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ABSTRACT 

W e  r e p o r t  t h e  measurement of the  e n e r g i e s  and t h e  re la t ive  

i n t e n s i t i e s  of va r ious  muonic atomic t r a n s i t i o n s  above 500 k e V  i n  

2 0 8 P b  inc lud ing  t r a n s i t i o n s  t o  and from t h e  2 s  level. 

u sua l  El t r a n s i t i o n s  w e  have observed 3d-tls and 4d+2p E2 t r a n s i t i o n s .  

I n t e r p r e t a t i o n  of these data i n  t e r m s  of va r ious  charge d i s t r i b u -  

t i o n s  i s  made. Appreciably b e t t e r  f i t s  are obta ined  by assuming t h e  

presence  of nuc lea r  p o l a r i z a t i o n  and al lowing t h e  nuc lea r  p o l a r i z a -  

t i o n  parameters  A E ( 1 s )  and A E ( 2 s )  of t h e  I s  and 2 s  levels t o  vary.  

Leas t  squares  f i t s  i n d i c a t e  va lues  of  A E ( 1 s )  = -8 .9k2 .7  k e V  and 

AE ( 2 s )  = -0 .6k0 .7  keV. Comparisons wi th  e l e c t r o n  s c a t t e r i n g  r e s u l t s  

are made. 
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1 .  In t roduct ion  

T r a d i t i o n a l l y  t h e  s tudy of muonic x rays i n  high Z s p h e r i c a l  

n u c l e i  has allowed one t o  c h a r a c t e r i z e  t h e  nuc lea r  charge d i s t r i -  

bu t ion  i n  t e r m s  of two parameters. '  

been t o  u s e  t h e  2p+ls ( K )  t r a n s i t i o n s  and 3d -+ 2p (L) t r a n s i t i o n s  

The s tandard  procedure has 

f o r  information concerning t h e  I s  and 2p muonic l e v e l s  i n  o rde r  

t o  determine parameters  such as t h e  h a l f - d e n s i t y  r ad ius  and t h e  

s k i n  t h i ckness  of a Fe rmi  d i s t r i b u t i o n .  T r a n s i t i o n s  between s t a t e s  

of h igher  p r i n c i p a l  quantum nunher n ,  such a s  t h e  4f+3d (M) t r a n s -  

i t i o n s ,  were r e a d i l y  observable  but  provided e s s e n t i a l l y  no addi -  

t i o n a l  information concerning t h e  nucleus and i t s  e lec t romagnet ic  

i n t e r a c t i o n s  a s i d e  from higher  o rde r  vacuum p o l a r i z a t i o n  e f f e c t s .  

Unfortunately t h i s  procedure l e f t  i n a c c e s s i b l e  t o  experimental  

v e r i f i c a t i o n  t h e  p red ic t ed  e f f e c t s  of nuc lea r  p o l a r i z a t i o n  by t h e  

muon. 

The effect  a muon bound i n  an atomic s t a t e  might have on t h e  

charge d i s t r i b u t i o n  and v i ce  versa  has  been t h e  s u b j e c t  of numerous 

t h e o r e t i c a l  s t u d i e s .  O r i g i n a l l y  t h e  inc rease  i n  binding energy of 
3 t h e  I s  muonic s t a t e  i n  Pb was p red ic t ed  t o  be a s  l a r g e  a s  - 6 0  k e V  

but  more r e c e n t l y  t h e  p r e d i c t i o n s  have converged4f5f6  t o  a value 

of about -6 keV, an effect  r e a d i l y  observable  today w i t h  s o l i d - s t a t e  

G e  ( L i )  d e t e c t o r s .  

An experimental  determinat ion of t h i s  q u a n t i t y  i s  n o t  only 

important  a s  a check of t h e  t h e o r e t i c a l  methods involved i n  t h e  

c a l c u l a t i o n s  b u t  a l s o  e s s e n t i a l  i n  t h e  i n t e r p r e t a t i o n  of muonic 

x-ray d a t a  i n  t e r m s  of t h e  b a r e  o r  unpolar ized nuc lea r  charge d i s -  

t r i b u t i o n  unaf fec ted  by t h e  presence of t h e  muon. Indeed, one could 
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make a case t h a t  muonic p o l a r i z a t i o n  measurements can be  used 

i n d i r e c t l y  as a check o f  t h e o r e t i c a l  c a l c u l a t i o n s  of s i m i l a r  

p o l a r i z a t i o n  e f f e c t s  i n  e l e c t r o n  s c a t t e r i n g  by comparing t h e  

i n f e r r e d  charge d i s t r i b u t i o n s  from muonic x r a y s  and e l e c t r o n  

s c a t t e r i n g .  These p o l a r i z a t i o n  effects have n o t  y e t  been s t u d i e d  

i n  e l e c t r o n  s c a t t e r i n g  experiments which s tudy  n u c l e a r  charge 

d i s t r i b u t i o n s .  7 

T o  determine a t h i r d  p i e c e  o f  in format ion ,  i .e .  t h e  n u c l e a r  

p o l a r i z a t i o n ,  measurements must be made of t h e  energy of a t h i r d  

muon atomic level.  The obvious cand ida te  i s  the  2 s  l e v e l  as can 

be seen from Fig .  1 where w e  have p l o t t e d  t h e  l i n e a r  p r o b a b i l i t y  

d e n s i t y  $I of t h e  muon i n  2 o  'Pb as  a f u n c t i o n  of t h e  r ad ia l  d i s t a n c e  

f r o m  the c e n t e r  of t h e  nucleus,  where 

j m d r  = L m ( f 2 + g 2 ) r 2 d r  = 1 

and f and g are t h e  r a d i a l  s o l u t i o n s  t o  t h e  Dirac equa t ion .  

The drawing inc ludes  wave func t ions  f o r  a l l  levels w i t h  n < 3 - 
w i t h  t h e  excep t ion  of t h e  3s l e v e l ,  which a t  p r e s e n t  muon i n t e n s -  

i t i e s  seems t o o  weakly populated t o  be s t u d i e d .  W e  r e t u r n  t o  t h i s  

p o i n t  i n  t h e  next  s e c t i o n .  I t  i s  e v i d e n t  f r o m  t h e  drawing t h a t  

t h e  ove r l ap  of t h e  2 s  l eve l  wi th  t h e  nucleus,  whose charge d i s -  

t r i b u t i o n  i s  given by t h e  t h i n  l i n e ,  i s  second only t o  t h e  I s  s ta te .  

The f ac t  t h a t  t h e  2 s  level i s  so  weakly populated - of t h e  o r d e r  

of 1 %  t h a t  of t h e  2p levels - has been t h e  reason t h a t  t h e  use fu lness  o f  

this level has  been e x p l o i t e d  only r e c e n t l y .  
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Anderson e t  a1 f irst  announced obse rva t ion  of t h e  2 s  level  

i n  heavy muonic atoms r e p o r t i n g  one member of each of t h e  2s+2p and 

3 p 2 s  doub le t s  i n  2 0 6 P b .  

e n e r g i e s  of a l l  members of t h e  3p+2s and 2s+2p doub le t s  i n  1 4 0 C e .  

W e 9  l a t e r  s u c c e s s f u l l y  measured t h e  

W e  have s t u d i e d  t h e  muonic spectrum of 2 o  8Pb t o  see i f  t h e  

t r a n s i t i o n s  no t  r epor t ed  i n  2 0 6 P b  could be  s e e n  i n  t h i s  i s o t o p e  

of l ead .  2 0 8 P b  has  a l so  t h e  m e r i t  of be ing  a more t h e o r e t i c a l l y  

t r a c t a b l e  nucleus as it i s  doubly magic and hence a more a t t r ac t ive  

tes t  o f  n u c l e a r  matter t h e o r i e s .  

Our g o a l  has  been t o  measure p r e c i s e l y  as many t r a n s i t i o n s  t o  

and from t h e  I s ,  2 s ,  2p and 3p muonic levels as  p o s s i b l e .  W e  have 

observed 17 t r a n s i t i o n s  of which 8 are s u f f i c i e n t l y  w e l l  d e t e r -  

mined t o  y i e l d  u s e f u l  in format ion  concerning t h e  n u c l e a r  charge 

d i s t r i b u t i o n  and t h e  nuc lea r  p o l a r i z a t i o n .  

A s  a byproduct of these s t u d i e s  w e  have a l s o  observed s e v e r a l  
10 

h ighe r  order t r a n s i t i o n s .  Beside t h e  normal e lectr ic  d i p o l e  ( E l )  

t r a n s i t i o n s  which are used t o  determine t h e  nuc lea r  charge pa ra -  

meters, w e  have observed t h e  e lectr ic  quadrupole (E21 t r a n s i t i o n s  

4f+2p and 3d+ls.  These t r a n s i t i o n s  a l l o w  a reasonably d i r ec t  

de te rmina t ion  of t h e  r e l a t i v e  popula t ion  of states wi th  t h e  same 

p r i n c i p a l  quantum numbers b u t  w i t h  d i f f e r e n t  angular  momenta. 

This  information has  been u s e f u l  as a check of cascade c a l c u l a t i o n s ,  

made as p a r t  of t h e  i d e n t i f i c a t i o n  of t h e  less i n t e n s e  d i p o l e  t r a n s i -  

t i o n s  t o  and f r o m  t h e  2 s  s t a t e .  

I n  Sec t ion  2 w e  summarize t h e  t h e o r e t i c a l  a s p e c t s  related t o  

muonic ‘Pb. Sec t ion  3 d i scusses  t h e  exper imenta l  appara tus  and 

procedure.  The techniques  of data a n a l y s i s  appear  i n  Sec t ion  4. 

Sec t ion  5 c o n t a i n s  t h e  experimental  r e s u l t s  and a comparison w i t h  
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o t h e r  muonic x- ray  experiments .  F i n a l l y  i n  Sec t ion  6 w e  i n t e r p r e t  

our  r e s u l t s  i n  t e r m s  of charge d i s t r i b u t i o n  parameters  and n u c l e a r  

p o l a r i z a t i o n  and compare t h e s e  wi th  e l e c t r o n  s c a t t e r i n g  d a t a .  

The r e a d e r  must be caut ioned t h a t  t h e  t h e o r e t i c a l  i n t e r p r e -  

t a t i o n  of o u r  d a t a  i n  terms of a two-parameter charge d i s t r i b u t i o n  

and t h e  n u c l e a r  p o l a r i z a t i o n  of t h e  I s  l e v e l  need n o t  be unique. 

I n  Sec t ion  6 w e  s h a l l  r e t u r n  t o  t h i s  ques t ion  by examining t h e  s e n s i -  

t i v i t y  of ou r  d a t a  t o  d i f f e r e n t  assumptions concerning t h e  charge 

d i s t r i b u t i o n ,  

2 .  Theory 

F ig .  2 shows an energy level diagram f o r  muonic 2 o  *Pb with  a 

loga r i thmic  scale i n d i c a t i n g  f o r  each level  t h e  re la t ive p o s i t i o n s  

of t h e  e igenvalues  of t h e  D i r a c  equa t ion  f o r  a f i n i t e  d i s t r i b u t i o n  

of charge ( s o l i d  l i n e s )  and t h e  e igenvalues  f o r  a p o i n t  nucleus 

(dashed l i n e s ) .  The l a r g e  f i n i t e - s i z e  s h i f t  f o r  levels w i t h  1152 

i s  q u i t e  ev iden t .  The arrows i n  F ig .  2 denote t h e  observable 

e lec t r ic  d i p o l e  ( E l )  t r a n s i t i o n s .  

