e  g r a p h i te  t a r g e t  a n a ly s i s .  F ig u re  lU shows t y p i ­

c a l  l e f t - r i g h t  muonium s ig n a ls  i n  q u a r tz  w ith  H = 4  G in  th e  

red u ced  form  (N ^ ( t) -  Bfc) /e~^^T. T h e .s o l id  cu rv e  r e p r e s e n ts  th e

b e s t  f i t  t o  th e  muonium p a r t  o f  e q . (U 0). The r e s u l t s  o f  th r e e
2

s e p a r a te  ru n s  a r e  shown in  T ab le  2 . The e x c e l le n t  x v a lu e s  sup­

p o r t  th e  d e c is io n  t o  ig n o re  th e  p o s s ib le  p re se n c e  o f  a  f r e e  muon



s ig n a l .  The f r a c t i o n  o f  p o s i t i v e  muons t h a t  form  muonium i n  th e

t h ic k e r  q u a r tz  sam ple was 0 .66  ± 0 .0 It. T his v a lu e  i s  low er th a n

l 8v a lu e s  r e p o r te d  by o th e r s .  We f e e l  t h i s  d isc re p a n c y  was due to

p u r i t y  d i f f e r e n c e s  in  th e  v a r io u s  fu se d  q u a r tz  sam ples s in c e  our

c o n s id e ra b ly  t h in n e r  argon  t a r g e t  p ro v id e d  a  l a r g e r  s ig n a l  th a n

t h a t  o f  q u a r tz .  The r e s u l t s  f o r  T and <(>̂ f o r  two 1 /8 "  q u a r tz  runs

a t  d i f f e r e n t  f i e l d s  a re  n o t i n  ag reem en t. The re a so n s  a re  n o t

known a t  p r e s e n t .

In  e q . (1+0), we sh o u ld  e:xpect a  h ig h  c o r r e la t io n  betw een

th e  p a ra m e te rs  T and R. In  o rd e r  t o  a v o id  f a l s e  f i t s  due t o  such
2

a  c o r r e l a t i o n ,  we have c a lc u la te d  x d i s t r i b u t i o n s  as  a  fu n c t io n

o f  v a r io u s  (R ,T) co m b in a tio n s , a l l  o th e r  p a ra m e te rs  h e ld  f ix e d  a t
2

t h e i r  nom inal v a lu e s .  F ig u re  1 5 (a )  shows th e  mapping o f  x  c o n to u rs
2

f o r  th e  ca se  o f  1 /8 ” q u a r tz  w ith  H = 4  G, The minimum X p o i n t ,
2

i . e . , x |^ n r e p r e s e n ts  th e  b e s t  f i t  v a lu e s  o f  R and T. The o n e , tw o ,
2

and th re e  s ta n d a r d  d e v ia t io n  c u rv e s ,  c o rre sp o n d in g  t o  x  chang ing

t o  XffiLn + 1 » Xmin + 811(1 Xmin + 9 » r e s Pe c t i v e l y » a re  a  m easure o f

th e  p a ra m e te r  c o r r e la t io n .  The r e s u l t s  a re  c o n s i s t e n t  w i th  th e  

r e s u l t s  g iv en  i n  Table 2 f o r  w hich th e  more g e n e ra l  f iv e  p a ra m ete r  

f i t  was made.

A v a lu e  o f  0.1+5 ± 0 .0 6  was o b ta in e d  f o r  R f o r  th e  1 /3 2 ” 

th ic k  q u a r tz  s h e e t ,  d e c id e d ly  s m a lle r  th a n  t h a t  f o r  th e  1 / 8” th ic k  

t a r g e t .  A gain t h i s  r e s u l t  was f e l t  t o  be p o s s ib ly  l in k e d  to  ques­

t io n s  o f  sam ple im p u r i t i e s ,  o r  p o s s ib ly  r e l a t e d  t o  a  m o d if ic a tio n  

in  th e  c o u n tin g  l o g i c ,  in  w hich f o r  th e  1 /3 2 "  ru n  we demanded a
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6 7 8  c o in c id en c e  f o r  an e+ s ig n a tu re  in s t e a d  o f  s im ply  7 8 , I t  

was o r ig i n a l l y  th o u g h t t h a t  a  s tu d y  o f  muonium s ig n a l - to - n o is e  

v e rs u s  t a r g e t  th ic k n e s s  c o u ld  he made w ith  q u a r tz .  Our r e s u l t s  

w ith  argon gas p roved  t o  s e rv e  t h i s  pu rpose  b e t t e r ,  so  t h a t  th e  

main r o le  p la y e d  by th e  q u a r tz  d a ta  was one o f  c a l i b r a t i n g  th e  

muonium freq u en cy  v e rs u s  H elm holtz c u r r e n t .

1*. Argon and Gold F o i ls  in  Argon

F u r th e r  t e s t s  o f  th e  s e n s i t i v i t y  o f  th e  system  w ere made 

by s e a rc h in g  f o r  muonium s ig n a ls  i n  a rgon  gas a t  low p re s s u re s  o f  

1290 T o rr and 2280 T o r r ,  b o th  w ith  and w ith o u t th e  200 g o ld  f o i l  

t a r g e t .  A ll  gas d a ta  w ere f i t  by e q . (40 ) w ith  = 0 , a s  f o r  th e  

q u a r tz  a n a ly s i s ,  ( r e f e r  t o  F ig u re  l l )  In  a d d i t io n ,  a  s e p a r a te  

F o u r ie r  freq u en cy  a n a ly s i s  was made f o r  th e  gas d a ta .  F iv e  p a ra ­

m ete r f i t s  w ere made f o r  N^, R, T , 00̂  and <f>̂ . S in ce  <J>̂ = 1 .3 7  ± 

0 .1 2  r a d ia n s  was o b ta in e d  in  th e s e  f i t s  ( c o n s i s te n t  w ith  th e  

g r a p h i te  r e s u l t s )  we r e p e a te d  th e  f i t t i n g  p ro c e d u re , w h ile  f ix in g  

<j>£ = 1 .3 7  r a d ia n s .  F ig u re  16 shows a  b e s t  f i t  ( s o l i d  cu rv e ) t o  

th e  o b se rv ed  muonium s ig n e d  i n  th e  c a se  o f  2280 T o rr  argon  w ith  

H = - 3 .0  G i n  th e  red u ced  form  (N (t)  -  B ) /e ”^ T. T h is  c l e a r l y  

in d ic a te s  t h a t  an e x c e l le n t  muonium s ig n a l - to - n o is e  can be a c h ie v e d  

in  a  sm a ll mass t a r g e t  a rra n g e m e n t. In  f a c t ,  t h i s  r e p r e s e n ts  th e  

f i r s t  unambiguous p re c e s s io n  s ig n a l  o b ta in e d  i n  argon  o r  any o th e r
p

g a s . V alues o f  th e  a d ju s te d  p a ra m e te rs  and X / v » where V i s  th e  

number o f  deg rees  o f  freedom  i n  th e  f i t  a r e  sum m arized i n  T ab le  2



f o r  c a se s  o f  (a )  argon  gas a t  2280 T o rr  p r e s s u r e ,  (b ) 200 g o ld  

f o i l  i n  2280 T o rr  argon  g a s , (c )  argon  gas a t  1290 T o rr  p r e s s u r e ,  

and (b ) 200 g o ld  f o i l  i n  1290 T o rr  argon  g a s . F ig u re  1 5 (b ) shows 

th e  r e s u l t s  o f  a  s tu d y  o f  th e  c o r r e la t io n  betw een th e  p a ra m ete rs  

R and T f o r  a rgon  gas a t  2280 T o rr .

The m ethod o f  freq u en cy  a n a ly s i s  i s  known t o  be v e ry  

s e n s i t iv e  t o  th e  s i t u a t i o n  in  w hich a  s ig n a l  i s  com parable in  

i n t e n s i t y  t o  th e  background . Each p o in t  i n  th e  freq u en cy  a n a ly s is  

r e p re s e n te d  th e  b e s t - f i t  v a lu e  o f  p a ra m e te r  R f o r  a  p a r t i c u l a r  

ch o ice  o f  ( a l l  o th e r  p a ra m e te rs  f ix e d  a t  nom inal v a lu e s ) .  The 

v a lu e  o f  (dM was th e n  in crem en ted  and th e  p ro c e s s  r e p e a te d  many 

t im e s . F ig u re  17 shows th e  r e s u l t s  o f  t h i s  a n a ly s is  a s  a  p l o t  o f  

b e s t - f i t  R as  a  fu n c t io n  o f  wM/2TrH. The p o in ts  in d ic a te d  p o s i t io n s  

f o r  w hich th e  a n a ly s i s  was made; th e  e r r o r  b a r  shown i s  a  t y p ic a l  

one s ta n d a rd  d e v ia t io n .  Each s o l i d  curve i s  a  t h e o r e t i c a l  l i n e  

shapib computed from  th e  tim e  d i s t r i b u t i o n  f u n c t io n  o f  e q . (^0) 

re d u c te d  t o  th e  form  6 N (t) = N ( t)  -  N^e“^^T -  B [ r e f e r  t o  s e c t io n  

I I I  C.5 e q . ( U l ) ] .  E s s e n t i a l l y  th e s e  cu rv es  a re  th e  F o u r ie r  t r a n s ­

form  o f  6 N ( t) .  The c e n t r a l  maxima o f  th e  reso n an ces  were c a lc u la te d  

vising th e  muonium p re c e s s io n  freq u en cy  p r e d ic te d  from  e q . ( 36) 

f o r  th e  m easured  v a lu e  o f  H. The v a lu e s  o f  T were p re d e te rm in e d  

from  th e  e a r l i e r  b e s t  f i t  a n a ly s is  t o  fo u r  p a ra m e te rs . The peak 

am p litu d es  o f  th e  c a lc u la te d  l i n e  shapes  w ere n o rm a lized  t o  th e  

peak  v a lu e  o f  R o b ta in e d  i n  th e  F o u r ie r  a n a ly s i s .
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The f r a c t i o n  R o f  muonium fo rm a tio n  was found t o  he 0 .85

± 0 .0 9  f o r  2280 T o rr a rg o n , and 0.6U ± 0 .16  f o r  1290 T o rr  a rg o n .

These r e s u l t s  con firm  th e  p r e d ic t io n s  o f  a lm ost t o t a l  fo rm a tio n  o f

21muonium in  argon  g a s . I n  p a r t i c u l a r ,  s in c e  th e  th ic k n e s s  o f  th e
o

2280 T o rr  t a r g e t  (73 mg/cm ) was s im i la r  t o  t h a t  o f  200 g o ld  f o i l  
2

t a r g e t  ( U6 mg/cm ) we d e m o n stra ted  t h a t  th e  t a r g e t  chamber c o n s tru c ­

t i o n  was s u i t a b le  f o r  r e v e a l in g  muonium ev id en ce  in  sm a ll  mass t a r ­

g e ts .

In tro d u c in g  th e  g o ld  f o i l s  i n to  th e  Ar gas d id  n o t cause a 

r e d u c t io n  in  R. The r e s u l t s  w ere R = 0 .9 8  ± 0 .12  f o r  2280 T o rr  a rgon  

p lu s  200 g o ld  f o i l s  and R = 0 .8 5  ± 0 .15  f o r  1290 T o rr  a rgon  p lu s  200 

g o ld  f o i l s .  A co m p aris io n  o f  th e  Ar r e s u l t s  w ith  th o se  o f  Ar p lu s  

200 Au f o i l s  show t h a t  th e  i n t r o d u c t io n  o f  th e  f o i l s  i n  no way de­

g rad ed  th e  muonium s i g n a l .  In  f a c t  th e  ten d en cy  was t o  in c r e a s e  th e  

s ig n a l .  T his o b s e rv a tio n  i s  r a t h e r  d i f f i c u l t  t o  i n t e r p r e t  u n le s s  we 

in tro d u c e  a  mechanism whereby th e  t h in  f o i l s  th em se lv es  p a r t i c i p a t e  

i n  th e  fo rm a tio n  o f  muonium, s in c e  i t  i s  w e l l  known t h a t  ( i )  a  p o s i­

t i v e  muon s to p p ed  i n  th ic k  m e ta l  t a r g e t s  p re c e s s e s  as a  f r e e  muon, 

and ( i i )  th e  number o f  muons s to p p ed  in s id e  any c o n s t i tu e n t  o f  a 

compound t a r g e t  i s  p r o p o r t io n a l  t o  th e  th ic k n e s s  (g/cm  ) o f  t h a t  

c o n s t i tu e n t  o f  th e  t a r g e t .  One i n t e r p r e t a t i o n  c o n s i s t e n t  w ith  

w hat we have observed  would b e  t h a t  some o f  th e  p o s i t i v e  muons which 

s to p p e d  in  th e  t h in  g o ld  f o i l s  managed t o  escap e  th e  t h i n  f o i l s  as 

muonium i n  a  tim e s h o r t  com pared t o  one c y c le  o f  muonium p re c e s s io n . 

These r e s u l t s  encouraged  us t o  lo o k  f o r  muonium fo rm a tio n  s e p a r a te ly  

i n  th e  f o i l s .  The a n a ly s is  o f  d a ta  ta k e n  f o r  g o ld  f o i l s  in  a  vacuum



env ironm ent w i l l  be t r e a t e d  n e x t .

5. Gold F o i ls

In  a n a ly z in g  th e  g o ld  f o i l s  i n  vacuum d a ta  we found t h a t

a llo w in g  f o r  b o th  a  f r e e  muon s ig n a l  and a  muonium s ig n a l  i n  a
2

g iven  run  p roduced  a  b e t t e r  f i t  i n  te rm s o f  a  low er x v a lu e .  As 

b e fo re  we assumed t h a t  th e  f u n c t io n a l  form  o f  eq . ( Uo )  b e s t  r e p r e ­

s e n te d  th e  o bserved  s p e c t r a .  The a n a ly s i s  p ro ce d u re  in v o lv e d  th e  

fo llo w in g  s te p s :  f i r s t  th e  d a ta  p o in ts  ta k e n  o v e r  t h e  f u l l  1+ ysec

i n t e r v a l  w ere f i t  t o  th e  tim e  d i s t r i b u t i o n  fu n c t io n  N ^ ( t ) o f  eq .

(Uo) in  w hich th e  p a ra m e te r  R was s e t  e q u a l to  ze ro  and th e  p h ases  

(Jl. were f ix e d  a t  v a lu e s  d e te rm in ed  in  th e  g r a p h i te  and q u a r tz  r u n s .  

T h is f i t  d e te rm in ed  t o  a  r a t h e r  good ap p ro x im atio n  th e  p a ra m e te rs

a  , and to . F ig u re  18 shows a  t y p i c a l  s e t  o f  d a ta  in  th e  U JJ

m o d if ie d  form  6\ ( t )  = [Nk ( t )  - .B k -  V *  + *1[ ) ] / e t /T

= h£  [1 + *  .  K e - t / T  cos (w^t + <^)1» i n w hich each  d a ta  p o in t

has been  c o r r e c te d  v i a  s u b tr a c t io n  f o r  th e  f r e e  muon p re c e s s io n

and th e  background . f i n a l l y  th e  decay e x p o n e n tia l  was rem oved.

The rem a in in g  6N ^ ( t) sh o u ld  be due p r i n c i p a l l y  t o  th e  r a p id ly

o s c i l l a t i n g  muonium te rm  o f  e q u a tio n  ( U o ) .

As a  second  s te p  we so u g h t t o  d e te rm in e  th e  r e l a x a t io n
2

p a ra m ete r  T by p e rfo rm in g  a  X mapping v e rsu s  th e  two a d ju s ta b le  

p a ra m e te rs  R and T. T his p ro c e d u re  was a p p lie d  e a r l i e r  t o  th e  

q u a r tz  and argon  d a ta .  The a n a ly s is  was l im i t e d  t o  d a ta  i n t e r v a l s  

c o rre sp o n d in g  t o  th e  f i r s t  two muonium c y c le s .  A c lo s e d  c o n to u r
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curve  c o rre sp o n d in g  t o  one s ta n d a rd  d e v ia t io n  was ach ie v e d  f o r  • 

w hich th e  H = -7  0 d a ta  gave R =(o.39 * Q * ^ )a n d  T = (200 + ^qq) 

n s e c . R e la x a tio n  tim es  in  t h i s  range  a re  c o n s i s t e n t  w ith  th e  

p ro p o sed  mechanism w h ere in  th e rm a l muonium p re c e s s e s  a t  i t  t r a v e l s  

betw een th e  s u c c e s s iv e  f o i l s .

S e le c t in g  th e  b e s t - f i t  v a lu e s  f o r  a  , to , and T from
^ r  H

s te p s  ( l )  and (2 ) we e x e cu te d  a  fre q u e n c y  reso n an ce  s e a rc h  f o r  a  

muonium s ig n a l .  As d e s c r ib e d  i n  s e c t io n  I I I  C. k t h i s  was a  l e a s t -  

sq u a re s  f i t  t o  p a ra m e te r  R f o r  a  g iv en  s e le c t i o n  o f  a l l  o th e r  

p a ra m e te rs  h e ld  c o n s ta n t .  These f i t  w ere re p e a te d  many t im e s ,  each  

tim e  in c re m e n tin g  th e  v a lu e  o f  oi^. From t h i s  a n a ly s is  th e  b e s t - f i t  

v a lu e s  o f  R w ere p l o t t e d  a g a in s t  th e  a s s o c ia te d  v a lu e s  o f  (0M/ 2irH t o  

r e v e a l  p o s s ib le  e v id e n c e  o f  a  re so n an ce  i n  th e  R s ig n a l .  Again d a ta  

i n t e r v a l s  l im i te d  to  th e  f i r s t  tw o muonium p r e c e s s io n  c y c le s  w ere 

chosen . F ig u re  19 shows th e  r e s u l t s  o f  th e  d a ta  a n a ly s i s  f o r  th e  

c a se s  i n  which p o la r iz e d  muons w ere s to p p ed  i n  th e  200 g o ld  f o i l  

t a r g e t  w ith  ( a )  H = +8.1* G ,(b ) H = -1 0 .5  0 ,  ( c )  H = - 9 .3  G, (d )

H = - 7 .0  G, and (e )  H = - 5 .0  G. The p l o t t e d  p o in ts  a re  o b ta in e d  

from  th e  d a ta  a n a ly s i s ;  th e  e r r o r  b a r  r e p r e s e n ts  one s ta n d a rd  

d e v ia t io n  e r r o r .  Each s o l i d  cu rv e  i s  a t h e o r e t i c a l  c a lc u la t io n  

o f  th e  F o u r ie r  t ra n s fo rm  o f  th e  o s c i l l a t i n g  d i s t r i b u t i o n  fu n c t io n

-*/r ~*/r
a N U )  =  C0 e  e £«< ( +  4*)

( h i )
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i n  w hich i s  a  n o rm a liz a tio n  c o n s ta n t .  I t s  c e n t r a l  maximum was 

chosen a t  th e  muonium p re c e s s io n  freq u en cy  c o rre sp o n d in g  t o  th e  

m easured f i e l d  H as  p r e d ic te d  from  e q . (3 6 ) . The cu rv es  w ere com­

p u te d  w ith  th e  v a lu e s  o f  T and d e te rm in ed  from  p re v io u s  b e s t  

f i t s  t o  th e  d a ta .  The t h e o r e t i c a l  curve  was e s s e n t i a l l y  n o rm a liz e d  

so  t h a t  th e  peak  v a lu e  o f  th e  curve e q u a ls  th e  peak  v a lu e  o f  th e

d a ta  a n a ly s i s .  The f u l l - w id th  a t  h a l f  maximum r e s u l t i n g  from  th e  
2

X a n a ly s i s  c o r r e la t e d  w e ll  w ith  th e  muonium r e l a x a t io n  tim e  T.

Peaks a re  c l e a r l y  o bserved  a t  th e  a n t i c ip a t e d  muonium 

freq u en cy  in  fo u r  c a s e s , b u t  n o t  f o r  th e  one c a se  o f  H = -5  G.

The am p litu d e s  o f  th e  fo u r  re so n an ces  a re  2 .5 ,  2 .5 ,  3 .5 ,  and 3 .5  

s ta n d a rd  d e v ia t io n s  above z e ro . T ab le  3 p ro v id e s  th e  d e ta i le d  

r e s u l t s  o f  t h i s  a n a ly s i s .  The am p litu d es  o f  th e  re so n an ces  v a ry  

betw een 2k% and h$%t b u t  o v e r la p  w ith in  an e r r o r  o f  one s ta n d a rd  

d e v ia t io n .  The n u l l  r e s u l t  a t  H = -5  G co u ld  p o s s ib ly  be due to  

a  c o n d it io n  o f  to o  low a  p re c e s s io n  f i e l d .  I f  th e  muonium atoms 

t r a v e r s e  th e  f o i l  i n t e r v a l  o f  0 .8  mm a t  th e rm a l v e lo c i ty  (6 x  10  ̂

c m /se c ) , o n ly  one p r e c e s s io n  c y c le  c o u ld  o ccu r a t  th e  muonium 

freq u en cy  c o rre sp o n d in g  t o  5 G. T h is  m ight be to o  se v e re  a  con­

d i t i o n  t o  p e rm it d e te c t io n .  T h is ty p e  o f  s p e c u la t io n  can a ls o  

be a p p lie d  to  th e  nans o f  800 g o ld  f o i l s  where no s ig n a l  was 

o b se rv ed . F ig u re  20 shows th e  r e s u l t s  o f  a n a ly s is  o b ta in e d  f o r  

p o s i t i v e  muons s to p p e d  in  th e  t a r g e t  o f  800 g o ld  f o i l s  th e  

s p a c in g  o f  200 f o i l s )  w i th  H = -5  and +21 G. The n u l l  r e s u l t s  

h e re  r u le  o u t th e  p o s s i b i l i t y  t h a t  th e  s ig n a l  f o r  R i n  th e  200
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f o i l  ru n s  was due t o  muonium atoms a t ta c h e d  o r  ad so rb ed  t o  th e  f o i l  

s u r f a c e .

Agreement betw een th e  e x p e rim e n ta l v a lu e s  o f  th e  re so n a n t 

f re q u e n c ie s  and th e  p r e d ic te d  V alues i s  w i th in  3% in  a l l  c a s e s .  We 

n o te  t h a t  th e  p r e d ic te d  v a lu e  o f  oj^/2ttH = 1 . V* We o b ta in e d  an a v e r­

age w e ig h ted  am p litu d e ^ ?o r th e  reso n an ce  s in g a l  R e q u a l t o  (35 ± 6 )%.

6. Frame Only

The a n a ly s is  p ro ced u re  f o r  p o s i t i v e  muons s to p p e d  in  th e  

t a r g e t  c o n s is t in g  o f  an empty fram e was th e  same as t h a t  j u s t  d ' 

d e s c r ib e d  f o r  th e  g o ld  f o i l s  p lu s  fram e i n  vacuum. F ig u re  21 shows 

th e  r e s u l t s  o f  fre q u e n c y  a n a ly s i s  f o r  d a ta  ta k e n  a t  m agnetic  f i e l d s  

o f  H = -3  G and - 9  G. No muonium reso n an ce  peak  r e s u l t e d  from  th e  

a n a ly s e s . T h is r e s u l t  was a n t i c ip a te d  s in c e  p l a s t i c  s c i n t i l l a t o r  

i s  known n o t t o  form  m u o n iu m ,a n d  muons s to p p ed  in  th e  s t e e l  fram e 

would rem ain  f r e e .  The f i t t i n g  r e s u l t s  f o r  th e  empty t a r g e t  d a ta  

a ls o  ap p e a r  in  T ab le  3.



IV. MUONIUM-ANTIMUONIUM TRANSITION IN FREE SPACE

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

I f  th e  le p to n  number c o n s e rv a tio n  law , as  d e s c r ib e d  in

S e c tio n  I . ,  i s  m u l t ip l i c a t iv e  i n  fo rm , th e n  th e  M M c o n v e rs io n

i s  p o s s ib l e .  The e ig e n s ta te  o f  th e  t o t a l  H am ilton ian  in c lu d in g

Hw i s  a  m ix tu re  o f  muonium and th e  antim uonium  s t a t e s .  I f  a  system

s t a r t s  a s  muonium, an antim uonium  component sh o u ld  b e g in  t o  d eve lop

w ith  t im e . The grow th o f  th e  antim uonium  component i s  s tr o n g ly

re ta rd e d  by th e  f a c t  t h a t  1 ) c o n v e rs io n  tim e  i s  a p p ro x im ate ly  lU2

(C y /C ^ )  tim es  lo n g e r  theui th e  muonium l i f e t i m e  o f  2 .2  y s e c ;  and

2 ) any s tro n g  e n v iro n m en ta l quench ing  m ight b re a k  th e  degeneracy

betw een th e  M and M system  th e re b y  i n h ib i t i n g  th e  c o n v e rs io n  r a t e

even f u r t h e r .  These e f f e c t s  have  been  d e ta i l e d  by  F e in b e rg  and 

8 1^W einberg * , and d e s c r ib e d  i n  S e c tio n  I I . b .Th e r e f o r e ,  we chose to

bypass th e  en v iro n m en ta l p rob lem  a l to g e th e r  by se ek in g  M -*■ M 

e v id en ce  w ith  M atoms w hich w ould be p roduced  a t  th e  s u r f a c e  o f  

g o ld  f o i l s  and r e le a s e d  t o  a  vacuum d r i f t  sp a c e .

The M S co u p led  system  m ight b re a k  up in  e i t h e r  th e  

muonium o r  antim uonium  s t a t e .  I f  b rea k  up comes from  th e  muonium

s t a t e  component i t  ta k e s  p la c e  e x c lu s iv e ly  by  th e  y+ decay p ro c e s s

(y+e“ ) -*• f a s t  e+ + slow  e”  + v + v

w ith  a  l i f e t i m e  o f  2 .2  y s e c . I f  th e  b rea k  up ta k e s  p la c e  from  th e
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M s t a t e  com ponent, i t  may be from  y” decay

(y~e+ ) -*• f a s t  e ” + slow  e+ + v + V 

o r  by y”  n u c le a r  a b s o rp tio n  fo llo w in g  an i n e l a s t i c  c o l l i s i o n  w ith  an 

atom i n  th e  d r i f t  sp a c e .

E le c tro n s  a r i s i n g  from  th e  decay  o f  n e g a tiv e  muons e x h ib i t  

th e  w e ll  known shape o f  th e  M ichel spectrum  w ith  a  maximum energy  o f  

53 MeV and an av erag e  energy  o f  37 MeV. There a re  s e v e r a l  advan tages 

in  u s in g  th e s e  e le c tr o n s  as a  s ig n a tu re  o f  c o n v e rs io n  to  M compared 

to  se ek in g  y~ c h a r a c t e r i s t i c  x - ra y s  fo llo w in g  an M i n e l a s t i c  c o l l i s i o n .  