The s o l u t i o n s  t o  t h e  Dirac equat ion  w e r e  ob ta ined  us ing  a 

computer code of M c K e e l  'which numerical ly  i n t e g r a t e s  t h e  equat ion  

us ing  a Runge-Kutte technique.  The e igenvalues  have been c o r r e c t e d  

f o r  vacuum p o l a r i z a t i o n  i n  f i r s t  o r d e r  u s ing  t h e  theory  of Schwinger12 

and i n  h i g h e r  o r d e r  w e  have inc luded  t h e  c o r r e c t i o n s  c a l c u l a t e d  by 

F r i c k e .  l 3  

and the anomalous magnetic moment of  t he  muon have been c a l c u l a t e d  

us ing  the  procedure of B a r r e t t . 1 4  I n  a l l  levels except  t h e  I s  w e  

have assumed t h e  va lues  c a l c u l a t e d  f o r  n u c l e a r  p o l a r i z a t i o n  by 

Skardhamar. The choice of t h i s  p a r t i c u l a r  set of va lues  t o  be used 

The Lamb s h i f t  i nc lud ing  e f f e c t s  due t o  v i r t u a l  muon p a i r s  
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i n  our  f i t s  was prompted by t h e  f a c t  t h a t  t h e  c a l c u l a t i o n s  i n  

Ref. 6 have been c a r r i e d  o u t  f o r  a l l  muonic s t a t e s  t h a t  w e  have 

observed. Where comparison i s  p o s s i b l e  t h e r e  i s  no s i g n i f i c a n t  

d i f f e r e n c e  between t h e  c a l c u l a t i o n s  of Chen 'and those  of Ref. 6 .  

I n  gene ra l ,  w e  allowed t h e  p o l a r i z a t i o n  s h i f t  i n  t h e  I s  

l e v e l  t o  vary i n  our  f i t s .  Presumably i f  t h e  experimental  value 

obtained i n  t h i s  experiment ag rees  reasonably w e l l  wi th  t h e  theo-  

r e t i c a l  va lue ,  our  assumption of t h e  c a l c u l a t e d  va lues  f o r  t h e  

h ighe r  l e v e l s  would be j u s t i f i e d .  On the o t h e r  hand, even i f  t h e  

experimental  value f o r  t h e  I s  p o l a r i z a t i o n  does no t  confirm the 

t h e o r e t i c a l  value p r e c i s e l y ,  t h e r e  i s  reason t o  b e l i e v e ,  as poin ted  

out  by Chen , t h a t  t h e  p r e d i c t i o n s  f o r  t he  h ighe r  levels a r e  more 

accu ra t e  because they  inc lude  sma l l e r  c o n t r i b u t i o n s  t o  the p o l a r i -  

z a t i o n  from t h e  monopole e x c i t a t i o n .  It  i s  t h e  monopole modes 

which c o n t r i b u t e  heav i ly  t o  the  unce r t a in ty  of t h e  I s  l e v e l ,  because 

of t h e  l a c k  of experimental  v e r i f i c a t i o n .  

5 

For a n a l y t i c a l  convenience and t o  a l low comparison w i t h  e l e c t r o n  

s c a t t e r i n g  d a t a l 5 ,  w e  have chosen t o  parametr ize  our  d a t a  i n  terms 

of charge d i s t r i b u t i o n s  expressed i n  t h e  form of t h e  two gene ra l i zed  

F e r m i - l i k e  func t ions  given below: 

P, (r) = P o  f ncm (r)  [ I  t w r 2 / c 2 ]  

where f (r) ncm t exp(nm( (r/clm - 
I n  a s t anda rd  F e r m i  d i s t r i b u t i o n  wi th  w = 0 and m = 1, the  para-  

meter c would correspond t o  a h a l f - d e n s i t y  r a d i u s  and t h e  parameter 
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n i s  r e l a t e d  t o  t h e  s k i n  th i ckness  ( 9 0 %  - 1 0 % )  t through t h e  

r e l a t i o n  
n = c l n ( 8 1 ) /  t (3 )  

A non-zero va lue  f o r  w a l lows  f o r  a c e n t r a l  depress ion  o r  a 

hump i n  t h e  charge d i s t r i b u t i o n  at t h e  o r i g i n .  The exponent m 

a l lows €or a d i f f e r e n t  f a l l - o f f  o f  the charge d i s t r i b u t i o n  a t  

l a r g e  d i s t a n c e s .  

A n t i c i p a t i n g  t h e  va lues  of one of t h e  charge d i s t r i b u t i o n s  

b e s t - f i t  by our  measured muonic t r a n s i t i o n s  w e  l i s t  t y p i c a l  va lues  

f o r  t h e  e igenvalues  and t h e  c o r r e c t i o n s  mentioned above. I n  

TABLE 1 w e  used t h e  charge d i s t r i b u t i o n  func t ion  p (r) w i t h  c = 

1.1235 A 

t i o n s - - t h e  f irst  order vacuum p o l a r i z a t i o n  and t h e  Lamb s h i f t - -  

1 
f m ,  n = 12.673, m z 1 and w E 0 .  The f i r s t  two correc- 1 /3  

w e r e  c a l c u l a t e d  as f irst  order p e r t u r b a t i o n s  t o  t h e  main p o t e n t i a l  

b u t  w i t h  f i n i t e  s i z e  wave func t ions .  The remaining t w o  c o r r e c t i o n s  
6,13 

t o  the  e n e r g i e s  w e r e  t aken  d i r e c t l y  f r o m  t h e  l i t e r a t u r e .  

A s  p a r t  of ou r  i d e n t i f i c a t i o n  of t h e  weak t r a n s i t i o n s  t o  and 

f r o m  t h e  2 s  level  w e  used t h e  observed re la t ive  i n t e n s i t i e s  of t h e  

muonic x rays .  I n  t h e  long  wave l e n g t h  approximation t h e  p r o b a b i l i t y  

of a bound muon making an Lth order e lectr ic  (EL) atomic t r a n s i t i o n  

i s  given by16: 
2 L t 1  P ( E L )  = 2am c2 /h  ( L  t 1 ) / [ ( 2 L  t 1) L[(2L - 1 ) ! ! 1 2 ]  (AE/m c 2 )  

j-tj 1 

( 2 j '  t 1) j j '  1 / ( a Z ) 2 L [ ( Z / a , ) ~ w r L ( f f '  t g g ' ) r 2  d r I 2  
(+?5 Lg) 

where f and g ( f '  and 9 ' )  are the  i n i t i a l  ( f i n a l )  r a d i a l  Dirac wave 

( 4 )  

func t ions  fo r  a muon bound t o  a nucleus wi th  charge Z ;  
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a,, i s  t h e  muon Bohr r a d i u s ;  

aE i s  t h e  energy o f  a muonic t r a n s i t i o n  between atomic s ta tes  

wi th  t o t a l  angu la r  momenta j and j f .  

Following t h e  t r ea tmen t  of  Eisenberg and Kessler17, w e  have 

c a l c u l a t e d  t h e  r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  assuming as 

t h e  only competing p rocesses  Auger K and L e l e c t r o n  emission.  

Using t h e  computer code of Hufnert  

w e  followed t h e  muon cascade beginning a t  t h e  n = 1 4  level,  

assuming t h a t  a l l  s u b s t a t e s  i n  t h i s  level  are s t a t i s t i c a l l y  

populated,  i . e .  p r o p o r t i o n a l  t o  (21 t 1 ) .  For a l l  levels wi th  

f o r  atomic levels  w i t h  n14, 

n>4 poin t -nuc leus  atomic wave f u n c t i o n s  w e r e  used t o  c a l c u l a t e  

t h e  r a d i a l  mat r ix  e lements  and p o i n t  nuc leus  t r a n s i t i o n  e n e r g i e s  

AE w e r e  employed. 

t h e  r a d i a l  matrix elements assuming t h e  Fe rmi  d i s t r i b u t i o n  p 1  w i t h  

t h e  same parameters  given above. W e  used our measured e n e r g i e s  

fo r  these lower t r a n s i t i o n s  which w e  observed. Otherwise w e  used 

t h e  f i n i t e  nucleus e igenvalues  c a l c u l a t e d  us ing  t h e  above pa ra -  

meters. The c a l c u l a t i o n s  took account  of both  El and E2 r a d i a t i v e  

t r a n s i t i o n s  f o r  a l l  l e v e l s  f o r  1155. However, only t h e  4f+2p and 

3d+ls t r a n s i t i o n s  w e r e  i n t e n s e  enough t o  be observed. 

For  nL4 w e  solved t h e  D i r a c  equa t ion  t o  o b t a i n  

E 2  t r a n s i t i o n s  can be  observed i n  muonic atoms of high Z 

when it i s  p o s s i b l e  f o r  a muon t o  make an e n e r g e t i c a l l y  favored 

E2 t r a n s i t i o n  wi th  a change i n  p r i n c i p a l  quantum number An>l 

i n s t e a d  of an El t r a n s i t i o n  with n=l .  For example, t h e  c a l c u l a t e d  

'The cascade c a l c u l a t i o n s  f o r  a p o i n t  d i s t r i b u t i o n  w e r e  made w i t h  

a program supp l i ed  by J. Hufner as modified by G. Hunt. 
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value of t h e  r a t i o  R of d e - e x c i t a t i o n  i n t e n s i t i e s  from t h e  3d 

atomic s t a t e  v i a  El and E2 t r a n s i t i o n s  i s  given (us ing  non- re l a -  

t i v i s t i c  wave func t ions  f o r  a p o i n t  nuc lea r  charge d i s t r i b u t i o n )  

by 
R ( E l / E 2 )  = P(3d+2p)/  P (3d+ l s )  = 15/ (ZaI2 

(5) 
= 42.  for 208Pb .  

Using r e l a t i v i s t i c  wave func t ions  f o r  a f i n i t e  d i s t r i b u t i o n  of 

nuc lear  charge w e  f i n d  t h a t  the p red ic t ed  r a t i o  R decreases  by 

more than a f a c t o r  of 2 t o  2 0 . 4 .  Indeed, such E2 t r a n s i t i o n s  

from c i r c u l a r  o r b i t s  ( R  = n - 1 )  can be of comparable i n t e n s i t y  

t o  El t r a n s i t i o n s  from inne r  o r b i t s  (R C n - 1) which a r e  much 

less populated than  the c i r c u l a r  o r b i t s .  Consider t h e  t h e o r e t i c a l  

populat ions of t h e  muonic atomic l e v e l s  i n  2 o  'Pb given i n  TABLE 2 .  

Although t h e  El t r a n s i t i o n  r a t e  f r o m  t h e  3p l e v e l  t o  t h e  I s  level 

i s  considerably f a s t e r  than  the E2 d e - e x c i t a t i o n  ra te  from t h e  3d 

l e v e l  t o  t h e  I s  l e v e l  by more than  an order  of magnitude, t he  high 

populat ion of t h e  3d l e v e l  r e l a t i v e  t o  t h e  3p level a c t u a l l y  p re -  

d i c t s  more i n t e n s e  3d+ls E2 t r a n s i t i o n s  than t h e  3p-s E l  t r a n s i -  

t i o n s .  Notice  t h a t  the 3s l e v e l  is  p red ic t ed  t o  b e  less than  

o n e - f i f t h  a s  h ighly  populated as t h e  2 s  l e v e l ,  which i tself  i s  

occupied 1 .6% of t h e  t i m e .  Observation of t h e  3s and 4 s  l e v e l s  

was beyond t h e  s ta t i s t ics  of t h i s  experiment.  

I n  l i g h t  of t h e  f a c t  t h a t  our i n t e n s i t y  p red ic t ions  a r e  

intended only a s  a secondary v e r i f i c a t i o n  of our i d e n t i f i c a t i o n  

of t h e  weak atomic t r a n s i t i o n s ,  w e  neglected two e f f e c t s  which w i l l  

q u a n t i t a t i v e l y  a f f e c t  t h e  p r e d i c t i o n s .  F i r s t  w e  neglected such 

r a d i a t i o n l e s s  t r a n s i t i o n s  a s  prompt neutron emission observed by 



9 

Hargrove e t  a l .  * This  mechanism could  produce a depopulat ion of  

some of  t h e  l e v e l s  w i t h  1123. Experiments performed a t  the Chicago 

synchrocyclotron sugges t  t h a t  t h e s e  effects could be as l a r g e  as 

1 0 % .  Secondly , for  p r e c i s e  c a l c u l a t i o n s  i n  h igh  2 muonic atoms, 

t h e  long wave l eng th  approximation used i n  t h i s  d i s c u s s i o n  should 

be rep laced  by t h e  e x a c t  expression19 con ta in ing  s p h e r i c a l  Bessel 

func t ions  r e s u l t i n g  from t h e  mul t ipo le  expansion of t h e  v e c t o r  

p o t e n t i a l .  I n  s p i t e  of t h e s e  approximations,  w e  f i n d  reasonably 

good agreement between observed and p r e d i c t e d  r e l a t i v e  i n t e n s i t i e s .  

3 .  Experimental Details  

3.1 Beam and Apparatus 

The d a t a  f o r  this experiment w e r e  collected dur ing  t w o  e x p e r i -  

mental pe r iods  a t  t h e  600 MeV synchrocyclotron of t h e  N.A.S.A. Space 

Radia t ion  Effects Laboratory (SREL) i n  Newport N e w s ,  V i r g i n i a .  A 

l o w  d u t y - f a c t o r  beam w a s  produced w i t h  a t h i n  carbon f i l amen t  "harp" 

as an  i n t e r n a l  t a r g e t .  

The prime experimental  concern has been t h e  measurement of 

ene rg ie s  of t r a n s i t i o n s  t o  and f r o m  t h e  muonic 2 s  s t a t e .  Since these 

are of low i n t e n s i t y ,  w e  used t h e  backward beam t r a n s p o r t e d  by t h e  

SREL meson channel i n  o rde r  t o  o b t a i n  t h e  best p o s s i b l e  s i g n a l - t o -  

n o i s e  r a t i o .  A prev ious  muonic x-ray experiment w i t h  'Ce had 

shown t h a t  a l though t h e  forward beam had t w i c e  t h e  p a r t i c l e  i n t e n s i t y ,  

there w a s  a lso g r e a t e r  c ~ n t a m i n a t i o n . ~  U s e  of t h e  backward muon beam 

improved t h e  s i g n a l - t o - n o i s e  r a t i o  from 2 : l  t o  3.5: 1 a t  4 . 2  MeV 

( I 4 ' C e  K l i n e s )  and f r o m  5:l t o  8 . 5 : l  a t  1 . 3  MeV ( I 4 ' C e  L l i n e s ) .  
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A s t anda rd  beam t e l e s c o p e  w a s  used as i s  shown i n  p r o f i l e  i n  

F ig .  3. Counters 1 and 2 se rved  as a beam monitor.  Counter 3, 

which w a s  a d j a c e n t  t o  and t h e  same s i z e  as t h e  ta rge t ,  de f ined  

muons i n c i d e n t  on t h e  t a r g e t .  Counter 4 w a s  a large a n t i - c o i n c i -  

dence counter  used t o  d e f i n e  a s t o p  and coun te r  5 served  t o  monitor 

t h e  e f f i c i e n c y  of 4 .  Under proper  o p e r a t i n g  cond i t ions  coun te r  4 

was about 98.5% e f f i c i e n t  as determined by t h e  r a t i o  (1235) / (12345) .  
- 

A s topping  muon w a s  s i g n i f i e d  by concident  s i g n a l s  from counters  

1 , 2  and 3 w i t h  no s i g n a l  from 4 ,  i .e .  (1234) .  Because o u r  range 

curve i n d i c a t e d  less than  a 5% e l e c t r o n  contaminat ion,  w e  used 

no Cerenkov coun te r  t o  veto e l e c t r o n s .  Muon s topping  rates w e r e  

t y p i c a l l y  25 k / s .  

Precaut ions  w e r e  t aken  t o  exclude high 2 material f r o m  t h e  

region of t h e  gamma r a y  detector. The s h i e l d i n g  c o n s i s t e d  exc lu -  

s i v e l y  of bo ra t ed  CH and t h e  frame suppor t ing  t h e  coun te r s  w a s  

cons t ruc t ed  of Al. The n e a r e s t  Pb ,as ide  f r o m  t h e  t a r g e t ,  was i n  
2 

t h e  20 c m  x 20 c m  beam collimator,  which w a s  1 m upstream f r o m  

t h e  t a r g e t .  The beam w a s  moderated w i t h  25 c m  x 25 c m  poly-  

e thy lene  sheets which w e r e  i n s e r t e d  downstream of counter  2 .  The 

photon d e t e c t o r  w a s  p laced  c e n t r a l l y  under t h e  ta rge t  and w a s  kept  

beneath t h e  beam l e v e l  i n  o r d e r  t o  minimize beam-rate effects.  A 

t y p i c a l  s i n g l e s  ra te  i n  t h e  d e t e c t o r  w a s  2000  counts p e r  second. 

T h e  detector w a s  a 7% e f f i c i e n t ,  c o a x i a l l y - d r i f t e d  G e ( L i )  d e t e c t o r  

(Pr ince ton  Gamma Tech) . Under o p e r a t i n g  cond i t ions  t h i s  d e t e c t o r  

e x h i b i t e d  a r e s o l u t i o n  of 3.2 keV a t  1.3 MeV ( 6  O C o )  and 3.6 k e V  a t  

2 .6  MeV ( 5 6 C 0 ) .  

The d e t a i l e d  composition of t h e  t a r g e t  and i t s  dimensions are 

shown i n  TABLE 3. The t a r g e t  w a s  Pb ( N 0 3 ) 2  powder p laced  i n  a 
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r e c t a n g u l a r  box made from t h i n  p l a s t i c  s h e e t s .  

3.2 E l e c t r o n i c s  

W e  c o l l e c t e d  e s s e n t i a l l y  t w o  p i e c e s  o f  in format ion  dur ing  t h e  

experiment: t h e  p u l s e  h e i g h t  of t h e  Y r ay  i n  t h e  d e t e c t o r  and t h e  

t iming  of  t h e  y r a y  re la t ive t o  a muon s topp ing  w i t h i n  500 ns .  I n  

t h i s  d i scuss ion  t h e  t e r m  y r a y  w i l l  be  used t o  mean e i t h e r  a n u c l e a r  

y r ay  o r  a muonic atomic x ray .  These t w o  dimensional s p e c t r a  

allowed us t o  d i s t i n g u i s h  between prompt e v e n t s  such a s  a muonic 

x r ay ,  where t h e  muon s t o p  and t h e  subsequent atomic x r a y  are 

exper imenta l ly  in s t an taneous ,  and delayed even t s  such as n u c l e a r  

y r ays  r e s u l t i n g  f r o m  muon capture .  

B o t h  p i e c e s  of informat ion  w e r e  fed  i n t o  Analog t o  D i g i t a l  

Converters (ADC) which w e r e  ga t ed  on after a Y-stop coincidence had 

been detected. Fig.  4 shows t h e  main l o g i c  c i r c u i t r y  used i n  

ana lyz ing  t h e  s i g n a l s .  The s topped muon s i g n a l  (123i)  w a s  ob ta ined  

from t h e  usua l  combination of d i s c r i m i n a t o r s ,  de lays  and coincidence 

u n i t s .  The s i g n a l  from t h e  detector w a s  i n i t i a l l y  passed through 

a room-temperature FET p r e a m p l i f i e r  (Canberra 1408C) which a l s o  

received a s i g n a l  from a r e fe rence  p u l s e r  used f o r  s t a b i l i z a t i o n .  

T h e  p u l s e r  s i g n a l  w a s  fed t o  t h e  f i r s t  p r e a m p l i f i e r  s t a g e  through 

a 1.5 pf p r e c i s i o n  c a p a c i t o r  which had a temperature  s t a b i l i t y  of 

1 p a r t  i n  10 p e r  degree cen t ig rade .  P reampl i f i e r  s i g n a l s  w e r e  fed  

t o  t h e  main a m p l i f i e r  system which c o n s i s t e d  of a Tennelec TC200 

a m p l i f i e r  and a Tennelec TC203 Linear  Ampl i f ie r ,  where the  p u l s e s  

w e r e  shaped and po le -ze ro  and b a s e l i n e  r e s t o r a t i o n s  w e r e  app l i ed ,  

be fo re  energy a n a l y s i s .  Two a d d i t i o n a l  S tage  1 ou tpu t s  f r o m  t h e  
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TC200 were f e d  i n t o  d i s c r i m i n a t o r s  and then recombined i n  a 

coincidence u n i t  t o  extract  a t iming  s i g n a l  for  t h e  p u l s e .  One 

d i s c r i m i n a t o r  w a s  set t o  t r i g g e r  above t h e  no i se  and w a s  g iven 

a wide o u t p u t ,  whi le  t h e  o t h e r  t r i g g e r e d  i n  t h e  n o i s e  b u t  had 

a narrow, s l i g h t l y  delayed ou tpu t .  Thus an ou tpu t  from t h e  

coincidence u n i t  denoted a s i g n a l  whose magnitude was above t h e  

noise  bu t  y e t  could be given,effectively,leading edge t iming .  

Using t h i s  method we ob ta ined  a t iming  r e s o l u t i o n  of  100 ns  

f u l l  width a t  h a l f  maximum (FWHM) over an energy reg ion  from 

0.1  t o  8.5 MeV. Outputs from t h i s  coincidence u n i t  were used 

as one i n p u t  t o  t h e  y-s top  coincidence u n i t  and as t h e  “START” 

s i g n a l  of t h e  t ime- to-ampl i tude  c o n v e r t e r  (TAC) , which served  t o  

provide an ana log  s i g n a l  g iv ing  t h e  t i m e  de l ay  between a s topping  

muon and t h e  r e s u l t a n t  y rays .  The o t h e r  i n p u t  t o  t h e  Y-stop 

coincidence u n i t ,  and t h e  “STOP” s i g n a l  of  t h e  TAC w e r e  provided 

from d i s c r i m i n a t o r  o u t p u t s  of a de layed  ( 1 2 3 4 ) .  The y-s top  co- 

inc idence  provided a g a t i n g  s i g n a l  f o r  bo th  t h e  energy and t iming  

ADC’s.  Incorpora ted  i n t o  t h e  y-s top  coincidence u n i t  w a s  an a n t i -  

coincidence s i g n a l  formed when e i ther  of t h e  ADC’s w a s  busy or  

when incoming s i g n a l  rates became too h igh .  The l a t t e r  w a s  produced 

by a commercial p i l e - u p  p r o t e c t o r .  The y-s top coincidence u n i t  could  

a l s o  be ga ted  of f  by a pu l se  derived from the  synchrocyclotron R.F. 

s i g n a l  du r ing  t h e  prompt beam “ s p i k e ” .  

The services of t h e  data a c q u i s i t i o n  f ac i l i t i e s  of t h e  SREL IBM 

3 6 0 - 4 4  w e r e  no t  cont inuous ly  a v a i l a b l e  t o  us  and thus  a v a r i e t y  of 

data  accumulation techniques  w a s  employed. When t h e  computer w a s  

unava i l ab le  t h e  t iming  informat ion  w a s  analyzed i n  a 400 channel 
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(T.M.C.) ana lyze r .  When w e  were “running  o n - l i n e ’ ’  wi th  t h e  

computer a 1024 channel ADC (Kicksor t )  w a s  used, and t h e  ou tpu t  

f e d  d i r e c t l y  i n t o  t h e  computer v i a  t h e  IBM 2972/7 i n t e r f a c e .  