F i r s t ,  th e  h ig h  energy  e le c t r o n s  a f f o r d  a  p rom inen t f e a tu r e  t o  d i s t i n ­

g u ish  in d iv id u a l  r e a l  e v e n ts  from  background e v e n ts .  Second, th e  p ro ­

b a b i l i t y  t h a t  one w i l l  ob se rv e  th e  y~ decay o f  th e  M component up to  

tim e  t  compares fa v o ra b ly  t o  th e  p r o b a b i l i t y  t h a t  th e  M-M system  w i l l  

d is a p p e a r  th ro u g h  an M i n e l a s t i c  c o l l i s i o n  a t  tim e  t .  F i n a l l y ,  th e  

d e te c t io n  te c h n iq u e s  f o r  h ig h  energy  e le c t r o n s  a re  r e l a t i v e l y  s t r a i g h t  

fo rw a rd , and re a s o n a b le  d e te c t io n  e f f i c i e n c i e s  can  e a s i l y  be ach ie v e d  

w ith  la r g e  sp a rk  cham bers. In  d e a lin g  w ith  h ig h  en erg y  e le c tr o n s  o r  

p o s i t r o n s  one m ust w orry  abou t s e v e re  d e g ra d a tio n  o f  th e  p a r t i c l e  

energy  spectrum  th ro u g h  th e  b re m ss tra h lu n g  p ro c e s s  o r  even th e  

b re m ss tra h lu n g  p ro c e s s  fo llo w e d  by p a i r  p ro d u c tio n . T h is  was a  s e r io u s  

f a c to r  in  th e  a n a ly s i s  t h a t  fo llo w s s in c e  0 .3  r a d i a t i o n  le n g th s  o f  i ro n  

were p o s i t io n e d  betw een th e  t a r g e t  r e g io n  and th e  sp a rk  chamber t o  

e l im in a te  e le c tro m a g n e tic  quench ing  o f  th e  M-M c o n v e rs io n .
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B. E x p e rim en ta l P rocedure

1 . Beam and E x p erim en ta l S e t Up

The c o n v e rs io n  ex p e rim en t was perfo rm ed  i n  th e  same beam 

d e s c r ib e d  f o r  th e  muonium p ro d u c tio n  s tu d ie s  in  S e c tio n  I I I .  B. 1 , 

The e x p e r im e n ta l  arrangem ent i s  shown s c h e m a tic a l ly  in  F ig u re  22.

A 2" th ic k  le a d  c o l l im a to r  w ith  a  V' x  1*” a p e r tu re  fo llo w e d  by  th e  

p o ly e th y le n e  (CHg) m o d era to r was p o s i t io n e d  a g a in s t  th e  u p s tream  

s id e  o f  th e  vacuum cham ber.

Seven s c i n t i l l a t i o n  c o u n te rs  were u sed  i n  th e  e x p e rim en t. 

C ounters 1 ,  2 ,  3 and U s e rv e d  t o  d e f in e  th e  muon s to p s .  C ounters 

5 , 6 , and 7 w ere th e  e lem en ts  o f  th e  decay e le c t r o n  te le s c o p e .  

C ounters 1  and 2 ag a in  form ed th e  beam m o n ito r . B oth 3 and U w ere 

lo c a te d  in s id e  th e  vacuum cham ber. The l a s t  d e f in in g  c o u n te r  3 

was a  1 / 32" t h i c k ,  UV d ia m e te r  s h e e t  o f  s c i n t i l l a n t ,  w hich was 

e s s e n t i a l l y  d i r e c t l y  coup led  t o  th e  p h o to ca th o d e  o f  th e  5” d ia ­

m e te r  BCA C70133B p h o to tu b e . In  t h i s  arrangem en t th e  p h o to tu b e  

was in s id e  th e  vacuum cham ber, f a c in g  th e  t a r g e t  r e g io n  down­

s tre a m . C oun ter k was e x a c t ly  th e  same as c o u n te r  6 in  th e  muon­

ium p ro d u c tio n  experim en t (se e  S e c tio n  I I I .  B. l ) .  The muonium 

p ro d u c in g  t a r g e t  c o n s is te d  o f  two la y e r s  o f  1000 2  g o ld  f o i l  and 

was p o s i t io n e d  on th e  dow nstream  s id e  o f  s c i n t i l l a t o r  3 . I t  

co v ered  th e  e n t i r e  downstream  s u r f a c e  o f  c o u n te r  3 ,  and a l s o  p e r ­

form ed th e  fu n c t io n  o f  i s o l a t i n g  th e  l i g h t  c o l l e c t i o n  betw een
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c o u n te rs  3 and It. The t o t a l  t a r g e t  mass was e f f e c t i v e l y  t h a t  o f

th e  g o ld  f o i l  and c o u n te r  3 . The mass o f  th e  g o ld  f o i l  was 0 .5

2 2 mg/cm ; t h a t  o f  c o u n te r  3 was 78 mg/cm . The mass r a t i o  o f  g o ld

f o i l  t o  t o t a l  t a r g e t  was 0 .6 $ . The co n v e rs io n  re g io n  f o r  M-M was

e n c ir c le d  by  c o u n te r  3 and th e  f iv e - s id e d  c o u n te r  It. The vacuum

chamber was len g th e n e d  t o  25" so  as t o  accommodate th e  c o u n te r  3

p h o to tu b e . The p r e s s u r e  w ith in  th e  chamber was m a in ta in e d  a t

<10- ^ T o rr . The chamber i t s e l f  was l o c a te d  w i th in  t h r e e  la y e r s  o f

c o n c e n tr ic  c y l i n d r i c a l  m agnetic  s h ie ld in g  w hich s h a l l  be d e s c r ib e d

in  d e t a i l  i n  S e c tio n  IV . B. It.

The f i r s t  gap o f  th e  s p a rk  chamber sp e c tro m e te r  (se e  S e c tio n  

IV. B. 2 and IV . B. 3 )  was lo c a te d  30" away from  th e  c e n te r  o f  th e  

c o n v e rs io n  re g io n  and i n  a  d i r e c t i o n  p e rp e n d ic u la r  t o  th e  beam.

The e n t i r e  s p e c tro m e te r  system  in c lu d in g  th e  cam era was housed  i n  a  

da rk  room c o n s tru c te d  o f  b la c k  v in y l .

The d e c a y -e le c tro n  te le s c o p e  in v o lv e d  e i t h e r  c o u n te rs  U,

5 , 6 o r  It, 5 ,  7* The a re a s  o f  th e s e  c o u n te rs  w ere : c o u n te rs

5 -  8" x  7" x  1 /8 " ,  c o u n te r  6 -  2kn x  7" x  V ,  and c o u n te r  7 -  1^" 

x  6" x  V '.  The a c t iv e  p l a s t i c s  o f  5* 6 ,  and 7 w ere p o s i t io n e d  in  

th e  gap o f  th e  a n a ly z in g  C-m agnet. Long L u c ite  l ig h tg u id e s  c a r r i e d  

s c i n t i l l a t i o n  l i g h t  t o  p h o to tu b e s  (Amperex 56AVP) lo c a te d  i n  th e  

weak f r in g e  f i e l d .  The p h o to m u l t ip l ie r  tu b e s  w ere s h ie ld e d  by mu- 

m e ta l and s o f t  i r o n  c y l in d e rs  from  th e  e f f e c t s  o f  th e  m agnetic  f i e l d .  

C ounter 5 was lo c a te d  J u s t  b e fo re  th e  f i r s t  gap o f  th e  sp a rk  cham ber, 

and sub tended  an av erag e  f r a c t io n a l ,  s o l i d  a n g le  a t  th e  d r i f t  r e g io n
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—3o f  about 3 .5  x  10 . C ounter 6 was lo c a te d  a lo n g  one s id e  o f  th e

cham ber, and c o u n te r  7 fo llo w ed  th e  l a s t  gap o f  th e  cham ber.

The number o f  s to p p ed  muons were d e f in e d  by th e  c o in c i ­

dence 1 2  3 5 and th e  d e c a y -e le c tro n s  by th e  c o in c id en c e  1 1* 5
3 —1(6 o r  7 ) .  E p i c a l  r a t e s  w ere : 1 2 = 75 x 10 se c  , 1 2  3 5 =

200 se c ”\  and 1 k 5 (6  o r  7) = 3 min- ^ .

2 . S park  Chamber

The o p t i c a l  sp a rk  chamber was lo c a te d  in s id e  a  w ide gap 

C -type magnet w hich o p e ra te d  a t  a  1 .5  kG c e n t r a l  m agnetic  f i e l d .

I t  was view ed s t e r o s c o p ic a l ly  th ro u g h  a  l a r g e  c y l i n d r ic a l  l e n s  by 

a  35 mm cam era. T h is  cam era was t r ig g e r e d  by e le c t r o n  te le s c o p e  

e v e n ts  w hich fo llo w e d  y+ s to p  p u ls e s  w i th in  5 y s e c . F ig u re  23 

i l l u s t r a t e s  d e t a i l s  o f  t h i s  chamber w hich in  many ways was a  d u p l i -

61c a te  o f  th e  Langley R esearch  C en te r cham ber.

The chamber c o n s is te d  o f  50 g a p s , e ach  0 .5 "  w ide. Gaps 

w ere form ed by a l t e r n a t e l y  sandw ich ing  f i f t y - o n e  0 .001"  th ic k  

aluminum p la t e s  betw een 0 .5 "  th ic k  L u c ite  f ra m es . B oth ends o f  

th e  chamber w ere p r o te c te d  by a  0 .1 2 5 "  t h i c k  L u c ite  p l a t e .  A l te r ­

n a te  p l a t e s  w ere a t  h ig h  p o t e n t i a l  w ith  th e  end p l a t e s  m a in ta in e d  

a t  system  ground. Gas i n l e t  and o u t l e t  tu b in g  w ere a t ta c h e d  to  

one s id e  o f  each  fram e.

The a c t iv e  a r e a  o f  each  gap was a  r e c ta n g le  o f  8" w id th  

and 5 3 /5 "  h e ig h t .  The o v e r a l l  e x te r n a l  d im ensions o f  th e  chamber 

w ere 9" w id th  x  6 3 /5 "  h e ig h t  x  25" le n g th .  The fram es w ere
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f a b r i c a t e d  to  th e  s p e c i f i c a t i o n s  o f  o p t i c a l  f l a t n e s s  and f i n i s h .

The th ic k n e s s  o f  th e  aluminum p la t e s  was s e le c te d  t o  be

0 .001" so  as t o  m inim ize e le c t r o n  i n te r a c t io n s  and energy  l o s s  in  

a t  th e  p l a t e s  th e m se lv e s . The gap th ic k n e s s  o f  0 .5 "  p e rm itte d  th e  

chamber t o  s u s ta in  a t  l e a s t  s i x  o r  more m u lt ip le  t r a c k s  w ith  b e t t e r  

th a n  90$ e f f ic ie n c y  a t  a  f i r i n g  r a t e  o f  5 .5  tim es  p e r  second . T h is  

s p e c i f i c a t i o n  i s  e x tre m e ly  s e n s i t iv e  t o  gas p u r i t y ,  and t o  th e  

le n g th  and geom etry o f  th e  e l e c t r i c a l  l i n e s  from  th e  h ig h  v o lta g e  

p u ls in g  subsystem  to  th e  cham ber. The gas f i l l  was a  Penning  

m ix tu re  c o n s is t in g  o f  90# neon and 10# h e lium  s u p p lie d  t o  th e  sp a rk  

chamber in  a  co n tin u o u s  flow  c o n d it io n . The r a t e  o f  gas flow  and 

e x c ess  p r e s s u r e  were p re -d e te rm in e d  by  s e v e r a l  t e s t i n g  ru n s .  I t  

was made r a p id  enough to  p re v e n t  b u i ld -u p  o f  o u tg a s s in g  co n tam in an ts  

and h ig h  enough in  p r e s s u r e  to  p re v e n t b a c k s trea m in g  o f  a i r .  Spark  

chamber gas i n t e g r i t y  was checked w ith  a  Model 21-100 Gas Leak

62D e te c to r .

The h ig h -  v o l ta g e  p u ls in g  su b -sy s tem  was m anufactu red  by 

S c ien ce  A c c e sso rie s  C o rp o ra tio n . I t  c o n s is te d  o f  ( l )  one Model 

022 sp a rk  gap d r iv e r  a m p l i f ie r  w ith  f iv e  t r i g g e r  o u tp u ts ;  (2 )  f iv e  

Model 013 sp a rk  g a p s ; (3 ) one c le a r in g  f i e l d  power Bupply 0-3  kV;

(U) one h ig h  v o l ta g e  power su p p ly  0-22  kV; (5 ) one fan o u t u n i t  

in c o r p o r a t in g  th e  f i v e  Model 013 s p a rk  gaps and s u i t a b l e  c i r c u i t r y  

( s e e  F ig u re  2^) f o r  d i s t r i b u t i n g  h ig h  v o lta g e  and f i e l d s  t o  th e  g a p s .

The Model 022 a c c e p te d  a  t r i g g e r  s ig n a l  from  th e  s c i n t i l ­

l a t i o n  c o u n te rs  and d e l iv e r e d  i n  p a r a l l e l  f iv e  h ig h  v o lta g e  p u ls e s
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t o  th e  fa n o u t u n i t s ,  w hich t r i g g e r  th e  f iv e  013 sp a rk  g a p s . Each 

o f  th e  sp a rk  gaps d i s t r i b u t e s  h ig h  v o lta g e  t o  te n  chamber g a p s .

The fa n o u t u n i t  d e l iv e r s  h ig h  v o lta g e  t o  th e  chamber p l a t e s  d i r e c t l y  

t o  m inim ize r i s e  tim e  lo s s e s  and m aximize e f f i c i e n c y .  A low v o lta g e  

c le a r in g  f i e l d  o f  kO v o l t s  was a p p lie d  a c ro s s  each  gap .

Seven neon l i g h t  f i d u c i a l  marks w ere m ounted on th e  sp a rk  

chamber a t  d i f f e r e n t  l o c a t io n s .  They w ere co n n ec ted  i n  p a r a l l e l  t o  

th e  h ig h  v o lta g e  t r i g g e r  system  and co u ld  be f i r e d  c o n c u r re n tly  w ith  

th e  s p a rk . These f ix e d  f i d u c i a l  marks were u se d  t o  i d e n t i f y  th e  p ro ­

p e r  lo c a t io n  o f  th e  p a r t i c l e  t r a c t .

3 . M agnetic S p e c tro m e te r

The m agnetic  s p e c tro m e te r  u se d  in  t h i s  experim en t was a  

w ide gap C -type m agnet. I t  had  a  p o le  t i p  w ith  a  d im ension  o f  

27" le n g th  x l l V  w id th . The s e p a r a t io n  betw een th e  p o le  t i p s  was 

15 " . I t  was la r g e  enough t o  house th e  sp a rk  cham ber, th e  fa n o u t 

u n i t ,  th e  l e n s ,  and th e  m ir ro r .  The f i e l d  was c a r e f u l ly  mapped 

w ith  a  H a ll  p robe and d i g i t a l  v o l tm e te r  u n d e r e x p e rim e n ta l co n d i­

t i o n s .  F o r each  ru n  th e  f i e l d  p o l a r i t y  was s e t  f o r  th e  a p p ro p r i­

a t e l y  charged  (i . e . , e o r  e+ ) p a r t i c l e s  which were b e in g  o b se rv ed .

U. M agnetic S h ie ld in g  o f  C onversion  Space

The m agnetic  f i e l d  in  th e  M-M co n v e rs io n  re g io n  was 

s  10 G due t o  th e  f r in g in g  f i e l d s  from  b o th  th e  C-magnet and th e  

c y c lo tro n . A f i e l d  o f  t h i s  m agnitude w ould s e v e r e ly  su p p re s s  any
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M-M c o n v e rs io n  f o r  F = 1 s t a t e  o f  muonium. We ach iev ed  a  s h ie ld in g  
3

f a c t o r  o f  -  10 u s in g  th e  arrangem en t shown in  F ig u re  22. The 

s h ie ld in g  c o n s is te d  o f  t h r e e  c o n c e n tr ic  M oly-Perm allay c y l in d e r s  

borrow ed from  th e  Chicago-UCSD g r o u p ,^  and a l a r g e  2” th ic k  w a il  

o f  i r o n  p o s i t io n e d  betw een th e  C-magnet and th e  c o n v e rs io n  re g io n  

to  p ro v id e  i s o l a t i o n .  To p e rm it th e  p a ssag e  o f  decay e le c tr o n s  to  

th e  sp a rk  cham ber, a  20" d ia m e te r  h o le  was c u t  i n  th e  w a l l .

F u r th e r  e l im in a t io n  o f  s t r a y  f i e l d s  was needed  a long  th e  

muon beam a x is .  T h is  was p ro v id e d  by a  p a i r  o f  low c u r r e n t  c o r­

r e c t io n  c o i l s  m ounted in s id e  th e  s m a l le s t  d iam e te r  c y l in d e r .  Cur­

r e n t  wds a d ju s te d  to  m inim ize th e  average  p robe re a d in g  o f  a  1 mG 

s e n s i t iv e  m agnetom eter (H ew le tt P a ck a rd  Model U288E). F ie ld  map­

p in g  in d ic a te d  t h a t  th e  r e s i d u a l  f i e l d  d id  n o t  exceed  5 mG in  th e  

t r a n s v e r s e  d i r e c t i o n  and 10 mG in  th e  lo n g i tu d in a l  d i r e c t i o n  o v e r  

th e  e n t i r e  c o n v e rs io n  r e g io n . The e f f e c t  o f  t h i s  s h ie ld in g  upon 

th e  M-M p ro c e ss  w i l l  be d e s c r ib e d  i n  S e c tio n  IV. C.

5. E le c t ro n ic  Logic and Spark  Chamber O p tics

F ig u re  25 i s  a sch em a tic  b lo c k  d iagram  o f  th e  e l e c t r o n i c  

c i r c u i t r y  u se d  i n  th e  M-M c o n v e rs io n  ex p e rim en t. The r e l a t i v e  

t im in g  o f  th e  v a r io u s  lo g ic  p u ls e s  i s  a l s o  shown i n  an u p p er i n s e r t  

o f  t h i s  f ig u r e .  The main f u n c t io n  o f  t h i s  c i r c u i t r y  was t o  g e n e ra te  

a  t r i g g e r  p u ls e  w hich w ould a c t i v a t e  th e  sp a rk  chamber and th e  

cam era, fo llo w in g  th e  i d e n t i f i c a t i o n  o f  a  muon decay  e le c t r o n  by th e  

sp a rk  chamber c o u n te r s .
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A s to p p in g  y+ which s a t i s f i e d  th e  f a s t  c o in c id e n c e  1 2  3 

5 p rom ptly  opened a  h y sec  g a te .  W ith in  t h i s  tim e  g a te  we lo oked  

f o r  an e le c t r o n  e v e n t d e f in e d  by th e  c o in c id e n c e  I  h 5 (6 o r  7 ) .

Low t o  h ig h  momentum decay e le c t r o n s  w ere d e te c te d  by c o u n te r  6 .

The h ig h e s t  momentum e”  and decay e+ w ere d e te c te d  by c o u n te r  7 . 

t y p ic a l  c o u n tin g  r a t e s  r e l a t i v e  t o  th e  1 2 3 5 r a t e  w ere as fo llo w s : 

u n g a te  e “  e v e n ts  1 It 5 (6 o r  7) = 2$; g a te d  e“  e v e n ts  1 h 5 (6 o r  7) 

= 0 .025$ .

The e v e n t p u ls e s  w ere fan n ed  o u t i n to  fo u r  b ran c h  p u ls e s .  

One se rv e d  as t r i g g e r  p u ls e  to  th e  h ig h  v o lta g e  p u ls in g  system  o f  

th e  sp a rk  chamber t o  i n i t i a t e  th e  f i r i n g  o f  a  t r a c k .  The o th e r  

th r e e  were fe d  th ro u g h  g a te  g e n e ra to r s  to  c o n tr o l  th e  cam era t r i g ­

g e r ,  th e  BCD l i g h t  c o n t r o l ,  and th e  N ix ie  l i g h t  c o n t r o l .  The BCD 

l i g h t s  and N ix ie  l i g h t s  gave in fo rm a tio n  abou t th e  f i lm  s t r i p  and 

run  num bers, r e s p e c t i v e ly ,  f o r  l a t e r  i d e n t i f i c a t i o n .

In  a d d i t io n  t o  r e c o rd in g  th e  t r a c k  o f  th e  e “  o p t i c a l l y ,  

th e  tim e i n t e r v a l  betw een th e  s tq p p ed  y+ p u ls e  1 2  3 5 and sub­

se q u en t decay e le c t r o n  e v en t 1 U 5 (6 o r  7) was d e te rm in ed  by a  

5 ysec range  TAC and d is p la y e d  i n  a  K ic k s o r t  p u lse  h e ig h t  a n a ly z e r . 

I f ,  as  a n t i c ip a t e d ,  m ost e“  e v e n ts  o r ig in a te  v ia  e le c tro m a g n e tic  

i n te r a c t io n  from  th e  o rd in a ry  y+ -*■ e+ + 2v decay p r o c e s s ,  th e n  t h i s  

tim e spectrum  sh o u ld  e x h ib i t  th e  c h a r a c t e r i s t i c  2 .2  ysec  e x p o n e n tia l  

sh ap e .

The p h o to g ra p h ic  system  c o n s is te d  o f  a  l a r g e  c y l i n d r i c a l  

l e n s , two m ir ro r s  and a  s in g l e  35 mm cam era. The c y l i n d r i c a l  le n s
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was made o f  o p t i c a l  L u c i te ,  w ith  one f l a t  s u r fa c e  2 5 .6 "  lo n g  x l V  

h ig h , and an o p p o s ite  c y l i n d r i c a l  s u r f a c e  w ith  a  r a d iu s  o f  cu rv ­

a tu r e  o f  UO”. The to p  view  m ir ro r  was a  f r o n t  s u r f a c e - c o a te d  h igh  

q u a lig y  f l a t  s h e e t  o f  g l a s s ,  25" lo n g  x  8" w ide . I t  was p o s i t io n e d  

on th e  to p  o f  th e  sp a rk  chamber where i t  was an g led  a t  1*5° t o  th e  

to p  s u r fa c e  o f  th e  chamber to  p ro v id e  a  to p  view  o f  p a r t i c l e  t r a c k s .  

A nother s m a l le r  m ir ro r  was p o s i t io n e d  i n  such a  way as t o  in c o rp o r ­

a te  in  th e  fram e th e  im ages o f  BCD and N ix ie  l i g h t s .

Both s id e  view  ( y ,z )  and to p  view  (x ,y )  im ages o f  charged  

p a r t i c l e  t r a c k s  and f i d u c i a l  p o in ts  were re c o rd e d  on each  fram e , 

to g e th e r  w ith  a  l i s t i n g  o f  fram e and ru n  num bers.

6 . D ata  C o lle c t io n

Only 2h h o u rs  o f  ru n n in g  tim e  co u ld  be d ev o ted  t o  th e  M-M 

p a r t  o f  th e  experim en t due t o  d i f f i c u l t i e s  in  a c h ie v in g  th e  n e c e s sa ry  

vacuum o f  10” ^ T o rr in  th e  t a r g e t  cham ber. D uring  t h i s  tim e  two 

exp erim en ts  w ere c a r r i e d  o u t:  I )  a  s tu d y  in  w hich y+ w ere s to p p ed

in  th e  t a r g e t  and e”  sp a rk  chamber t r a c k s  w ere lo o k ed  f o r  (y+ to  

e” e v e n ts  r u n ) ,  and I I )  a  s tu d y  i n  w hich y+ w ere s to p p e d  and o r d in -  

a iy  decay e t r a c k s  w ere lo o k ed  f o r  (y  t o  e e v e n ts  r u n ) .  The 

sw itc h  from  I )  to  I I ) was accom plished  sim ply  by r e v e r s in g  th e  

p o l a r i t y  o f  th e  sp e c tro m e te r  m agnet. Run I I  s e rv e d  t o  c a l i b r a t e  

th e  sy stem . In  I I ,  abou t lUOO fram es w ere ta k e n  o f  w hich 250 were 

obse rv ed  t o  be y+ -*■ e+ e v e n ts .  We demanded t h a t  an a c c e p ta b le  

t r a c k  be lo n g e r  th a n  s i x  gaps in  o rd e r  t o  d e te rm in e  i t s  momentum.
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+ —1 + -1
The y s to p  r a t e  was 135 sec  ; th e  e t r i g g e r  r a t e  was 28 min .

The y i e l d  o f  e+ t r i g g e r  p e r  y+ s to p ,  0 .3 ^ # , was c o n s is te n t  w ith  

th e  s o l i d  a n g le  p r e d i c t i o n .

In  Run I ,  th e  s e a rc h  f o r  M-M, we accum ulated  a p p ro x i­

m ate ly  1*000 fram es o f  which 1300 r e p r e s e n t  y+ -*■ e~ e v e n ts .  On 

th e  av erag e  th e  e" t r i g g e r  r a t e  was 3 m in ~ \  T his t r i g g e r  r a t e  

seems to o  h ig h  compared w ith  th e  p r o b a b i l i t y  o f  M-M c o n v e rs io n .
. f .

However, as a lre a d y  n o te d , on ly  0.6% co rre sp o n d s  t o  y  s to p s  in  

th e  g o ld , w hich mean o n ly  1 y+ p e r  second  o f  r e a l  s to p s .  Most

o f  th e  t r i g g e r s  m ust o r ig in a te  from  th e  decay o f  muons w hich

s to p p ed  in  c o u n te r  3 .

Because th e  t o t a l  mass o f  s h ie ld in g  i ro n  and o th e r  

m a te r ia l  in  th e  p a th  o f  decay p o s i t r o n s  amounted t o  about 1 /3  

o f  a  r a d i a t i o n  le n g th  o f  i ro n  (U.U g/cm  ) ,  t h i s  m a te r ia l  caused  

th e  p ro d u c tio n  o f  b o th  low and h ig h  energy  e  ' s  th ro u g h  th e  

sequence o f  b re m s s tra h lu n g , p a i r  p ro d u c tio n  a n d /o r  shower 

e f f e c t s  as fo llo w s :

yU+ - >  e *  t  2) + J)

1—» e+ -f r
1—> e *  + e

(U2)

T his b re m s s tra h lu n g -p a ir  p ro c e s s  sh o u ld  m odify any e o r  e + sp ec ­

trum  a s s o c ia te d  w ith  th e  decay  p r o c e s s . I f  n o t  p r e s e n t , one sh o u ld  

o b ta in  o n ly  th e  s t r u c tu r e  o f  M ichel spectrum  a lo n e .

Muon decay tim e  s p e c t r a  w ere c o n c u r re n t ly  accum ulated  in  

th e  memory o f  a  PHA a lo n g  w ith  th e  f i lm  d a ta  th ro u g h o u t th e  ru n .
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The e~ e v e n ts  in  th e  PHA sh o u ld  f i t  a  tim e  d i s t r i b u t i o n  o f  th e  form  

[see  equ . (2 3 )]

-  < - /f

Ail*) » e  ( I + l>*'] +  3 1
(1*3)

where th e  f i r s t  te rm  i s  due to  o rd in a ry  y+ d ecay , th e  second  te rm  

i s  due to  th e  M-M c o n v e rs io n , and B i s  random background . Such a 

tim e  s t r u c tu r e  would i n d ic a te  t h a t  co n v e rs io n  to o k  p ic e .