The analog energy s i g n a l  from t h e  TC203 was f e d  i n t o  a 8192 

(Kicksor t )  channel p u l s e  h e i g h t  ana lyze r  ( P H A ) ,  which could be 

used wi th  o r  wi thout  t h e  computer. S ince  t h i s  PHA memory had 

only 4096 channels  it w a s  necessary t o  accumulate s e p a r a t e l y  i n t o  

t h e  upper and lower ha lves  of t h e  energy r eg ion  s t u d i e d  when 

“running o f f - l i n e ” .  When t h e  computer w a s  a v a i l a b l e ,  13 b i t s  

of energy informat ion  and IO b i t s  of t iming  informat ion ,  f o r  each 

va l id  even t ,  were t r a n s f e r r e d  t o  t h e  computer and s t o r e d  there. 

A block diagram of t h e  d a t a  f l o w  i s  shown i n  Fig.  5. For 

each v a l i d  even t ,  t h e  t iming  and energy informat ion  w e r e  t r a n s -  

ferred through t h e  IBM 2972/7 I n t e r f a c e  t o  t h e  computer. The 

computer w a s  used t o  analyze t h e s e  da t a  i n t o  two 8192 channel 

energy a r r a y s ,  one prompt and the  other delayed w i t h  respect t o  

a muon s t o p  s i g n a l ,  and one 1024 channel  t iming  a r r a y .  I n  add i -  

t i o n  cumulative prompt and delayed energy ana lyze r s  w e r e  kept  i n  

d i sk  storage. A l l  of t h e s e  a r r a y s  w e r e  cont inuously monitored 

du r ing  each run via  p r i n t e r ,  X - Y  p l o t t e r  and cathode-ray d i s p l a y .  

The t iming  windows f o r  s e p a r a t i n g  t h e  prompt and delayed spectra 

w e r e  established by i n s p e c t i n g  t h e  t iming  spectrum over t h e  whole 

energy range and v i s u a l l y  judging where t h e  exponen t i a l  decay 

commenced, (Fig.  6 ) .  When accumulating data wi thout  t he  o n - l i n e  

computing fac i l i t i es ,  w e  a d j u s t e d  the  t iming  so t h a t  t h e  energy 

P.H.A.  would accep t  s i g n a l s  dur ing  100 ns  f o r  each muon s t o p .  

These stored d a t a  w e r e  i n i t i a l l y  p r i n t e d  o u t  on a high speed 
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paper p r i n t e r ,  b u t  du r ing  t h e  l a s t  run an incrementa l  magnetic 

t a p e  u n i t  (Cipher)  w a s  used t o  store t h e  energy and t iming  i n f o r -  

mation fo r  each even t ,  and t o  record  t h e  con ten t s  of  t h e  4096 

channel energy ana lyze r  memory. 

C. Experimental  Methods 

I n  order t o  ensure  run - to - run  cons is tency  a two-point  d i g i t a l  

s t a b i l i z e r  (Kickso r t )  w a s  used i n  conjunct ion  with t h e  energy ADC. 

Th i s  h e l d  f i x e d  t h e  c e n t e r s  of t h e  t w o  chosen peaks by apply ing  

c o r r e c t i o n s  t o  t h e  g a i n  and s l o p e  i n t e r c e p t  of t h e  energy ADC. 

The two l i n e s  used f o r  s t a b i l i z a t i o n  w e r e  t h e  511 keV l i n e  f r o m  

p o s i t r o n  a n n i h i l a t i o n  and a r e f e r e n c e  p u l s e r  peak. The h igh  

s t a b i l i t y  p r e c i s i o n  r e fe rence  p u l s e r  w a s  cons t ruc t ed  f r o m  t h e  

design of M.G.Strauss a t  Argonne . The voltage of t h e  r e f e r e n c e  

p u l s e r  w a s  a d j u s t e d  t o  be e q u i v a l e n t  t o  an 8 . 2  MeV y ray .  T h i s  

20 

w a s  chosen s i n c e  it gave a very l a r g e  energy spread  f o r  s t a b i l i -  

z a t i o n  and k e p t  t h e  stored r e f e r e n c e  p u l s e s  clear of t h e  prominent 

muonic l i n e s .  The p a i r  of  s t a b i l i z a t i o n  l i n e s  had t h e  f u r t h e r  

advantage of be ing  e a s i l y  inc luded  i n  c a l i b r a t i o n s ,  and hence there 

w a s  no danger of ga in  changes du r ing  c a l i b r a t i o n s .  

The  u sua l  experimental  sequence involved c o l l e c t i n g  data from 

a target for 7-10 hours ,  w i t h  a short c a l i b r a t i o n  run  d i r e c t l y  

preceding and fol lowing each run. The beam w a s  l e f t  on du r ing  

c a l i b r a t i o n  runs b u t  i n  order t o  speed data c o l l e c t i o n  t h e  “STOP” 

requirement of t h e  “y - s top ’  ’ coincidence u n i t  w a s  removed, and 

t h e  d a t a  c o l l e c t e d  w a s  “ s e l f - g a t e d . ”  The main purpose of t h e s e  

c a l i b r a t i o n  runs w a s  t o  v e r i f y  t h a t  there had been no s u b s t a n t i a l  

ga in  s h i f t  dur ing  t h e  t a r g e t  run which might cause peak broadening 
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w i t h  a r e s u l t a n t  loss of r e s o l u t i o n .  Once it became apparent  t h a t  

t h e  system w a s  extremely s t a b l e ,  t h e  c a l i b r a t i o n  runs w e r e  t aken  

less f r e q u e n t l y  and t h e  t a r g e t  runs extended i n  d u r a t i o n .  

The a b s o l u t e  e n e r g i e s  of t h e  muonic t r a n s i t i o n s  were d e t e r -  

mined us ing  two techniques .  The e n e r g i e s  of  prominent t r a n s i t i o n s ,  

such as t h e  K ,  L and M l i n e s  w e r e  eva lua ted  us ing  a “feed- through”  

technique ,  whereby muonic peaks and p r e c i s e l y  known c a l i b r a t i o n  

peaks w e r e  accumulated s imultaneously.  Several c a l i b r a t i o n  sources  

whose e n e r g i e s  are a c c u r a t e l y  known and which l i e  close i n  energy 

t o  t h e  muonic t r a n s i t i o n  of i n t e r e s t  were chosen. The sources  w e r e  

t hen  p laced  nea r  t h e  detector and appeared i n  t h e  muonic spectrum 

by a c c i d e n t a l  coincidences with muon “ S T O P y y  s i g n a l s .  Experimen- 

t a l l y  t h i s  technique w a s  convenient s i n c e  t h e  d a t a  accumulate 

s u f f i c i e n t l y  r a p i d l y  t h a t  a f i t  t o  the  l i n e s  from one e i g h t  hour  

run w a s  n o t  s t a t i s t i c a l l y  l imi t ed .  A sample spectrum i l l u s t r a t i n g  

t h i s  technique  t o  determine t h e  L e n e r g i e s  i s  given i n  F i g .  7. 

I n  t h i s  case l i n e s  f r o m  2 4 N a  and “ * T 1  w e r e  used f o r  c a l i b r a t i o n  

sources .  I n  t h e  case of a weak c a l i b r a t i o n  source ,  such as 6 6 G a  

(used t o  e v a l u a t e  t h e  K l i n e s ) ,  t h i s  technique had t o  be amended 

by removing t h e  requirement of a “STOP” s i g n a l ,  t h u s  p e r m i t t i n g  

m o r e  r a p i d  data accumulation of t h e  c a l i b r a t i o n  peaks. Checks 

w e r e  made t o  search  f o r  a p o s s i b l e  dependence o f  t h e  measured 

energy on t h e  mode of data c o l l e c t i o n .  Provided t h e  deadtime of 

t h e  PHA w a s  kep t  w i t h i n  reasonable  l i m i t s  ( 2 5 %  deadt ime) ,  any 

d i f f e r e n c e  w a s  w e l l  w i t h i n  s t a t i s t i ca l  error, independent of  

whether  t he  beam w a s  on or  whether a photon occurred i n  c o i n c i -  

dence w i t h  a muon s t o p .  
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I n  m o s t  “ feed- through”  runs t h e  chosen c a l i b r a t i o n  l i n e s  

were w i t h i n  100 keV of t h e  muonic t r a n s i t i o n s  t o  be measured. 

TABLE 4 l i s t s  t h e  c a l i b r a t i o n  sources  used and t h e i r  e n e r g i e s .  

To e v a l u a t e  t h e  t r a n s i t i o n  energy w e  assumed t h e  system w a s  

l i n e a r  over t h e  s m a l l  range of  i n t e r e s t .  A j u s t i f i c a t i o n  f o r  

t h e  v a l i d i t y  of  t h i s  technique w a s  t h e  good cons is tency  found 

when a l i n e  w a s  eva lua ted  from more than  one p a i r  of c a l i b r a t i o n  

l i n e s  and a t  d i f f e r e n t  ga in  s e t t i n g s .  

The remaining muonic t r a n s i t i o n  e n e r g i e s  such as t h e  2sj2p 

t r a n s i t i o n s  were determined re la t ive t o  t h e  prominent t r a n s i t i o n s  

i n  t h e  summed spectrum us ing  the ga in  curve determined i n  t h e  

c a l i b r a t i o n  runs.  This  i s  f u r t h e r  d i scussed  i n  t h e  next  s e c t i o n .  

4 .  Data Analysis  

A l l  peaks i n  both prompt and delayed s p e c t r a  w e r e  analyzed 

us ing  a l eas t  squares  f i t t i n g  technique.  S ince  m o s t  o f  t h e  peaks 

corresponded t o  y r a y s  whose n a t u r a l  width w e r e  less than  ou r  

experimental  r e s o l u t i o n ,  t h e  mathematical  f o r m  of t h e  l i n e  shape 

should r e p r e s e n t  t h e  response of t h e  appara tus  and should be 

Gaussian. 

I f  N .  ( x )  r e p r e s e n t s  t h e  t h e o r e t i c a l  number of counts  i n  

channel x ,  c o n t r i b u t e d  by t h e  ith Gaussian (al lowing f o r  t h e  

presence of more than  one peak i n  t h e  neighborhood of channel x ) ,  

t hen  t h e  t h e o r e t i c a l  f o r m  ass igned  t o  it w a s :  

1 

and t h e  form of t h e  complete func t ion  w a s  
j 

Nth(x) = c N i ( X )  t Background. 
i=l 
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I n  t h e s e  formulae 

k = 2.35498 

X 

A 

= c e n t r a l  channel of  ith Gaussian 

= amplitude i n  counts o f  t h e  ith Gaussian 
i 

i 
w = f u l l  width a t  h a l f  maximum i n  channels of t h e  ith i 

Gaussian . 

I n  p r a c t i c e  t h e  maximum number o f  Gaussians j ,  was r e s t r i c t e d  

t o  4 ,  and i n  g e n e r a l  t h e  number of v a r i a b l e s  w a s  reduced by equa t ing  

a l l  t h e  wid ths  wi  t o  a s i n g l e  v a r i a b l e  w. 

Using t h i s  mathematical  form, t h e  observed i n t e n s i t y  I o f  t h e  i 
t r a n s i t i o n  i s  given by t h e  area under t h e  Gaussian.  

I n  o r d e r  t o  be  able t o  r e p r e s e n t  both backgrounds wi th  f i n i t e  

cu rva tu re  and l i n e a r  backgrounds an exponen t i a l  func t ion  w a s  assumed: 

Background = B exp[X(x-X ) ]  1 
where 

B = amplitude of  background a t  t h e  c e n t e r  of Gaussian 1 

X = v a r i a b l e  exponen t i a l  cons t an t .  

I t  w a s  found t h a t  vary ing  t h e  number of channels  over which 

t h i s  func t ion  w a s  f i t t e d  d i d  no t  apprec iab ly  affect  t h e  va lues  o f  

t h e  parameters de r ived  (Ai, Xi, w i ,  B ,  A ) ,  p rovided t h e  range was 

l a r g e  enough t o  allow a good f i t  t o  t h e  background func t ion .  