The e+ e v en t d a ta  o f  PHA sh o u ld  f i t  th e  o rd in a ry  y+ decay 

tim e d i s t r i b u t i o n  o f  th e  form

- i l l
A / i * )  = A e + B.

(W.)

C. D ata  R eduction

1 . Scanning

F ilm  was scanned  a t  th e  U n iv e r s i ty  o f  M ary land , D epartm ent 

o f  P h y s ic s  and A stro n o n y , u s in g  o verhead  p r o je c to r  sc an n in g  t a b l e s .  

Scanning  c r i t e r i a  w ere s im p le : l )  r e j e c t i o n  o f  a l l  t r a c k s  la c k in g

th e  n e c e s s a ry  c u rv a tu re  tow ard  c o u n te r  6 , and 2 ) r e j e c t i o n  o f  a l l  

t r a c k s  in v o lv in g  few er th a n  s i x  f i r e d  g ap s . In  g e n e ra l  e v e n t 

am bigu ity  was low . F ig u re  26 shows two ty p ic a l  e ”  e v e n t fram es 

ta k e n  from  th e  sp a rk  chamber sy stem . Because th e  t r i g g e r  i s  s e n s i ­

t i v e  t o  th e  p a r t i c l e  c h a rg e , o n ly  a  few fram es r e v e a l  e v e n ts  o f  th e  

wrong c u rv a tu re . A pprox im ately  50% o f  th e  fram es in  th e  y+ e
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run  met c r i t e r i a  I  and I I .  The same h e ld  f o r  o f  th e  |i+ -*■ e + c a l i ­

b r a t io n  ru n .

2 . M easurement

-M easurements o f  t r a c k  c o o rd in a te s  were made by two d i f ­

f e r e n t  m ethods. The f i r s t  in v o lv e d  a  te m p la te  w hich was u se d  t o  

m easure th e  p o la r  c o o rd in a te s  r ,  0 o f  a  t r a c k  r e l a t i v e  t o  f id u c i a l s  

m arks. The second m e th o d ^  in v o lv e d  u se  o f  a  M angispago b i r a d i a l  

image p la n e  d i g i t i z e r  m ounted on an overhead  p r o je c to r  scan n in g  

t a b l e  and l in k e d  t o  a  PDP-8 com puter. The s p a t i a l  r e c o n s t r u c t io n  

and com puter f i t t i n g  r e s u l t s  f o r  th e  d a ta  from  b o th  m easu ring  

p ro c e s s e s  w ere q u i te  c o n s i s t e n t  w ith  each  o th e r .

F u r th e r  e lem en ts  in  t h i s  system  w ere a  t e l e ty p e  f o r  . 

scan n e r-co m p u te r com m unication; a  D ig i-D a ta  1^20 in c re m e n ta l  mag­

n e t i c  ta p e  r e c o rd e r  f o r  d a ta  o u tp u t and program  s to r a g e ;  an o n lin e  

c lo c k  f o r  program  t im in g ;  and th e  M angispago i n t e r f a c e .

The t r a c k s  w ere m easured  in  two s te r e o  v iew s. View 1 i s  

a  d i r e c t  image o f  th e  y , z  p la n e ,  and view  2 i s  a  m ir ro r  image o f  

th e  x ,y  p la n e ,  p e rm i t t in g  each  t r a c k  t o  be r e c o n s t ru c te d  in  t h r e e -  

d im en sio n a l space  and i t s  momentum and s p a t i a l  a n g le s  t o  be  d e te r ­

m ined. The t r a c k  m easurem ents were made r e l a t i v e  t o  th r e e  f i d u c i a l  

m arks i n  each  v iew . A t o t a l  o f  s i x  p o in ts  w ere m easured  a lo n g  each  

view  o f  a  t r a c k  in  th e  p o l a r  c o o rd in a te s  r  and 0 . Among th e  s i x  

p o in ts  we in c lu d e d  th e  two end p o in ts  o f  th e  t r a c k .  I f  i t  was 

a p p a re n t t h a t  th e  p a r t i c l e  was s c a t t e r e d  i n  th e  s p a rk  cham ber, th e
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t r a c k  was m easured up t o  th e  p o in t  where th e  s c a t t e r i n g  to o k  p la c e .

I f  two t r a c k s  were p re s e n t  in  th e  same fram e each  was re c o rd e d  as 

a  s e p a r a te  e v e n t.

3 . R e c o n s tru c tio n

Almost w ith o u t e x c e p tio n  e v e n ts  were sh a rp  and unambig­

u o u s . T h is  made th e  com puta tion  sim p le  and much e a s i e r .  A com­

p u te r  program  was u sed  t o  c o n s tr u c t  h is to g ra m s  o f  th e  e v e n ts .  The 

f i r s t  com puta tion  de te rm in ed  th e  g e o m e tr ic a l  and s p a t i a l  r e c o n s t ru c ­

t i o n  o f  th e  sp a rk  chamber t r a c k s .  The in fo rm a tio n  in p u t  t o  t h i s  

program  from  th e  m easu ring  m achine c o n s is te d  o f  i d e n t i f i c a t i o n  i n f o r ­

m ation  f o r  th e  e v e n t ,  th r e e  f id u c i a l  m easurem ents f o r  each  view  o f  

th e  t r a c k  and s i x  t r a c k  c o o rd in a te  m easurem ents f o r  each  view  o f  th e  

e v e n t.  A pply ing  r o t a t i o n  and t r a n s l a t i o n  p ro c e s s e s  we r e c o n s t ru c te d  

th e  t r a c k s  in  te rm s o f  th e  sp a rk  chamber c o o rd in a te s  x ,  y ,  z and 

th e n  tra n s fo rm e d  to  r e a l  c o o rd in a te s  by an a d ju s tm en t f o r  th e  m agnif­

i c a t io n  f a c t o r .

The n e x t s te p  c o n s is te d  o f  f i t t i n g  a  cu rve  t o  th e s e  space  

p o in ts  by u s in g  a  norm al l e a s t - s q u a r e s  f i t t i n g  p ro ced u re  t o  d e te r ­

mine th e  energy  and th e  s ig n  o f  th e  p a r t i c l e  c h a rg e . T h is  m ethod 

i s  s im i la r  to  th e  s ta n d a rd  f i t t i n g  te c h n iq u e  f o r  b u b b le  chamber d a ta .

The r e a l  t r a c k  o f  th e  e v e n t in  th e  sp a rk  chamber i s  a  h e l i x .  The

p r o je c t io n  o f  a  h e l i x  o n to  th e  (x ,y )  p la n e  i s  a  c i r c l e .  We f i r s t
o 2  2

f i t  th e  c i r c l e  (x -a )  + (y -0 )  * p t o  th e  (x ,y )  c o o rd in a te s  o f  th e

s p a c ia l  p o in ts  by m in im iz ing  th e  fu n c t io n
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(U5)
2 2where cL = (x^ -  a )  + (y \ -  3) and n i s  th e  t o t a l  number o f  p o in ts

which a re  m easured in  th e  t r a c k .  A c c o rd in g ly , th e  r a d iu s  o f  c u rv a ­

tu r e  o f  th e  e v en t was c a lc u la te d .  The c o rre sp o n d in g  e r r o r  can be 

c a lc u la te d  from  th e  e q u a tio n

c o o rd in a te s .  F o r th e  t y p i c a l  ca se  o f  r a d iu s  p = 3 6 .6  cm, th e  e r r o r

The a z im u th a l a n g le  </>, i . e . . th e  a n g le  which th e  ta n g e n t  t o  th e  p ro ­

j e c t io n  o f  th e  t r a c k s  i n  th e  (x ,y )  p la n e  makes w i th  th e  x -a x is  a t  

th e  p o in t  (x ,y )  on th e  t r a c k ,  i s  g iv en  by

To f in d  th e  o r i e n t a t io n  o f  each  t r a c k ,  we make a  l i n e a r  f i t  t o  th e  

z and 8 c o o rd in a te s  o f  th e  s p a c i a l  p o in t s .  In  t h i s  way th e  d ip  

an g le  X was o b ta in e d .

We can c a lc u la te  th e  momentum o f  th e  t r a c k  w ith  th e  b e s t -  

f i t  v a lu e  o f  6 and X from  th e  e q u a tio n

(U6)
2 2 2 where |r| = Ex^ Ey^ -  (Ex^y^) , and a  i s  th e  rms e r r o r  on th e

was ^  = 0 .0 2 . I f  com puta tion  gave > 0 .2  th e  e v e n t was r e j e c t e d .

( k j )
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f    Ctfq A.__
P(m«v/c; 0,3 B0 (k r̂)  ̂i c*)

m

The c o r r e c t io n s  f o r  v a r i a t i o n s  in  th e  m agnetic  f i e l d  and 

en erg y  lo s s  o f  th e  p a r t i c l e  w ere ta k e n  i n to  accoun t in  t h e  f i t t e d  

c u rv e .

U. S e le c t io n  o f  E ven ts

To f in d  th e  m ost p ro b a b le  i n t e r p r e t a t i o n  o f  th e  e n t i r e  

e v e n t ,  an e x t r a p o la t io n  o f  th e  f i t t e d  t r a c k  was made f o r  each  e v e n t.  

A l l  e v e n ts  w ere e x tr a p o la te d  back  t o  th e  M-M c o n v e rs io n  r e g io n . An 

e v e n t was c o n s id e re d  to  be v a l i d  i f  i t  o r ig in a te d  from  w i th in  th e  

t a r g e t  r e g io n . O th e rw ise , th e  e v e n t was r e j e c t e d .  A pprox im ate ly ,

25% o f  th e  m easured  e v e n ts  w ere ex c lu d ed  by t h i s  re q u ire m e n t. The 

f i n a l  r e s u l t a n t  energy  s p e c t r a  o f  v a l i d  e v e n ts  a re  re c o rd e d  as 

h is to g ra m s . F ig u re  27 shows th e  h is to g ra m  o f  th e  (y+ ) -*■ (e “ ) e v e n ts .  

The h is to g ra m  o f  (y+ ) -*■ (e+ ) e v e n ts  i s  shown in  F ig u re  28 .

5. Monte C arlo  C a lc u la tio n

Because o f  th e  b re m s s tra h lu n g -p a ir  p ro d u c tio n  p ro c e s s  as 

m entioned  i n  S e c tio n  IV . B. 6 ,  any e~ spectrum  a s s o c ia te d  w ith  th e  

M—S5 p ro c e ss  w ould be m o d if ie d . S im i la r ly ,  th e  p ro d u c tio n  o f  b o th
a f  + .

low and h ig h  e ' s  w ould d i s t o r t  th e  e x p e c te d  M ich e l-sp ec tru m  o f  e ’s 

i n  th e  "y+ e+ e v e n ts "  ru n . However, th e  e le c tro m a g n e tic  i n t e r -
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a c t io n  o f  e+ w ith  m eta l can be c a lc u la te d  p r e c i s e ly .

The Monte C arlo  m ethod was a p p lie d  t o  th e  p ro c e s s  o f  y+ 

decay and t o  t h a t  o f  b r e m s s tr a h lu n g -p a ir  p ro d u c tio n . The i n i t i a l  

e+ was assumed t o  o r ig in a te  from  th e  decay o f  y+ i n  th e  t a r g e t  

cham ber. I t s  en e rg y  was chosen  by a  random number program s RANDS 

and w e ig h ted  by th e  M ichel spectrum .

The e+ o r  y and a l l  deg rad ed  r a d i a t i o n  w ere fo llo w e d  

th ro u g h  s u c c e s s iv e  la y e r s  o f  i r o n .  T o ta l  m a te r i a l  i n  th e  p a th  o f  

th e  decay  p o s i t r o n s  was d iv id e d  i n t o  th r e e  i n t e r v a l s ,  each  0 .1  

r a d i a t i o n  le n g th .  At each  i n t e r v a l ,  t h e  b re m ss tra h lu n g  o r  p a i r  

p ro d u c tio n  was d e te rm in e d  by a  random number te c h n iq u e . The 

e f f i c i e n c y  o f  b re m ss tra h lu n g  was c a lc u la te d  from  th e  e q u a t i o n ^

6b|E) * «(E)t
(1*9)

where t  i s  th e  th ic k n e s s  o f  m a te r i a l  i n  r a d i a t i o n  le n g th s .  K(E) 

i s  th e  r a d i a t i o n  p r o b a b i l i t y  c o r r e c t io n  f a c t o r .

The e f f i c i e n c y  o f  th e  p a i r  p ro d u c tio n  p ro c e s s  was c a l -

67c u la te d  from  th e  e q u a tio n

6 f iE) * I -  e
(50)

where t  i s  th e  th ic k n e s s  o f  m a te rie il i n  r a d i a t i o n  le n g th s  and  y(E) 

i s  th e  t o t a l  p r o b a b i l i t y  f o r  p a i r  p ro d u c tio n  p e r  r a d i a t i o n  le n g th .
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The energy  d i s t r i b u t io n  o f  pho tons from  b re m ss tra h lu n g  

o r  o f  e le c t r o n s  from  p a i r  p ro d u c tio n  was c a lc u la te d  a c c o rd in g  to  

r e f .  (67 ) ,  i n  w hich th e  c o r r e c t io n  f o r  th e  s c re e n in g  e f f e c t  o f  th e  

o u te r  e le c t r o n s  has been  in c lu d e d . The e le c t r o n  energy  lo s s  due 

t o  c o l l i s i o n s  w ith  m a t te r  has a ls o  been  ta k e n  i n t o  a c c o u n t. However, 

th e  energy  lo s s  o f  a  photon o r  t h a t  due t o  su b seq u en t p a i r -  

a n n ih i la t io n  was n e g le c te d .

The n o rm a liz e d  r e s u l t a n t  energy  spectrum  o b ta in e d  from  

a  200 ,000  e v e n t Monte C arlo  c a lc u la t io n  i s  shown as h a tc h e d  a re a s  

in  F ig u re  27 and 28. As can be s e e n , th e  o b se rv ed  e”  o r  e+ 

s p e c t r a  can be accoun ted  f o r  q u i te  r e a d ia ly  by th e  y+ e l e c t r o ­

m agnetic  p ro c e s s .

6 . L ife-T im e S p e c tra

The tim e  spectrum  o f  th e  "y+ e-  e v e n t"  ru n  in c lu d e d  a

t o t a l  o f  3800 e v e n ts .  I t  was d i f f i c u l t  t o  p e rfo rm  a  l e a s t - s q u a r e s

f i t  to  a l l  parameters in eq. (1*3) simultaneously. Data analysis

showed t h a t  i t  co u ld  on ly  be f i t  t o  th e  p u re  y+ decay spectrum

w ith  p a ra m e te r  b  = 0 . The y+ mean l i f e t i m e  o b ta in e d  was 2 .0  ±
2

0 .2  ysec  w ith  X = 0 . 9  p e r  d eg ree  o f  freedom . T h is  r e s u l t  con­

f irm s  t h a t  m ost o f  th e  e v e n ts  p ro b ab ly  o r ig in a te d  from  y+ decay 

and su b seq u en t e le c tro m a g n e tic  i n t e r a c t i o n .

The d a ta  a n a ly s is  o f  th e  "y+ e+ e v e n t"  ru n  y ie ld e d  a
p

muon l i f e t i m e  o f  2 .2  ysec  w ith  x o f  1 .8  p e r  d eg ree  o f  freedom .
p

The x i s  r e l a t i v e l y  p o o r , b u t  q u a l i t a t i v e l y  i t s  confirm ed  an 

o rd in a ry  y+ decay spectrum .
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c  / cD. C a lc u la tio n  o f  Upper L im it on MB V

where Nr, i s  th e  number o f  e~ e v e n ts  which a r e  o b ta in e d  from  th e  M -*■ M M

The r e s u l t s  o f  th e  Monte C arlo  c a lc u la t io n  f o r  th e  e~ spectrum  

i s  c o n s is te n t  w ith  z e ro  e v e n ts  due t o  M-M. To s e t  up an u p p er l i m i t  on 

th e  r a t i o  C ^ /C y  o f  th e  c o u p lin g  c o n s ta n t ,  we m ust choose an u pper l i m i t  

t o  th e  p o s s ib le  number o f  d e te c te d  h ig h  energy  e“ e v e n ts  from  Si decay .

The e m p ir ic a l  fo rm ula  we u sed  i n  s e t t i n g  an u pper l i m i t  on th e  

M-ii c o u p lin g  c o n s ta n t  was

N n  = K * '  f  ' T t f i , * ) -  7% ■£
(51)

le M ->■ M

c o n v e rs io n ; N^+ i s  th e  number o f  y+ s to p s  d e f in e d  by  1 2 3 5 ;

j  =     x  %  ( / } „ )
"  < & *  i A n ' C * * , * )  (52 )

i s  th e  f r a c t i o n  o f  y+ s to p s  in  g o ld  r e s u l t i n g  i n  slow  muonium fo rm a tio n  

in  vacuum, P ( ii , t )  i s  th e  p r o b a b i l i t y  t h a t  a  m ixed M-M system  w i l l  decay 

as a  y”  w ith in  th e  tim e  i n t e r v a l  t  (F ig u re  3 ) ,  i s  th e  s o l i d  a n g le  

sub ten d ed  by th e  sp a rk  chamber sy s te m , and e i s  th e  sp a rk  chamber e f f i c i ­

ency .

From th e  fo llo w in g  d a ta :

N^+ = 27 x  10^ in  th e  2k h o u rs  o f  e x p e rim e n ta l ru n n in g  tim e  

f M = ( 6  X 1 0 "3 ) (0 .3 5 )

P(M, ,k y se c )  = 8 x 10- ^ (°}®j/cv^2 t  = ^ Vse c

( th e  w id th  o f  th e  g a te )
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= 0.0035 

e = 1

i f  we th e n  assume t h a t  one e~ e v e n t i s  due t o  M + M c o n v e rs io n , we o b ta in :  

1 = (27 x  10"6 ) (6 x  1CT3 ) (0 .3 5 )  (0 .0 0 3 5 ) ( l )  (8  x  10“ 6 ) (0 ^ /C ^ ) 2 

T h is le a d s  t o

^  2<T

C * (53)

On th e  o th e r  h a n d , i f  we c o n s e rv a t iv e ly  s e t  an u p p e r l i m i t  on th e  pos­

s i b l e  number o f  d e te c te d  h ig h  energy  e ” e v e n ts  by a t t r i b u t i n g  a l l  th e  

e~ e v e n ts  w ith  energy  E -  £ 30 MeV t o  M-M c o n v e rs io n , th e n

and

»M * 16

I 0 0

(5U)



V. CONCLUSION

The obse rv ed  v a lu e  f o r  th e  f r a c t i o n  o f  p o la r iz e d  muons s to p ­

p in g  i n  th e  t h in  g o ld  f o i l s  t h a t  form  muonium in  a l l  p o s s ib le  s t a t e s  

was 0 .35  ± 0 .0 6 . T his i s  a  low er l i m i t  f o r  muonium p ro d u c tio n  in  f r e e  

sp a ce . An i n t e r p r e t a t i o n  c o n s is te n t  w ith  th e  o b s e rv a t io n  would be t h a t  

th e  muonium form ed in  th e  g o ld  f o i l s  and d i f f u s e d  o u t i n to  th e  i n t e r ­

v en in g  f r e e  s p a c e , w ith  a  subsequen t r e l a x a t io n  tim e  o f  ~ 200 n s e c .

This experim en t p ro v id e s  th e  f i r s t  d i r e c t  in fo rm a tio n  ab o u t muonium 

b e h a v io r  i n  a  vacuum en v ironm en t. The o b se rv ed  c o n v e rs io n  o f  M t o  M 

was c o n s is te n t  w ith  z e ro . I f  one assum es t h a t  th e  c o n v e rs io n  p ro c e ss  

i s  a  fo u r- fe rm io n  weak i n t e r a c t io n  o f  th e  u n iv e r s a l  V-A fo rm s, th e  

r e s u l t s  o f  t h i s  experim en t s e t  an u p p e r l i m i t  t o  th e  p o s s ib le  magni­

tu d e  o f  th e  M-M c o u p lin g  c o n s ta n t C ^  i n  term s o f  th e  v e c to r  c o u p lin g

-k 7c o n s ta n t  C o f  8 -d ecay . T his l im i t  i s  C ^j <_ 100 CvJo r ~2 x 10 e rg -  

cm3 .

The se a rc h  f o r  m uonium-antimuonium c o n v e rs io n  was made f o r  

o n ly  one day a t  s ta n d a rd  sy n c h ro c y c lo tro n  f lu x e s .  I t  wets p o s s ib le  to  

low er th e  u p p er l i m i t  on th e  c o u p lin g  c o n s ta n t  r a t i o  C ^ /C y  from  

ap p ro x im ate ly  5800 t o  100. I t  i s  s t i l l  im p o ss ib le  t o  make a  d e f i n i t i v e  

s ta te m e n t abou t th e  n a tu re  o f  th e  l e p to n ic  number c o n s e rv a tio n  law  o r  

th e  assinned u n i v e r s a l i ty  o f  th e  weak i n t e r a c t io n  s t r e n g th .  T h is  would 

r e q u i r e  t h a t  we red u ce  th e  u pper l i m i t  on th e  m agnitude o f  to  t h a t  

o f  Cv , assum ing no c o n v e rs io n  were d e te c te d .
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The p r in c i p a l  l im i t a t i o n  e n c o u n te re d  i n  t h i s  M-M experim en t 

in c lu d e d : ( l )  low muon s to p p in g  r a t e s  and th e  r e l a t e d  p roblem  o f  s to p s

in  "dead” l a y e r ,  (2 ) s h o r t  ru n n in g  p e r io d ,  (3 ) e le c t r o n  background 

cau sed  by th e  e le c tro m a g n e tic  i n t e r a c t i o n  w ith  th e  m a te r i a l  o f  m agnetic  

s h ie ld in g ,  (^ )  sm a ll s o l i d  a n g le  o f  ac ce p tan c e  i n  th e  s p e c tro m e te r  

sy stem . These problem s a re  n o t d i f f i c u l t  t o  overcom e, p a r t i c u l a r l y  in  

view  o f  th e  f u tu r e  a v a i l a b i l i t y  o f  muon beams o f  h ig h e r  i n t e n s i t y  a t  

N evis and LAMPF.

At LAMPF, th e  backw ard y+ beam sh o u ld  p ro v id e  an i n t e n s i t y  

0 .^  x  1(A y+/s e c  i n to  a  20 cm2 s p o t  s i z e .  I f  we u se  tw en ty  g o ld  f o i l s  

i n s t e a d  o f  two f o i l s ,  each  s e p a ra te d  a t  1 .5  cm i n t e r v a l s  a lo n g  th e  k2 

MeV/c y+ beam, th e  y+ s to p p in g  r a t e  i n  th e  f o i l s  w i l l  be  ~ lcA  y+/ s e c .  

T h is r e p r e s e n ts  an im provem ent o f  ~ 10^ o v e r th e  c o n d it io n s  in  t h i s  

e x p e rim e n t.

The background  e v e n ts  cau sed  by  th e  e+ e le c tro m a g n e tic  i n t e r ­

a c t io n  can be e l im in a te d  by  rem oving th e  m agnetic  s h ie ld in g  and a l l  

u n n e c essa ry  m a te r ia l  i n  th e  p a th  o f  th e  e le c t r o n s  t r a v e l i n g  from  t a r g e t  

r e g io n  to  th e  s p e c tro m e te r .  The la c k  o f  a  z e ro  |3 |  env ironm ent w i l l  

r e s u l t  i n  a  M-M c o n v e rs io n  c o n s id e r a t io n  o f  o n ly  F =>0 muonium. T h is 

w ould reduce  th e  number o f  M s t a t e s  w hich can be c o n s id e re d  f o r  con­

v e r s io n  by a  f a c t o r  o f  The s o l i d  a n g le  o f  ac ce p tan c e  o f  a  w ire  

chamber and s p e c tro m e te r  can be  s i g n i f i c a n t l y  in c r e a s e d  by u s in g  a 

l a r g e  H-m agnet. For a  s p e c tro m e te r  d e f in in g  o n ly  1% s o l i d  a n g le  a t  

th e  t a r g e t  and f o r  a  ru n n in g  tim e  o f  U00 h r s  we can  a n t i c ip a t e  ~ U00
P _

( CmR /Cv ) e v e n ts  o r ig in a t in g  from  th e  M-M c o n v e rs io n , assum ing i t  

e x i s t s  a t  c o n v e n tio n a l weak i n t e r a c t io n  s t r e n g th .
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The t o t a l  improvement w ould co rre sp o n d  t o  a  s e n s i t i v i t y

— 8 in c r e a s e  in  th e  d e te c t io n  o f  th e  M-M ty p e  p ro c e s s  o f  ~ 10 o v e r t h i s

e x p e rim e n t. I t  c o u ld  reduce  th e  u p p e r l i m i t  on th e  c o u p lin g  c o n s ta n t

t o  a  range  lo w er th a n  Cy and i t  sh o u ld  th e n  be p o s s ib le  t o  t e s t

q u a n t i t a t iv e l y  th e  fo rb id d e n e s s  o f  th e  p ro c e s s .
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V I I .  APPENDICES

A. D i f f e r e n t  Schemes f o r  th e  Lepton Number A ssignm ent

1 . Conventi o n a l Scheme:

Two d i f f e r e n t  l e p to n ic  ch a rg es  a re  assumed to  e x i s t ,  one

f o r  th e  muon and one f o r  th e  e le c t r o n .  The scheme fo llo w s  th e

tw o-com ponent n e u tr in o  th e o r y .  We have two d i s t i n c t  n e u tr in o s

and V^. To ev e ry  p a r t i c l e  w hether l e p to n  o r  n o n le p to n , we

a s s ig n  two numbers L and L,, as shown i n  T ab le  1 ( a ) .e y

There a re  two ways i n  w hich t o  s t a t e  th e  c o n s e rv a tio n  law

o f  le p to n s  a c c o rd in g  to  t h i s  schem e. One o f  them , th e  more

r e s t r i c t i v e  o f  th e  tw o , i s  an a d d i t iv e  law  w hich s t a t e s  t h a t

in  a l l  r e a c t io n s  th e  a lg e b r a ic  sum o f  L and L, a re  s e p a r a te lye y

c o n se rv e d .

The second  p o s s i b i l i t y ,  b a s i c a l l y  l e s s  r e s t r i c t i v e ,  i s  a

m u l t ip l i c a t iv e  law  w hich s t a t e s  t h a t  o n ly  th e  sum £(L  + L )© y
ZXi ' * vtand th e  s ig n  ( -1 )  [C o n seq u en tly , a l s o  th e  s ig n  ( - l )  e ]

a re  co n serv ed  in  a l l  r e a c t io n s .

2 . M uon-parity  Scheme;

8 16T his scheme was f i r s t  in tro d u c e d  by  F e in b e rg  and W einberg * 

i n  1961. A p e rm u ta tio n  symmetry p r in c i p le  i n  weak in te r a c t io n s  

le a d s  d i r e c t l y  t o  a  p a r i t y - l i k e  muonic c o n s e rv a tio n  law . In  t h i s  

scheme th e r e  i s  o n ly  one a d d i t iv e  l e p to n ic  number and one m u l t i -
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p l i c a t i v e  "m u o n -p a rity "  t o  be a s s ig n e d  t o  th e  p a r t i c l e s  as

g iv en  i n  T ab le  l ( b ) .