Exceptions occurred  i n  cases where s t r u c t u r e  from another  Gaussian 

w a s  obviously be ing  inc luded  i n  t h e  range. A s  a r u l e  t h e s e  t e c h -  
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niques  gave a va r i ance  between 0 . 5  and 1.5, i n d i c a t i n g  a good 

theoret ical  r e p r e s e n t a t i o n  had been used f o r  t h e  data .  

P r i o r  t o  one o f  t h e  runs t h e  d e t e c t o r  s u s t a i n e d  some neut ron  

damage and t h i s  r e s u l t e d  i n  exponen t i a l  t a i l s  on t h e  Gaussians,  

due t o  incomplete c o l l e c t i o n  o f  charge.  For  t h e s e  d a t a  t h e  

va r i ances  f o r  a Gaussian func t ion  were very much l a r g e r  and i n  

order t o  f i t  t h e  d a t a  p rope r ly  a mathematical  form o f  t h e  t y p e  

suggested by R o u t t i  and Prouss inZ4 w a s  used. 

a d d i t i o n a l  parameters ,  t r a n s i t i o n  p o i n t s  beyond which t h e  Gaussian 

func t ion  became a decaying exponen t i a l ,  w h i l e  s t i l l  p re se rv ing  

f u n c t i o n a l  and d i f f e r e n t i a l  c o n t i n u i t y  a t  t h e  boundaries .  For 

t h i s  f u n c t i o n  

This allowed t w o  

A i  exp[ - ( X - X i )  2 / 2  ( k u i )  2 ]  

fo r  X ~ - V ~ < X I X ~  t u2 

2 2 2 

(9 1 N i ( X )  = A i  e x p [ - v  ( 2 X - 2 X i  t V )/2(kwi) ] 

f o r  x < x i -v2  
A i  exp[  -u2  (2Xi-2x t u 2 )  /2 (kwi)  2 ]  

for  x > x i  t u2 

where v2 and u2 are t h e  d i s t a n c e s  below and above t h e  c e n t r a l  

channel a t  which exponen t i a l  behavior s ta r t s .  The same f u n c t i o n a l  

f o r m  w a s  always used t o  analyze bo th  c a l i b r a t i o n  and data  r u n s ,  

and i n  a l l  cases t h e  u n c e r t a i n t i e s  quoted are one s t a t i s t i c a l  s t a n -  

dard d e v i a t i o n .  

T r a n s i t i o n s  invo lv ing  t h e  2 s  s t a t e ,  as w e l l  as many of the  

o t h e r  h i g h e r  t r a n s i t i o n s ,  were r e l a t i v e l y  weak and hence completely 

unobservable o r  a t  b e s t  s t a t i s t i c a l l y  l i m i t e d  i n  one t e n  hour run .  

Some method w a s  t h u s  r e q u i r e d  for  summing t h e  data w h i l e  no t  obscuring 

any peaks. Simple adding w a s  i n s u f f i c i e n t  s i n c e  t h e  runs  on each 
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t a r g e t  extended for  t w o  weeks or  m o r e  and t y p i c a l  d a i l y  g a i n  

v a r i a t i o n s  were 50 p a r t s  p e r  m i l l i o n  as determined f r o m  t h e  

c a l i b r a t i o n  runs.  To compensate for  t h i s ,  one run w a s  chosen 

as t h e  ‘ ‘ b a s i s ”  run, e i t h e r  because t h e r e  w a s  a c a l i b r a t i o n  

source  f eed ing  through on a c c i d e n t a l  co inc idences ,  o r  because 

of h igh  cons is tency  between t h e  , p re -  and p o s t - c a l i b r a t i o n  runs .  

Within t h e  ‘ ‘ b a s i s ’  ’ run t w o  w e l l  def ined  peaks w e r e  chosen and 

t h e i r  c e n t e r s  determined. These s a m e  t w o  peaks w e r e  f i t t e d  i n  

each run which w a s  t o  be summed. 

c e n t e r s  i n  t h e  ‘ ‘ b a s i s ’  

c e n t e r s  i n  t h e  run t o  be summed, t h e n  t h e  l i n e a r  t r ans fo rma t ion  

I f  y1 and y 2  are t h e  peak 

run and c1 and c2 are t h e  same peak 

c h ( b )  = m c h ( r )  t k ( 1 0 )  

where ch (b) is  a channel i n  t h e  C b a ~ i ~ y  run,  

c h ( r )  i s  a channel i n  t h e  run t o  be  summed, 

m = ( y ,  - y 2 ) / ( c 1  -c2)  

and k = c1 -my1, 

w i l l  map t h e  c e n t e r s  C1 and C2 onto Y1 and Y 2  r e s p e c t i v e l y .  Using 

t h i s  t r ans fo rma t ion  w e  determined what  f r a c t i o n  of any run’s  chan- 

n e l s  con t r ibu ted  t o  a given channel i n  t h e  ‘ ‘basis ’ ’ run.  A f t e r  

each run w a s  mapped on to  t h e  “basis  ” run,  t h e  channels  w e r e  

summed. The d a t a  were t h e n  i n  t h e  form of t w o  8182 channel a r r a y s  

(corresponding t o  prompt and delayed spectra) i n  which t h e  e n e r g i e s  

of t h e  dominant peaks w e r e  a c c u r a t e l y  determined f r o m  ‘ ‘ feed-through’  

runs.  From these summed data and us ing  source c a l i b r a t i o n  runs  t o  

determine t h e  l i n e a r i t y ,  w e  eva lua ted  t h e  e n e r g i e s  of t h e  weaker 

t r a n s i t i o n s  re la t ive  t o  t h e  ‘08Pb M l i n e s  and t h e  Pb L and K l i n e s  2 0  a 
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( f u l l  energy,  s i n g l e  escape  and double escape  peaks t ) .  

w e  used 1 4  peaks i n  o u r  summed s p e c t r a  as “primary s t a n d a r d s ”  

wi th  which t o  determine t h e  weaker t r a n s i t i o n s .  

I n  a l l  

The l i n e a r i t y  w a s  determined us ing  t h e  6Co, * 2 N a  and 51 1 

keV a n n i h i l a t i o n  l i n e s  given i n  TABLE 4. It proved convenient 

t o  f i t  t h e s e  1 4  l i n e s  t o  a t h i r d  o r d e r  polynomial,  a f u n c t i o n a l  

form t h a t  gave reasonable  f i t s  t o  t h e  l i n e a r i t y  d a t a .  

A s  a check of o u r  summing techniques  and our  knowledge of 

t h e  l i n e a r i t y  of t h e  system, we  c o l l e c t e d  d a t a  a t  t w o  ga in  

s e t t i n g s :  0.68 keV/channel and 1.1 keV/channel. I n  gene ra l ,  t h e  

cons is tency  of t h e  measured e n e r g i e s  between ga in  s e t t i n g s  w a s  

reasonable ,  s i n c e  t h e  l i n e s  of i n t e r e s t  were c l o s e  t o  one of t h e  

“primary s t anda rd”  peaks. The f e w  i n c o n s i s t e n c i e s  w e r e  t aken  

i n t o  cons ide ra t ion  by i n c r e a s i n g  t h e  quoted errors t o  allow for  

any p o s s i b l e  loca l  u n c e r t a i n t y  i n  t h e  l i n e a r i t y .  

5 .  Experimental  Resul t s  

5 . 1  Energ ies  

I n  TABLES 5 and 6 w e  l i s t  t h e  e n e r g i e s  of t h e  w e l l - e s t a b l i s h e d  
2 0 8  E l  and E2 muonic t r a n s i t i o n s  and related s p l i t t i n g s  fo r  Pb. I n  

gene ra l  t h e  s p l i t t i n g s  are more a c c u r a t e l y  determined because an 

abso lu te  c a l i b r a t i o n  i s  not  needed. For comparison w e  i nc lude  t h e  
2 r e s u l t s  of t h e  Chicago-Ottawa8 c o l l a b o r a t i o n  and those  of CERN . 

+ R e f .  25 has  v e r i f i e d  t h a t  t h e  energy d i f f e r e n c e  of t h e  f u l l  energy 

and double escape peaks as observed i n  a c o a x i a l  G e ( L i )  i s  t w i c e  

t h e  e l e c t r o n  rest m a s s  t o  wi th in  0.08 keV. 



I 1 
21 

I n  gene ra l  t h e r e  i s  exce l l en t  agreement where comparisons a r e  

poss ib l e .  I n  t h e  l a s t  column of each table w e  l i s t  the  t h e o r e t -  

i c a l  p r e d i c t i o n s  assuming a two-parameter Fe rmi  d i s t r i b u t i o n  

f o r  t h e  charge d e n s i t y  a n t i c i p a t i n g  t h e  va lues  f o r  c and n 

obtained i n  our  least squares  f i t .  

The i d e n t i f i c a t i o n  of t h e  weaker observed t r a n s i t i o n s  and 

t h e  absence of o t h e r s  from TABLE 5 deserve some d iscuss ion .  

Fig.  8 shows t h e  high-gain muonic s p e c t r a  i n  t h e  region of t h e  

2s+2p t r a n s i t i o n s  f o r  both srompt and delayed t i m e s .  The 

delayed spectrum has been enhanced by using a t iming window 

approximately fou r  t i m e s  t h e  prompt-time window. 

t r a n s i t i o n  appears i n  an energy region which i s  r e l a t i v e l y  free 

from background r a d i a t i o n .  However, i n  t h e  reg ion  of t h e  

The 2s1/2+2p3/2 

t r a n s i t i o n  w e  f i n d  two y r ays ,  one of which appears 2s 1 /2j2P1 / 2  

wi th  almost equal  i n t e n s i t y  i n  t h e  prompt and delayed s p e c t r a  

w i t h  an energy of 1207.89  _+ 0.50 keV. This l i n e  has  been t e n t a -  

t i v e l y  i d e n t i f i e d  a s  t h e  1230. k 30. keV t r a n s i t i o n  26 i n  2 0  7 ~ 1  

connect ing t h e  2 .92  k 0 . 0 2  MeV ( ? - I  s t a t e  t o  t h e  1 .69  rf: 0 .02  

MeV (5/2 ) s t a t e .  The s t r o n g  delayed component of t h i s  y ray would 

be c o n s i s t e n t  with a muon capture  process  which would produce 2 0 7 T 1 .  