In  t h i s  schem e, m u l t ip l i c a t iv e  i n  n a tu r e ,  we a re  in v o lv e d

w ith  th e  "norm al" c o n s e rv a tio n  o f  l e p to n  number L , t h a t  i s  th e

a lg e b r a ic  sum o f  le p to n  number L sh o u ld  be co n serv ed  i n  a l l

i n t e r a c t i o n s .  In  a d d i t io n ,  we r e q u i r e  th e  muon p a r i t y  o f  a

system  o f  p a r t i c l e s ,  which i s  th e  p ro d u c t o f  th e  v a lu e s  f o r

th e  in d iv id u a l  p a r t i c l e s ,  t o  be u n iv e r s a l ly  co n se rv e d ; i . e . ,

J f  p i  jl ) -  
z

T his scheme i s  e q u iv a le n t  t o  th e  second  p o s s i b i l i t y  o f

th e  c o n v e n tio n a l schem e.

3. K onopinski and MahmOud Scheme:

T his scheme was p ro p o sed  e a r l i e r  by K onopinski and 

68Mahmoud i n  1953 and i s  a ls o  c o n s i s t e n t  w ith  p r e s e n t  e x p e r i ­

m ental. e v id e n c e . Only one a d d i t iv e  l e p to n ic  number i s  = 

a s s ig n e d  t o  le p to n s .  No a d d i t io n a l  muon number i s  r e q u i r e d .

We s e l e c t  e ” , v  , y+ , V as p a r t i c l e s  and a s s ig n  a  le p to n  e y

number L = +1 w h ile  e+ , v  , y” , v a re  ta k e n  t o  be a n t i -
e m

p a r t i c l e s  f o r  w hich L = -1  (se e  T able  1 ( c ) ) .  The s ig n s  o f

th e  y”  and e ”  quantum  numbers a re  o p p o s i te .  The e le c t r o n

n e u tr in o  V and muon a n t in e u t r in o  v a re  c o n s id e re d  t o  be e  y

n e g a tiv e  ( le f t -h a n d e d )  and p o s i t i v e  ( r ig h t-h a n d e d )  h e l i c i t y  

p a r t i c l e s ,  r e s p e c t iv e ly .  We h a v e , t h e r e f o r e ,  two d i s t i n c t  

n e u tr in o s  i n  one four-com ponent n e u tr in o  th e o ry .
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The c o n s e rv a tio n  law  s h a l l  be on ly  a d d i t iv e  i n  t h i s  schem e; 

n am ely , th e  a lg e b ra ic  sum ZL m ust be u n iv e r s a l ly  co n se rv ed  in  

a l l  i n t e r a c t i o n s .  The h e l i c i t y  assignm en t w i l l  p r o h ib i t  th e  

same r e a c t io n s  p r o h ib i te d  by th e  muon number in  th e  c o n v e n tio n a l 

schem e.

U. Double number Scheme”̂

T here e x i s t s  one a d d i t iv e  le p to n  num ber, b u t  w ith  d i f f e r e n t  

m agnitudes f o r  th e  e l e c t r o n - l i k e  and m uon-like  p a r t i c l e s .  The 

le p to n  number assignm en t i s  shown in  T able  1 ( d ) .

The c o n s e rv a tio n  o f  l e p to n  number r e q u i r e s  t h a t  th e  a lg e b ra ic  

sum o f  L m ust be co n serv ed  i n  a l l  r e a c t io n s .  T h is  v e r s io n  i s  

i n d is t in g u i s h a b le  from  th e  a d d i t iv e  law  i n  scheme 1 i f  th e r e  a re  

on ly  tw o l e p to n s .

W ith in  th e  fram ework o f  th e  above fo u r  d i f f e r e n t  schemes 

th e r e  i s  no e x p e rim e n ta l e v id e n c e  p r e s e n t ly  a v a i l a b le  w hich would 

p e rm it  us t o  d e c id e  w hich one i s  g e n e ra l ly  fa v o re d  i n  weak i n t e r ­

a c t io n s .  The a d d i t iv e  law  i s  p le a s in g  b ecau se  o f  i t s  s i m i l a r i t y  

t o  baryon  and ch arg e  c o n s e rv a tio n . F u rtherm ore  i t  does n o t  tam per 

w ith  weak i n t e r a c t io n  u n i v e r s a l i t y .  From a  t h e o r e t i c a l  p o in t  o f  

v iew , th e  m u l t ip l ic a t iv e  law  i s  somewhat more a t t r a c t i v e  b ecau se  

i t  i s  a s s o c ia te d  w ith  a  w o rld  o f  e x a c t ly  two le p to n  f a m i l i e s ,  

muons and e le c t r o n s .  A m u l t ip l i c a t iv e  ( p a r i t y - l i k e )  w o rld  would 

a llo w  us t o  u n d e rs ta n d  b e t t e r  why th e  muon e x i s t s  and why i t
g

seems to  b e  th e  on ly  heavy e le c t r o n .
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B. Energy E ig e n s ta te s  and Energy L ev e ls  f o r  th e  M-M Coupled System .

The H am ilto n ian  f o r  th e  ground s t a t e  o f  th e  M-M system  

in  an e x te r n a l  m agnetic  f i e l d  i s

H * Hem +
(B - l)

where i s  th e  weak i n t e r a c t i o n  w hich c o u p le s  muonium and a n t i -  

muonium s t a t e s  and i s  r e s p o n s ib le  f o r  th e  c o n v e rs io n  p ro c e s s  

M+M, Hgm i s  th e  u n p e rtu rb e d  H am ilto n ian  w hich in c lu d e s  th e  s p in -  

s p in  i n t e r a c t i o n  and Zeeman te rm s . The d e t a i l e d  form  i s

A V *  ♦ * . < < < & #  ,

i  (B -2)

i n  which A i s  th e  z e r o - f i e ld  h y p e r f in e  energy  s p l i t t i n g  and has 

a  v a l u e ^  o f  1.8U x 10 ^ eV (U.lt63 x  10^ MHz); S and S a re  th e
M ®

muon and e le c t r o n  s p in  o p e r a to r s ,  r e s p e c t iv e ly ;  gg i s  th e  e le c t r o n  

gyrom agnetic  r a t i o  i n  muonium (an tim uon ium ), gg_ = -g e+ -*2; g^ i s

th e  muon gyrom agnetic  r a t i o  i n  muonium (an tim uon ium ), g^+ =-g^_
^  G U~ - 2 ;  H i s  th e  s t a t i c ,  e x te r n a l  m agnetic  f i e l d ;  and a re

Bohr m agnetons f o r  e le c t r o n  and muon (c o n s id e re d  p o s i t i v e  n u m b ers),

= Jii. ^  S .  SSL t f . c . l )
0 2  We , ^  • (B -3)

The u n p e r tu rb e d  e ig e n fu n c tio n s  and e n e rg ie s  axe o b ta in e d  by 

s o lv in g  th e  S c h ro d in g e r  e q u a tio n

H.mf. * £.$. (B-Jt)
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T his  e q u a tio n  s p l i t s  i n to  two e q u a t io n s ,  one f o r  muonium and one

f o r  antim uonium . The s o lu t io n s  f o r  th e  h y p e rf in e  s t a t e  energy

l e v e l s  o f  muonium and antim uonium  b a sed  on t h i s  e q u a tio n  a re

17g iv en  hy th e  w ell-know n B re it-R a b i  fo rm u la .

X

E * I
r  2. * 2 ,  f

(B -5)

i n  w hich F i s  th e  t o t a l  a n g u la r  momentum quantum num ber, mp i s  th e  

a s s o c ia te d  m agnetic  quantum num ber. The q u a n t i ty  x  i s :

.  l jul i .  - M i  9.) I f t  =  Ifil
A  / m t  .

(B -6)

The n o rm a liz e d  s p in  e ig e n fu n c tio n s  d eno ted  by  | m^> f o r  muonium 

and |Mi > f o r  antim uonium  a re

1 M, > = ° v  ° >  ; l fl , > = ° V ‘V
1 Ni> = l«a> * cf
I n, > * 1 = W r

|M«> =
1

1 l%> = -c«W ^ -+

(B-7)
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i n  w hich th e  h y p e rf in e  s t r u c tu r e  ( h f s )  s t a t e s  (F , nip) = ( l , + l ) ,

( 1 ,0 ) ,  ( l , - l ) ,  and (0 ,0 )  a re  r e p r e s e n te d  by th e  s u b s c r ip t  number 

1 ,  2 ,  3 , and U, r e s p e c t iv e ly .

The a*s and 6 's  a re  n o rm a liz e d  s p in  e ig e n fu n c tio n s  f o r  th e  

in d ic a te d  p a r t i c l e s  w ith  s p in  d i r e c t i o n  p a r a l l e l  and a n t i p a r a l l e l ,  

r e s p e c t iv e ly ,  to  th e  d i r e c t i o n  o f  th e  m agnetic  f i e l d .  The m agnetic

f ie ld -d e p e n d e n t  c o e f f i c i e n t s  c and s a re  g iv en  by:

c = ! ( , - : = * = - ) *  ^  J .  ^ 0 + ^ ) *
** J / + X x f

(B -8)

2 2 w ith  c + s = 1 .

Because th e  g f a c to r s  have o p p o s ite  s ig n  f o r  p a r t i c l e  and a n t i ­

p a r t i c l e ,  th e  h f s  energy  l e v e l s  i n  th e  muonium s t a t e s  w ith  nip = 0

(|Mg> and | m^>) have th e  same e n e rg ie s  as  t h e i r  c o rre sp o n d in g  a n t i ­

muonium s t a t e s  ( |F ^>  and | M^>) ,  w hereas th e  c o rre sp o n d in g  nip = +1 

and nip = -1  s t a t e s  a re  in v e r t e d  ( e . g . . = E ^, and Eg = E1 ) .  I t

i s  t h e r e f o r e  t o  be e x p e c te d  t h a t  th e  m agnetic  f i e l d  dependence o f

M-M t r a n s i t i o n  p r o b a b i l i t y  w i l l  be d i f f e r e n t  f o r  nip = ± 1 and nip = 0

70s t a t e s .  The e x p l i c i t  v a lu e s  o f  h f s  energy  l e v e l s  a r e 1

£ . * -  §  *  M  H

•  %  - / * > *

£# ~ ( - I  ) , cb-9)
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w ith  y = h i e  + g^yH)• Thus, th e  muonium and antim uonium  h f s

energy  s t a t e s  form  a  two f o ld  d e g e n e ra te  system  as p l o t t e d  a g a in s t  

m agnetic  f i e l d  i n  F ig u re  2 (dashed  l i n e s ) .

N ex t, we in tro d u c e  th e  weak i n t e r a c t io n  H am ilton ian  Hw, w hich 

w i l l  b reak  th e  M-M deg en eracy . T h is  t re a tm e n t  fo llo w s  t h a t  g iv en  

by F e in b e rg  and W einberg. A p o s s ib le  i n t e r a c t io n  w ith  t h i s  

e f f e c t  i s

w hich i s  a  fo u r- fe rm io n  weak i n t e r a c t i o n  o f  th e  u n iv e r s a l  V-A form . 

T h is  H am ilton ian  w i l l  coup le  a  p a r t i c u l a r  M e ig e n s ta te  t o  th e  c o r­

re sp o n d in g  M e ig e n s ta te  w ith  th e  same s p in  a n g u la r  momentum quantum

v e rs io n  p ro c e s s .  For such  a  p a i r  o f  s t a t e s  th e  m a tr ix  e lem en t f o r

H ( !+&)% + h.c.

(B-10 )

num bers, s in c e  a n g u la r  momentum m ust be con serv ed  i n  th e  M-M con-

c o n v e rs io n  o f  M i n t o  M i s

s

( B - l l )

where

(B-12)
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2 —1and a  i s  th e  Bohr r a d iu s  (m e  )
O 6

F i r s t  we c o n s id e r  th e  ca se  o f  muonium (antim uonium ) in  th e  

F = l, nip, = +1 s t a t e ,  i n  th e  p re se n c e  o f  s t a t i c  e x te r n a l  f i e l d s  

which "break th e  o r ig i n a l  M-M degeneracy  hy an amount A = 2 y |h [ . 

The a c tu a l  e ig e n fu n c tio n s  and e n e rg ie s  o f  th e  M-M system  in  th e  

p re se n c e  o f  can be o b ta in e d  by u s in g  a  p e r tu r b a t io n  m ethod, 

i n  w hich th e  M-M m ixed s t a t e s  a re  l i n e a r  s u p e rp o s i t io n s  o f  th e  

u n p e rtu rb e d  e ig e n fu n c tio n s  (B -7 ). In  o rd e r  t o  o b ta in  th e  two 

e n e rg ie s  we have to  so lv e  th e  s e c u la r  e q u a tio n ,

< M,I H | M, > - £

<  R i  I H  i H  >

<  Mi | H I Mj >

< M, | H I M, > - 1

-  0

But

< Mi) Hwl Mi > = < I H* I > * o f

< Mi I HeJ  a < Hi I I '  0 ,

From e q s . (B -9 ) , ( B - l l )  and (B -lU ), e g , (13) can  be w r i t t e n

J  +  yU | H I -  £
_S
z

±
z

=  0

(B -13)

(B -llf)

(B-15)
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S o lv in g  e q . (B-15) f o r  E we g e t

E/± '' J  *J * |  i  i
(B-16)

w ith

W -  =  | i ‘ *  S ’ ) ’A

The two c o rre sp o n d in g  energy  e ig e n s ta te s  a re

| |^f)+> = [ 2 . W ( W - ^ ) ]  / z f S I N i >  +  ( W - 4 ) | W ,  > )

(B -1 T )

where th e  + n o ta t io n  and -  n o ta t io n  r e f e r  t o  s t a t e  t h a t  f o r  A = 0 

re s o lv e  i n t o  sym m etric and an tisy m m e tric  com binations o f  |M^> and 

|m^> , r e s p e c t iv e ly .