The 2p s p l i t t i n g  A2p, known from t h e  K s p l i t t i n g ,  i s  used t o  v e r i f y  

t h a t  t h e  remaining l i n e  i s  t h e  2s1/2+2p1/2 t r a n s i t i o n .  A s  can be 

seen from TABLE 6 t h e r e  is  e x c e l l e n t  agreement between A2p deter- 

mined from t h e  2p+ls t r a n s i t i o n s  and t h a t  determined by t h e  2s+2p 

t r a n s i t i o n s .  As s h a l l  be discussed i n  t h e  next  s e c t i o n  t h e  relative 

i n t e n s i t y  of t h e s e  peaks w i l l  be used t o  confirm t h e  i d e n t i f i c a t i o n .  

t 
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A s  an a d d i t i o n a l  check of our determinat ion of t h e  2 s  l e v e l  

w e  had hoped t o  i d e n t i f y  both 3p+2s t r a n s i t i o n s  which b r a c k e t  t h e  

double escape peak of t h e  3d5/2+2p3/2 t r a n s i t i o n .  Unfortunately 

we  were a b l e  t o  i d e n t i f y  unambiguously only t h e  3 ~ ~ / ~ + 2 s  

i t i o n .  

much s t r u c t u r e  and background t o  y i e l d  c o n s i s t e n t  ene rg ie s  between 

t h e  high and low ga in  runs.  W e  have t e n t a t i v e l y  i d e n t i f i e d  one 

l i n e  i n  t h i s  region a s  t h e  1310 k 30 keV t r a n s i t i o n  connect ing 

t h e  3.00+0.02 MeV ( ? - )  l e v e l  t o  t h e  1 . 6 9 k 0 . 0 2  MeV (5 /2+)  i n  207T1- As a 

r e s u l t  w e  have included only t h e  3p3/2+2S1/2 t r a n s i t i o n  i n  o u r  

i n t e r p r e t a t i o n .  The j u s t i f i c a t i o n  f o r  i t s  i d e n t i f i c a t i o n  w i l l  be  

based on i t s  r e l a t i v e  i n t e n s i t y  and t h e  consis tency of i t s  energy 

w i t h  o t h e r  t r a n s i t i o n s  involv ing  t h e  2 s  l e v e l .  

t r a n s -  
1 / 2  

t r a n s i t i o n  t h e r e  was t o o  
1 /2  

I n  t h e  reg ion  of t h e  3pIl2+2s 

26 

F igs .  9 and 10  show our f i t s  f o r  t h e  E2 t r a n s i t i o n s ,  4f+2p 

and 3d+ls.  The l a t t e r  t r a n s i t i o n s  w e r e  remarkably free of un iden t i -  

f i a b l e  s t r u c t u r e  whereas t h e r e  seemed t o  be  some s t r u c t u r e  j u s t  

below t h e  4d3/2+ 2pIl2 t r a n s i t i o n .  

E 2  r a t e  as t h e  p r i n c i p a l  quantum number i n c r e a s e s  i s  c l e a r l y  seen. 

Whereas t h e  3d+ls t r a n s i t i o n s  are near ly  t w i c e  as  i n t e n s e  a s  t h e  

3p+ls t r a n s i t i o n s ,  t h e  4f+2p t r a n s i t i o n s  a r e  only h a l f  a s  i n t e n s e  a s  

t h e  4d+2p and there w a s  no evidence a t  a l l  f o r  t h e  5 p 3 d  t r a n s i t i o n s .  

The r ap id  suppression of t h e  

Because w e  have overdetermined many of t h e  energy l e v e l s  by 

observing more than  one t r a n s i t i o n  t o  o r  from a given energy l e v e l ,  

it i s  p o s s i b l e  t o  determine t h e  i n t e r n a l  consis tency of our  ex-  

per imental  r e s u l t s . F o r  in s t ance ,  t h e  energy d i f f e r e n c e  between 

t h e  3p3/2 and 2p1/2 levels can be i n f e r r e d  by combining t h e  ene r -  

g i e s  of t h e  3 ~ ~ / ~ + 2 s  

energy of t h e  3d3/2+2P 

and 2SI/2+2P1/2 t r a n s i t i o n s  o r  by adding t h e  

t r a n s i t i o n  t o  t h e  s p l i t t i n g  A ( 3 ~ ~ / ~ - 3 d ~ , ~ )  
1 / 2  

1 /2  
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between t h e  3d -+Is and 3P3/2*1s1/2 l i n e s  and A3d i n f e r r e d  
5/2 1/2 

from t h e  t w o  lower energy L t r a n s i t i o n s .  The comparisons 

involv ing  t h e  2 s  l e v e l  a r e  given i n  TABLE 7. The quoted 

e r r o r  of t h e  energy sum i s  simply t h e  sum of t h e  i n d i v i d u a l  

e r r o r s  added i n  quadra ture .  I n  both cases t h e  discrepancy i s  

w e l l  w i t h i n  t w i c e  t h e  e r r o r  of t h e  l e a s t - a c c u r a t e  compounded energy. 

I t  i s  i n t e r e s t i n g  t o  no te  t h a t  i n  t h e  course  of ou r  l e a s t - s q u a r e s  

f i t s  t o  charge parameters  t h e  measured value of A 

was c o n s i s t e n t l y  two s t anda rd  d e v i a t i o n s  low. This  f a c t  by i t s e l f  

would e x p l a i n  t h e  s l i g h t  d i sc repanc ie s  i n d i c a t e d  i n  TABLE 7.  

As an a d d i t i o n a l  check w e  s t u d i e d  2 0 6 P b  t o  observe t h e  

3d+ls t r a n s i t i o n s .  A comparison of t h e  f i n e  s t r u c t u r e  s p l i t -  

t i n g s  i n  t h i s  energy reg ion  shows e x c e l l e n t  agreement between 

theory and experiment.  This s t r eng thens  t h e  hypothesis  t h a t  t h e  

low value of 

i c a l  f l u c t u a t i o n .  

A (3p3/2 - 3d5/2) i n  2 0 8 P b  is  noth ing  bu t  a s ta t i s t -  

5.2 Re la t ive  I n t e n s i t i e s  

A s  confirmation of our i d e n t i f i c a t i o n  of t h e  less i n t e n s e  

t r a n s i t i o n s  t o  and from t h e  2 s  l e v e l  w e  have measured t h e  r e l a t i v e  

i n t e n s i t i e s  of a l l  muonic t r a n s i t i o n s  between 9 0 0  k e V  through 

3400 keV. The r e l a t i v e  e f f i c i e n c y  of t h e  G e ( L i )  d e t e c t o r  w a s  

measured u s i n g a 5 k o  source and t h e  r e l a t i v e  i n t e n s i t i e s  of i t s  

gamma rays  ranging i n  energy from 834 keV t o  3250 keV given by Scott 

and Van Pa t t e r23 .  E f f e c t s  due t o  t h e  a t t e n u a t i o n  of t h e  muonic 

x r a y s  i n s i d e  t h e  t a r g e t  w e r e  c a l c u l a t e d  us ing  t h e  Los A l a m ~ s ~ ~  

t a b u l a t i o n  of t h e  m a s s  absorp t ion  c o e f f i c i e n t s .  
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TABLE 8 g ives  a comparison of our  observed relative i n t e n s i -  

t ies  with those  p r e d i c t i o n s  obta ined  v i a  t h e  assumptions given i n  

Sec t ion  2 .  The e r r o r s  r ep resen t  a combination of t h e  unce r t a in ty  

of  t h e  number of counts i n  each peak and our  estimate of t h e  

unce r t a in ty  of the relative e f f i c i e n c y  of t h e  d e t e c t o r .  The 

experimental  numbers have been a r b i t r a r i l y  normalized t o  give 

agreement wi th  3dgI2+2p 3/2 and 4f5/2+3d3/2 t r a n s i t i o n s .  Over a l l  

t h e r e  is  moderately good agreement, p a r t i c u l a r l y  i n  l i g h t  of t h e  

approximations made i n  Sec t ion  2.  Espec ia l ly  encouraging is  the 

e x c e l l e n t  agreement between theory  and experiment of  t h e  4f+2p E2 

t r a n s i t i o n s .  One p o i n t  worth n o t i n g  i s  t h a t  t h e  t r a n s i t i o n s  t o  

and from t h e  2 s  level are uniformly weaker than  p r e d i c t e d  (but  by 

no more than  t h r e e  s tandard  d e v i a t i o n s ) .  The suggest ion has  been 

made by Srinavasan and Sundaresin28 t h a t  a muon i n  an np s ta te  

(1123) can de -exc i t e  by emission of a prompt neutron.  

neutron emission has  a l ready  been observed’ 

They p r e d i c t  t h e  r a t i o  of  t h e  non-rad ia t ive  t o  t h e  r a d i a t i v e  

t r a n s i t i o n  r a t e  t o  be of t h e  order  of 0 . 6 .  T h i s  would exp la in  

a t  least  i n  p a r t  t h e  decreased i n t e n s i t y  of t h e  3 ~ ~ ~ ~ ~ 2 s  

t r a n s i t i o n  and consequent ly  t h e  decreased 2s+2p i n t e n s i t i e s .  W e  

s h a l l  r e t u r n  t o  t h i s  p o i n t  below where w e  d i scuss  t h e  r e l a t i v e  

i n t e n s i t i e s  of t h e  3p+l s t r a n s i t i o n s .  

Such prompt 

as mentioned above. 

1 /2 

A c l o s e r  examination of t h e  f i n e  s t r u c t u r e  i n t e n s i t y  r a t i o s  

does r e v e a l  some very real  anomalies which w e  are unable t o  

exp la in  us ing  t h e  s i m p l i f i e d  cascade theory  given i n  Sec t ion  2 .  

I n  TABLE 9 w e  show a comparison between t h e  observed f i n e  s t r u c t u r e  

i n t e n s i t y  r a t i o s  f o r  t h e  M ,  L and K t r a n s i t i o n s  with those  of t h e  
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Chicago-Ottawa c o l l a b o r a t i o n  and theory.  There i s  q u i t e  e x c e l l e n t  

agreement between t h e  t w o  experiments b u t  n e i t h e r  agrees  w e l l  w i t h  

t h e  theory ,  p a r t i c u l a r l y  t h e  L t r a n s i t i o n s ,  An e x t r a p o l a t i o n  o f  

our  d e t e c t o r  e f f i c i e n c y  from 3200 keV t o  6000 keV r e v e a l s  an 

i n t e n s i t y  p r e d i c t i o n  f o r  t h e  2p1/2-+1s1/2 t r a n s i t i o n  i n  moderate 

agreement with theory  and sugges t ing  t h a t  t h e  2p3l2 level i s  

underpopulated.  The anomaly i n  t h e  L t r a n s i t i o n s  could s i m i l a r l y  

be explained by an underpopulat ion of t h e  3dSl2 level. 

F i n a l l y  w e  show i n  TABLE 10 t h e  r e l a t i v e  i n t e n s i t i e s  of t h e  

El and E2 t r a n s i t i o n s  i n  t h e  energy reg ions  of  t h e  4d+2p and t h e  

3 p l s  t r a n s i t i o n s .  It i s  i n t e r e s t i n g  t o  no te  t h e  q u i t e  e x c e l l e n t  

agreement between theory  and observa t ion  with t h e  s o l e  except ion 

of t h e  3p3/2 level i n  

l o w .  Prel iminary a n a l y s i s  of muonic x r ays  i n  2 o  6Pb shows no 

such anomaly. I t  i s  t r u e  t h a t  prompt neutron emission would al low 

8Pb, which i s  f o u r  s t anda rd  dev ia t ions  

f o r  a depopulat ion of both 3p l e v e l s  of t h e  same o rde r  of magni- 

l e v e l  i n  'Pb. However, t h e  tude as t h a t  observed i n  t h e  3p 
3/2 

l e v e l  i n  2 o  8Pb seems unaf fec ted .  W e  p r e s e n t l y  know of no 

mechanism which would p r e f e r e n t i a l l y  depopulate  t h e  3p3/2 leve  1 

r e l a t i v e  t o  t h e  3p1/2. 

3 P ~  12 

I n  conclusion w e  f e e l  t h a t  t h e  moderate agreement of t h e  

r e l a t i v e  i n t e n s i t i e s  of t h e  weak t r a n s i t i o n s  confirms ou r  i d e n t i -  

f i c a t i o n  of  t h e s e  peaks.  

6. Discussion of Resul ts  

W e  have i n t e r p r e t e d  our  r e s u l t s  i n  terms of nuc lea r  charge 

parameters and nuc lea r  p o l a r i z a t i o n  information.  W e  t rea t  f i r s t  
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t h e  ques t ion  of p o l a r i z a t i o n  by assuming a s imple two-parameter 

Fermi  d i s t r i b u t i o n .  W e  s h a l l  t hen  d i s c u s s  t h e  p o s s i b i l i t y  of 

o t h e r  d i s t r i b u t i o n s  and compare o u r  f ind ings  with those  from 

e l e c t r o n  s c a t t e r i n g  15 . 
i n  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  and t h a t  t h e  s o l e  source of 

e r r o r  i s  t h e  experimental  da t a .  W e  s h a l l  examine t h i s  assumption l a t e r .  