Because th e  u n p e rtu rb e d  energy  l e v e l s  o f  th e  s t a t e s  nip = + l  iand 

m̂ , = -1  s t a t e s  i n  muonium and antim uonium  a re  in v e r t e d ,  th e  two new 

e n e rg ie s  (E^±) f o r  th e  m̂ , = -1  s t a t e s  a r e  e q u a l to  two new e n e rg ie s  

(E^±) o f  th e  nip = +1 s t a t e s ,  i . e . ,

t  s  c  .  4  + jh£c /± If. 2.

(B-18)
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The two e ig e n s ta te s  c o rre sp o n d in g  t o  and E^+ m ust have a  

st±*ucture s im i la r  t o  th e  new e ig e n s ta te s  o f  nip = +1 i n  e q . (B -17):

|N J + > -  (  2 W ( W - a ) ] ' A ( s  1 |M3> +

| Hj_> = ^2-wf (W +^ V s i M 3> + ( w +A)lfy>)
(B-19)

The s e c u la r  e q u a tio n  f o r  th e  F = l, m̂ , = 0 d e g e n e ra te  s t a t e s  i s

£ * - £  | ( i

£

=  0

s in c e  Eg = Eg. The two s o lu t io n s  f o r  eq . (B-20) a re

s

The c o rre sp o n d in g  en erg y  e ig e n s ta te s  a re

(B-20)

(B-21)

| H J t > -  p  ( I H , > ± i R , > )  . 
4*-

S im ila r ly  we can o b ta in  th e  a c tu a l  e n e rg ie s  and e ig e n s ta te s  

f o r  th e  F=0, nip=0 d e g e n e ra te  s t a t e .  They a re

(B -22 )

(B-23)
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and

l < W  = ■=  a / % >  i  ! % > )

(B-2U)

These m o d if ie d  h f s  en erg y  l e v e l s  a re  p l o t t e d  as s o l id  l i n e s  in  

F ig u re  2 .



C. N o n -L in e a r  L e a s t - S q u a r e s  F i t ;

2
A m easure o f  goodness o f  f i t  x  f o r  n o b s e rv a tio n s  y^ i s

d e f in e s  by

i 9 \ I

where (C - l)

y^ a re  th e  d a ta  p o in t s ,

a. a re  th e  s t a t i s t i c a l  e r r o r s  in  th e  d a ta  p o in t s .  We chose 
2

= y^ b a sed  upon th e  assum ption  in  w hich th e  o b s e rv a tio n s  

a re  known t o  be d i s t r i b u t e d  a c c o rd in g  t o  th e  P o is so n  d i s ­

t r i b u t i o n ,

a  a re  th e  p a ra m e te rs  t o  be d e te rm in e d , and 
J

f ( x . , a . )  i s  th e  f i t t i n g  form  u sed  to  g iv e  th e  f u n c t io n a l  
^ J

b e h a v io r  a t  th e  o b s e rv a t io n  p o in t  x ^ . Thus eqi. '( ^ l )  i s  

w r i t t e n  as

-ik ft
^ a, e  ( |  +  ^ a z e. <*«? t  a.*;

+ o^o<n c ba4 xi + v ]  +  a 7
(C-2)

2
The v a lu e s  o f  p a ra m e te rs  a .  a re  o b ta in e d  by  m in im iz ing  x  w ith  r e s p e c t

t)
t o  each  p a ra m e te r  s im u lta n e o u s ly , i . e .  we have t o  s o lv e  j  s im u ltan eo u s

H
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In  o rd e r  t o  so lv e  th e s e  n o n - l in e a r  e q u a t io n s , th e  m ethod we u se d  i s  

to  expand th e  f i t t i n g  fu n c t io n  f C x ^  a ^ ) t o  f i r s t  o rd e r  in  a  T a y lo r 's  

s e r i e s  ex p an sio n  as a  fu n c t io n  o f  th e  p a ra m e te rs  a .  ahou t th e  p o in t
U

w hich i s  g iven  by i n i t i a l  e s t im a te s .

(r J
(o-U)

The r e s u l t  i s  a fu n c t io n  w hich i s  l i n e a r  in  th e  p a ra m e te r  in c rem en ts

Sa , t o  w hich we app ly  th e  m ethod o f  l i n e a r  l e a s t - s q u a r e s .
J 2

To t h i s  a p p ro x im a tio n , th e  e x p l i c i t  form  o f  X i s

X*  * f t  7 . 1 3 ,  * V ' f (

(C -5)
2

We now m inim ize x w ith  r e s p e c t  t o  each  o f  th e  p a ra m ete r  

in c rem en ts  6a ;by s e t t i n g  th e  d e r iv a t iv e s  e q u a l t o  0 .

( c - 6 )

T ran sp o sin g  and s e t t i n g  Ay^ = -  f Q(x ^ , &j0 )> we have

J L£  J _L £  ( )} ^  s T  1— £

(C -7a)

In  th e  m a tr ix  form

A  r  £
(C -fb )
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where

0> -  X  ^  - 2 k
U  T  ^

°7 * °S  7  Of 1 3} 1 W

Ai  "  S(3i<» * (C-8)

The s o lu t io n  i s

-i

(0 -9 )

The s o lu t io n  t o  th e  e q u a tio n  (C -7) i s  a  s e t  o f  v a lu e s  6a ,
<3

w ith  which t o  m odify each  o f  th e  a ^ .  We do t h i s  by a p p ly in g

a J =  < V  +

The im proved e s tim a te s  o f  th e  a .  a re  th e n  p la c e d  i n to  e q s .  (C -7) and
J

(C -1 0 ), and th e  p ro c e s s  i s  r e p e a te d  u n t i l  th e  6 a . a re  a l l  deemed
0

" s u f f i c i e n t l y  s m a ll" . When t h i s  o c c u rs , we sa y  t h a t  th e  p ro c e s s  has 

converged  and we ta k e  th e s e  a .  as  th e  d e s ir e d  v a lu e s  o f  th e  l e a s t
u

sq u a re s  c a lc u la t io n .

The e r r o r  m a tr ix  i s

e  = o r 1

(C-10)

(c -1 1 )
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The u n c e r ta in ty  in  each  p a ra m e te r  i s

where g a re  th e  d ia g o n a l m a tr ix  e lem en t i n  th e  e r r o r  m a tr ix  e .
J J

The u n c e r ta in ty  c a lc u la te d  in  t h i s  experim en t was fo llo w e d  

by th e  e q u a tio n

X *( T 2- *
aJ N - f

Where N i s  th e  number o f  d a ta  p o i n t s ,  and

P i s  th e  number o f  f r e e  p a ra m e te rs .

T h is w i l l  in c r e a s e  th e  u n c e r ta in ty  in  each  p a ra m e te r  i f  > 1 .
2

S ince th e  p r e d ic te d  v a lu e  o f  x  i s  th e  number o f  d a ta  p o in ts  N minus 

1 f o r  each  p a ra m e te r  d e te rm in ed  from  th e  d a ta  we sh o u ld  f in d  t h a t

A/-P

( C-1 2 )

(C-13)

(C-lU )
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M easured e q u il ib r iu m  f r a c t i o n s  o f  th e  hydrogen ch arg e  s t a t e s  

H+ , H °, and H~ (F+ 1 , Fq , and F_1S r e s p e c t iv e ly )  e x i t in g  a  

g o ld  f o i l  as a  fu n c t io n  o f  in c id e n t  p ro to n  k i n e t i c  e n e rg y . 

S o l id  l i n e s  a re  th e  r e s u l t s  from  r e f .  ( 2 5 ) ,  dashed  l i n e s  a re  

th e  r e s u l t s  from  r e f .  (27 ) .

M o d ified  h y p e rf in e  energy  l e v e l s  o f  M-M system . F or th e  

p u rp o se  o f  i l l u s t r a t i o n ,  th e  e f f e c t  o f  6 has been  g rea tly - 

e x a g g e ra te d . S o l id  l i n e s  a re  energy  l e v e l s  o f  M-M system ; 

The symbols (+) and ( - )  in d ic a te  sym m etric and a n tisy m m e tric  
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C a l ib r a t io n  cu rve  f o r  p re c e s s io n  f i e l d .

E le c t r o n ic  b lo c k  d iagram  f o r  muonium p ro d u c tio n  e x p e rim e n t.
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gas a t  a  m agnetic  f i e l d  o f  -  3 .0  G. ( l  b in  = 1 c h a n n e l) .

12 t y p i c a l  raw  s p e c t r a  o f  muonium p re c e s s io n  i n  200 g o l d - f o i l  
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3a show th e  v a lu e s  o f  R and T a t  o n e , tw o , and th r e e  s ta n d a rd  

d e v ia t io n s  away from  th e  b e s t - f i t  p o in t ,  (a )  q u a r tz  a t  

H = -U .0  G, (b ) 2280 T o rr  argon  gas a t  H = - 3 .0  G.

16 F i r s t  h a l f  o f  th e  muonium p re c e s s io n  cu rv e  f o r  2280 T o rr argon  

gas a t  H = -3 .0  G c o r r e c te d  f o r  background  and th e  f r e e  expon­

e n t i a l  decay o f  th e  muon, each  b in  r e p r e s e n ts  3 c h a n n e ls , o r  

30 n s e c .

17 Frequency a n a ly s is  o f  muonium p re c e s s io n  i n  (a )  argon  a t  2280 

T o rr w ith  H = - 3 .0  G, (b )  200 g o ld  f o i l  i n  argon  a t  2280 T o rr
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w ith  H = - 3 .0  G, (c )  argon  a t  1290 T o rr  w ith  H = - 3 .0  G,

(d ) 200 g o ld  f o i l  in  argon a t  1290 T o rr w ith  H = - 3 .0  G.

The v a lu e  o f  R i s  p l o t t e d  a g a in s t  th e  muonium freq u en cy  

(a)/2irH). The d o ts  a re  h e s t - f i t  r e s u l t s .  S o l id  cu rves 

a re  F o u r ie r  s p e c t r a  o f  muonium o s c i l l a t i o n  a t  th e  

m easured m agnetic  f i e l d s .

18 F i r s t  two c y c le s  o f  muonium p re c e s s io n  cu rve  f o r  200 g o ld  

f o i l  i n  vacuum a t  H = +8.U G, c o r r e c te d  f o r  backg round ,

th e  f r e e  e x p o n e n tia l  decay o f  th e  muon and th e  r e s id u a l

f r e e  muon p r e c e s s io n .  Each b in  r e p r e s e n ts  2 c h a n n e ls .

19 F requency a n a ly s is  o f  muonium p re c e s s io n  i n  200 g o ld  f o i l s  

w ith  (a )  H = + 8 .H G, (b ) H = -1 0 .5  G, (c )  H = - 9 .3  G, (d)

H = - 7 .0  G, and ( e )  H = - 5 .0  G. The v a lu e  o f  R i s  p l o t t e d  

a g a in s t  th e  muonium fre q u e n c y  (oj/2-rrH). The d o ts  a re  b e s t -  

f i t  r e s u l t s ,  and s o l i d  cu rv es  a re  F o u r ie r  s p e c t r a  o f  muonium 

o s c i l l a t i o n  a t  th e  m easured m agnetic  f i e l d s .

20 Frequency a n a ly s i s  o f  d a ta  o b ta in e d  when y+ a re  s to p p e d  in

800 c lo s e ly -p a c k e d  g o ld  f o i l  f o r  (a )  H = -5  G, (b ) H = +21 G.

21 F requency a n a ly s is  o f  d a ta  o b ta in e d  when y+ a re  s to p p ed  in

empty fram e f o r  (a )  H = - 3  G, (b ) H = - 9  G.

22 Schem atic d iag ram  o f  a p p a ra tu s  f o r  M-M e x p e rim e n t. The Pb 

C o llim a to r  w i th in  th e  m agnetic  s h ie ld in g  i s  n o t shown.

23 C o n s tru c tio n  o f  th e  sp a rk  cham ber.

2k C i r c u i t r y  f o r  d i s t r i b u t i n g  h ig h  v o l ta g e  and c le a r in g  f i e l d  

t o  th e  sp a rk  cham ber.

25 E le c t ro n ic  b lo c k  d iagram  f o r  M-M e x p e rim e n t.



107

F ig u re  26 Two t y p i c a l  sp a rk  t r a c k s  f o r  an e le c t r o n  e v e n t.  The b e n t

t r a c k  i s  a  to p  view  from  th e  r e f l e c t i o n  o f  th e  m ir ro r  w h ile  

th e  s t r a i g h t  t r a c k  i s  a  f r o n t  view  o f  e v e n t.

F ig u re  27 H istogram  o f  obse rv ed  e “ e v e n ts  ( s o l i d  l i n e )  and th e  norm al­

iz e d  r e s u l t s  o f  a  Monte C arlo  c a lc u la t io n  o f  th e  b re m s s tra h lu n g -

p a irp p ro c e s s  f o r  decay p o s i t r o n s  (h a tc h e d ) .

F ig u re  28 H istogram  o f  obse rv ed  e+ e v e n ts  ( s o l i d  l i n e )  and th e  norm al­

iz e d  r e s u l t s  o f  a  Monte C arlo  c a lc u la t io n  o f  th e  b re m s s tra h lu n g -

p a i r  p ro c e s s  f o r  decay p o s i t r o n s  (h a tc h e d ) .
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