W e  have s e l e c t e d  t h e  e i g h t  t r a n s i t i o n s  marked with an asterisk 

i n  TABLE 8 and A2p obta ined  from t h e  K, s p l i t t i n g  t o  be used i n  our 

least  -squares  f i t s  t o  var ious  charge d i s t r i b u t i o n s .  Our c r i t e r i a  

f o r  l i m i t i n g  our  choice t o  t h e s e  d a t a  w a s  i) s e n s i t i v i t y  t o  f i n i t e  

s i z e  e f f e c t s  and ii) accuracy. E s s e n t i a l l y  w e  included a l l  d a t a  

a f f e c t e d  by t h e  I s ,  2 s ,  2p or  3p levels as long  a s  they  were w e l l  

enough determined t o  c o n t r i b u t e  u s e f u l l y  t o  t h e  f i t .  W e  a r b i -  

t r a r i l y  e l imina ted  from our  f i t s  t hose  t r a n s i t i o n s  whose e r r o r s  

w e r e  g r e a t e r  than 0 . 8  keV. The i n c l u s i o n  of such d a t a ,  i n  gene ra l ,  

y i e lded  r e s u l t s  compatible with t h e  f i t s  from t h e  “ b a s i c  n ine”  

d a t a  b u t  t h e  l a r g e r  e r r o r s  tended t o  a r t i f i c i a l l y  lower the X 2 .  

I n i t i a l l y  w e  s h a l l  assume no u n c e r t a i n t y  

A2p was included i n  t h e  f i t  as it w a s  measured independent ly  of  

t h e  K, feed-throughs and was s i g n i f i c a n t l y  more accura te  than  t h e  

K, l i n e s .  I t  was determined from t h e  511 keV energy d i f f e r e n c e s  

of t h e  f u l l - e n e r g y ,  s ing le-escape  and double’escape K, peaks.  

I n  TABLE 11 w e  g ive  t h e  r e s u l t s  of leas t ‘ squares  f i t s  of 

t h e  selected d a t a  t o  a two-parameter F e r m i  d i s t r i b u t i o n  PI (r) 

given i n  Eq.2 assuming, i) no nuc lea r  p o l a r i z a t i o n ,  ii) t h e  

va lues  of nuc lea r  p o l a r i z a t i o n  c a l c u l a t e d  by Skardhamar and iii) 

t h e  values  of Skardhamar except  f o r  t h e  p o l a r i z a t i o n  AE ( I s )  i n  t h e  

I s  l e v e l ,  which w a s  al lowed t o  vary.  The r e l a t i v e  q u a l i t y  of  t h e  

t h r e e  f i t s  as i n d i c a t e d  by t h e  x2 p e r  degree of  freedom ( x 2 / D F )  

6 
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i n d i c a t e s  q u i t e  d rama t i ca l ly  t h a t  assumption iii y i e l d s  an 

apprec iab ly  b e t t e r  f i t .  

TABLE 12 g ives  some three-parameter  f i t s  us ing  P I  (r) and 

p 2  (r)  and al lowing AE ( I s )  t o  vary.  

m were taken from some of t h e  f i t s  given by Heisenberg e t  a l .  

t o  e l e c t r o n  s c a t t e r i n g  and o t h e r  muonic x- ray  da ta .  It  i s  c l e a r  

t h a t  w e  cannot choose between any of  t h e  f o r m s  a s  g iv ing  a be t te r  

f i t .  

However, it i s  i n t e r e s t i n g  t o  note  t h a t  they a l l  g ive  e s s e n t i a l l y  

t h e  same value for  AE (1 s) . Admittedly these  fou r  d i s t r i b u t i o n s  

do no t  exhaust  a l l  p o s s i b l e  d i s t r i b u t i o n s  b u t  they are f a i r l y  

r e p r e s e n t a t i v e  of t h e  s impler  a n a l y t i c  forms t h a t  have been used 

i n  charge d i s t r i b u t i o n  ana lyses .  I n  Fig.  I1  w e  p l o t  t h e  f i r s t  

t h r e e  d i s t r i b u t i o n s  f o r  comparison. The i n s e n s i t i v i t y  of t h e  

t r a n s i t i o n s  used i n  t h e  fit t o  such f e a t u r e s  as t h e  c e n t r a l  

depression is  demonstrated by t h e  f a c t  t h a t  a l l  t h e s e  d i s t r i b u -  

t i o n s  a r e  f i t t e d  equa l ly  w e l l .  

The f i x e d  va lues  f o r  w and 
15 

Indeed, a l l  fou r  d i s t r i b u t i o n s  give q u i t e  acceptab le  X2. 

The value f o r  AE(1s) = -12.5 f 0 . 8  kN i s t o k e  compared with 

those  theoretical  va lues  of -6 .8  +_ 2.0 keV and -6.0 f 0.6 k e V  

of Skardhamar6 and Chen5 r e s p e c t i v e l y .  

our  experimental  value and t h a t  p r e d i c t e d  by theory  l e d  us t o  

reexamine our assumption of Skardhamar’s va lues  f o r  t h e  h ighe r  

l e v e l s .  Since t h e  monopole c o n t r i b u t i o n  t o  A E ( 1 s )  i s  t h e  source 

This discrepancy between 

of t h e  l a r g e s t  unce r t a in ty ,  t h i s  unce r t a in ty  should a f f e c t  a l l  

o t h e r  S states, i n  p a r t i c u l a r  t h e  2 s  l e v e l .  As a r e s u l t  w e  

t r i e d  four  parameter f i t s  f o r  c, n ,  A ~ ( l s )  and A ~ ( 2 s )  us ing  t h e  

same d i s t r i b u t i o n s  given i n  TABLE 12. It  i s  l e g i t i m a t e  t o  t r y  
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t o  f i t  a f o u r t h  parameter a s  w e  have observed t r a n s i t i o n s  from 

l e v e l  which has  a f i n i t e  s i z e  e f f e c t  of 85 keV. Our 
3/2 

t h e  3p 

r e s u l t s  a r e  summarized i n  TABLE 13. Again t h e  observed va lues  

f o r  A E ( 1 s )  and A E ( 2 s )  a r e  f a i r l y  independent  of t h e  assumed charge 

d i s t r i b u t i o n .  The e f f e c t  of a l lowing A E ( 2 s )  t o  vary i s  t o  lower 

t h e  f i t t e d  value of A E ( 1 s ) .  

A s  mentioned e a r l i e r ,  w e  have considered only t h e  experimental  

unce r t a in ty  a s  a p o s s i b l e  source of e r r o r  i n  t h e  above f i t s .  I f  

w e  inc lude  t h e  t h e o r e t i c a l  u n c e r t a i n t i e s  i n  t h e  nuc lear  p o l a r i z a -  

t i o n  f o r  a l l  l e v e l s  o t h e r  than t h e  I s  and 2 s  l e v e l s  a s  given by 

Skardhamar as w e l l  a s  t h e  unce r t a in ty  induced by us ing  d i f f e r e n t  

d i s t r i b u t i o n s  w e  o b t a i n  t h e  values  found i n  TABLE 1 4  f o r  t h e  

p o l a r i z a t i o n  of t h e  I s  and 2 s  l e v e l s  obtained from a four-parameter  

f i t  t o  our da t a .  W e  inc lude  t h e  t h e o r e t i c a l  va lues  f o r  comparison. 

W e  f i n d  q u i t e  good agreement between t h e o r e t i c a l  and experimental  

values  f o r  AE(1s)  and A E ( 2 s ) .  

F i n a l l y  w e  compare some of our  f i t s  t o  equ iva len t  f i t s  of 

e l e c t r o n  s c a t t e r i n g  da ta  i n  TABLE 15. I n  t h e  second column i s  

our  three-parameter  f i t  assuming a d i s t r i b u t i o n  P , ( r )  w i t h  

v a r i a b l e  c, n ,  A E ( 1 s )  and A E ( 2 s ) .  T o  permit  comparison w e  have 

adopted t h e  value and e r r o r  f o r  w found by B e l l i c a r d  and van 

0 0 s t r u m ~ ~  i n  t h e i r  three-parameter  f i t  t o  175-250 MeV e l e c t r o n  

da ta .  W e  a l s o  inc lude  a comparison of a f i t  t o  250 MeV d a t a l 5  

assuming a fou r  parameter d i s t r i b u t i o n  p l ( r ) .  I n  both cases  t h e r e  

seems t o  be good agreement with e l e c t r o n  s c a t t e r i n g  d a t a ,  a l though 

an assessment of t h i s , ag reemen t  i s  premature as  t h e  nuc lea r  p o l a r i z a t i o n  

Pb e l e c t r o n  s c a t t e r i n g  d a t a  have n o t  y e t  been included effects on t h e  2 0  8 
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i n  t h e  ana lyses .  

I n  summary w e  f e e l  ou r  data s t r o n g l y  demonstrate  t h e  presence 

of  n u c l e a r  p o l a r i z a t i o n  effects i n  muonic 2 o  8Pb. 

o u t  by our  s i g n i f i c a n t l y  b e t t e r  f i t s  a l lowing  f o r  n u c l e a r  p o l a r i -  

z a t i o n  than  t h o s e  ob ta ined  assuming no n u c l e a r  p o l a r i z a t i o n .  Our 

i n f e r r e d  va lues  of t h e  p o l a r i z a t i o n  i n  both t h e  I s  and 2 s  l e v e l s  

agree  q u i t e  w e l l  wi th  theo ry .  W e  r e p e a t  our  i n i t i a l  warning t h a t  

t h e  i n f e r r e d  va lues  f o r  E ( 1 s )  and E ( 2 s )  could conceivably b e  

model dependent. But w e  have found no such i n d i c a t i o n  of t h i s  

f r o m  t h e  charge d i s t r i b u t i o n s  w e  have examined. 

Th i s  i s  borne 
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Figure Captions 

Fig.  1. Linear  p r o b a b i l i t y  d e n s i t y  ( f f *  t gg*) r2  as a 

func t ion  of r ad ius  f o r  muonic 2 0 6 P b  Is, 2 s ,  2p, 

3p and 3d s t a t e s .  For comparison t h e  un labe l l ed  

t h i n  curve d e p i c t s  t h e  charge d i s t r i b u t i o n  f o r  

t h e  206Pb nucleus assuming a s l i g h t  c e n t r a l  

depress ion  of 0 . 1 4 .  

F ig .  2 .  Muonic energy l e v e l s  i n  208Pb showing observed 

El t r a n s i t i o n s .  The heavy l i n e s  r ep resen t  t h e  

a c t u a l  l e v e l  energy inc luding  f i n i t e - s i z e  e f f e c t s .  

The dashed l i n e s  i n d i c a t e  t h e  level energy f o r  a 

p o i n t  d i s t r i b u t i o n  of charge.  

Fig.  3 Prof i le  view of t h e  s t o p s  t e l e scope  and t h e  geometry 

of t h e  G e ( L i )  d e t e c t o r .  

Fig.  4. Schematic diagram of t h e  e l e c t r o n i c s  l o g i c .  

Fig.  5.  Schematic diagram of da t a  f l o w .  The c i r c l e d  numbers 

i n d i c a t e  a l t e r n a t e  pa ths  depending on whether 

“ o n - l i n e ”  or  “ o f f - l i n e ”  d a t a  c o l l e c t i o n  tech- 

niques w e r e  used. 

F ig .  6. Timing spectrum of muonic 2 o  *Pb even t s  r e l a t i v e  t o  

t h e  muon s top .  T h e  d i r e c t i o n  of inc reas ing  t i m e  

i s  t o  t h e  l e f t  of t h e  drawing. The peak a t  t h e  

r i g h t  i n d i c a t e s  y- rays  “prompt” o r  i n  t i m e  with 

t h e  muon s top .  
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Fig. 7.  L muonic x rays i n  2 o  8Pb with acc iden ta l  feed  

throughs of 2 o  8 T l  and 24Na c a l i b r a t i o n  l i n e s  

a t  0 . 6 8  keV per  channel. 

Fig.  8. Prompt and delayed s p e c t r a  of 2 s  -f 2p t r a n s i t i o n s  

i n  2 o  8Pb. The t iming window f o r  t h e  delayed 

events  i s  four  t i m e s  t h a t  of t h e  prompt events  

a t  0 . 6 8  k e V  per  channel. 

Fig. 9 .  4d + 2p and 4f + 2p t r a n s i t i o n s  i n  muonic ' 08Pb .  

The dashed l i n e  i n d i c a t e s  a f i t t e d  background. 

The v e r t i c a l  ba r s  i n d i c a t e  t h e  r e l a t i v e  i n t e n s i t i e s  

of the l i n e s .  Both prompt and delayed s p e c t r a  are 

shown with equal  t iming windows. 

Fig. 10 .  3d -f 1s and 3p + I s  atomic t r a n s i t i o n s  i n  muonic 

2 o  8Pb. The dashed l i n e  i n d i c a t e s  a f i t t e d  back- 

ground. The v e r t i c a l  bars i n d i c a t e  t h e  relative 

i n t e n s i t i e s  of t h e  l i n e s .  Both prompt and delayed 

s p e c t r a  are shown w i t h  equal  t iming windows. 

Fig. 11 .  Comparison of 2 o  8Pb charge d e n s i t i e s  f i t t e d  t o  our  

da t a .  The numbers r e f e r  t o  t h e  d i s t r i b u t i o n s  given 

i n  TABLE 12 .  



TABLE 1 

2 0 8 ~  W M I C  ENERGY LEVELS IN 
(keV) e 

FIRST HIGHERb 

FINma VACUUM VACUUM NUCLExRC 
ORDER ORDER 

MUONIC NucLmJs POLAR- LAMB POLAR- POLAR- 
LEVEL SOLUTION XZATION SHIFT IZATIOM IZATIOM TOTAL 

io514 . 88 
3578.56 

4780.45 

4598.75 

2127.88 

2081 .io 

2162.30 

2120 25 

1213.78 

~~96.32 

1 m  32 

1188.26 

66.97 

29s 32 

32.26 

29 74 

10 -77 

10.24 

10 51 

9.86 

4.58 

4.33 

3.80 

3.70 

-2 74 

-0.70 

-0 35 

-0.64 

-0.18 

-0 -13 

0.04 

0.05 

-0.01 

-0 02 

0.01 

-0.01 

1.75 

0.44 

0.71 

0,64 

0.22 

0.21 

0.19 

0.18 

0.05 

0.05 

0.05 

0.05 

6.8 
(12.6) 

1.6 

, 1.9 

1,8 

0-7 

0 -7 

-0 03 

0.0 

L. 

- 
.- 

- 

10587.66 
(10593.46 

3599 22 

4814 . 97 
4630 a 39 

2139 b 39 

2092.12 

2173 01 

2130.40 

12l8.40 

1200 . 68 
1201 19 

1192.01 

Assumed p,(r) with c = 1.1235 A 1/3 fm, n = 12.673, m Z 1, w 2 0. 

Ref. 13 

Ref. 6 

Value obtained from least squares fit to our data. 

For convenience we have multiplied all binding energies 
by -1. 

and corrections 



TABU 2 

205, THEOREZICAL POPULATIOMS OF MUONIC 

ATOMIC LEVELS 

0 1 

0 0010 0.0023 
0.0013 

0,0024 0.0057 
0.0033 

0.0023 0.0212 
0 0119 

o 0161 0.5628 
0 3095 

1.00 

2 3 4 

0 ol3.5 0.0651 0.3230 
0.0077 0,0491 0.2590 

0.0444 0 .bo75 
0,0300 0 3073 

0.473-7 
0.3302 

a) j = R f 1/2 

b) j' R - 1/2 



P 

TABLE 3 

208h Tm PHYGICAL PROPERTXES OF 

Chemical Form 

Weight 

Dimensions 

Isotopic Coqiosition-2O8 

eo7 

206 

14 x 15 X 2 cfn 

98.1% 

1.0% 

0.3% 



TABLE 4 

ENERGY CALIl3RATIOR SOURCES 

SOURCE 

46sc 

88Y 

46sc 

6oC0 

88Y 

20*TI (ThC") 

24*a 

5%* 

PURPOSE 

889.18 ~0.10 a *08F% M Feed-Throqhs 

I V  897.96 2 0.10 E M 

11 u20.41 2 0.10 a M 

1173.23 2 0.04 a M 

1332.48 2 0.05 a L 

1836.08 *. 0.07 a L 

2614.47 + 0.10 a L 

2753.92 f: 0.12 a L 

4806.58 2 0 . 2 5  K 

11 

11 

n 

W 

1 

11 

tt 

846.78 $0.06 Linearity and/or efficiency 

1037.90 ~ 0 . 0 5  

1175.13 ~0.06 

1238.30 - + 0.04 

1476.56 2 0.06 

(2598.57 DE) 

I* 

11 

(1 

V? 

11 



SOURCE ENERGY 

b771.42 ~0.07 

2034.92 t O . O ' f  

2087.57 ~0.06 

(2598.57 SE) 

2231.64 + - 0.06 
(3253.64 DE) 

2598.57 t o . o G  

3253.64 + 0.06 

1274.55 s, 0.04 a 

PURPOSE 

Linearity and/or efficiency 

1 )  

T I  

8Xef. 21 

bRef. 22 

'Ref. 23 



TRANSITION 

4f7/2+3d5/2 

2s1/2+*3/ 2" 

2*1/2+%/2* 

sf 7/2+3d5/ 2 

5f5~2 +3d 3f2 

*3/2+2s1/2+ 

3d3/24+3/2* 

3631 2+@1/2* 

4d5/2+*3/2f 

4*5/2+*3/2f 

4f7/2**3/2 

4a3/2+*1/2 

@1/2+%/2* 

@3/ 2+lS1/ 2" 

3d3/2+1si/2 

3P1/2*%/2 

3d5/2 +ls 1/2 

3P3/2+1sl/2 

lf5/2 *3d 312 

3d5/2+%/2* 

4f 5/2*2pi/2 

TABU3 5 

COIWARISOB OF *08Pb MUONIC X-RAY E%JBGIES 

TYPE 

E l  

Ez 
El 

El 

El 

El 

El 

El 

Ez 
EJ. 

El 

E2 

E2 

El 

E 2  

El 

El 

E2 

EL 

E2 

El 

CHICAGO a 
OTTAWA 
(&=VI 

937.7650. 20d 

971074+0 .20d 

-. 

... 
- 
- 
- 

2456.6420.47 

2500.07+0.45 - 
2641.48+0,42 - 

- 
- 
- 
- 
- 

5778.9320 . 50 

5963 7720.45 
- 
- 
- 
- 

1031.18+0.46 - 
12~6~1550.78 

1366.5W-0 20 

1404 . 42zO. 34 

1507.18fp. 20 

2456.9420.20 

2500.34$0 .l9 

2641 9450.20 

3429.2420.74 

c 

3438.23+0.74 - 
3596 7820.85 

3613.02$0.84 

5778*5 2065 

5963.3 $0.5 

8422.8 22.0 

8454,9722.1 

8465.7422 . 0 

8502. go+-2.1 

1031 09 

1215.78 

1366.62 

1404.69 

1507.22 

2457.31 

2500 .io 
2642.00 

3429.64 

3429 J3 

3438.30 

3596 52 

3613.82 

5718 56 

5963.27 

8420 58 

8454.10 

8463 . 37 

8501 59 



TABLE 5 (coat.) 

%ef. 8 

bRef ,  2 

J 
? 

These values represent a least  squares fit t o  those transitions marked with C 

an asterisk t o  a 2 parameter Fermi distribution p1 with c = 1,1236 A 1/3,. 
d 

n = 12.69 and a variable nuclear polarization i n  the Is level  ~ ~ ( 1 ~ ) = . - 1 2 . 6  kev. 

. The isotope shift i n  the 3d ana b f  levels are 206pb %dues quoted are for  

0.1 keV and 0.01 keV respectivezy. 

Vdues quoted are for natural Pb corrected for isotope shift. e 

fLines not resolved. 



SPLITTING 

COMPARISON OF MLJOiVIC X-RAY SPLITTINGS II? 208Pb 

?Reference 8 

CHIC AGO^ 

(keV 
OTTAWA 

184.8420.22 

- 
141.41?0.35 

43.47% .44c 
- 

33.9820.10' 

* 

6 -61 20.20' 
I 

- 

184.87ko .io 

184.9920.35 

141.6193.). 26 

43.39k0.14 

42.84 H) .32 

47.5620.82 

33.80~. 07 

38.0820.28 

6.4'7s. 07 

7.54m .16 

37.0530.53 

THEDRYb 
(keV 

184.71 

184.71 

141.90 

42 79 

42 79 

47 49 

33 60 

38.07 

6.41 

7.59 

38.22 

bThese values represent a least squares fit to those transitions marked 
with an asterisk in TABLE 5 and A2p(Q) given above to a 2 parameter 
Fermi distribution pl with c = 1.1236A1/3aB n= 12.69 and AE(ls)= -12.6 keV. 

Values quoted are for 206J?b. C 



TABLE 7 

EXPERIMENTAL COMSXS'pEmCY CHECKS 

LEVEL 
DXFFEZEHCE TRANSITIOI'?S AlpD SPLITTINGS USED 

%3/2*%/2 

TOTAL EpilERGY 

2538.36 5 0.51 

2537.39 2 0.56 

2723.33 4 0.81 

2722.38 f 0.58 

8465.74 & 2.0 

8463.64 f 0.54 

8502.9 f 2.1 

8501.66 2 0.71 

%easurea splitting between 3p3/2'"1a1,2 and 3d5/2+1s1/2 transitions. 

bMeasured splitting between 3d +2p and 3d3/2*2p3/2 transitions. 
5 /2  3/2 



TABLE 8 

RELAW INTElJSITIES OF blUORfC 208Pb !LWWSITfONS 

OBSERVED 

013f6 kd.038 

0.270 -+0.027 

0.005!jk0.001 

O.OOh~~0.001 

0.039 20.004 

0.026 iU.004 

0.0065+0.001 

0.054 50.007 

0.475 20.048 

0.320 10.033 

0.036 ~0.004 

0.014 20.002 

0.018 k0.003 

0.0075+0.0016 

THEOIBTjcdAL 

0 393 

0.289 

0.0092 

o 0069 

0.041 

0.029 

0.0088 

0.044 

0.450 

0-255 

0.002 

0.030 

0.014 

0.018 

0.0071 

&Lines not resolved. 



kE&ATIVE INTENSITIES OF MUOXIC 

208Pb FZmE StsRUCTuRE COME'ONENTS OF PRDYCIPAL TRAWSITIONS 

Chicago This 
Ottawa& Experiment Theory 

R =  @3/2 3. %/2 
%/2 + %/2 1.64 i: 0.06 1.67 k 0.07 1.82 

1.61 f 0.09 1.53 5 0.03 1-77 

10.8 f 3.0 8.33 k 0.58 10.2 

1.35 2 0.05 1.36 2 0.02 1.36 

%eference 8 



TABLE 10 

XI@E%SITIES OF FfME STRUCTURE C o p l p o m ~ S  

FOR 208F'b An>l TRANSL!EOI?S 

OBSERVED 

1371 2 136 

THEORETSCAL' 

1417 

4f5/2 + %/2 641 2 120 686 

4d3/2 .+ ?%/e 1554 * 166 1730 

3d5/2 * "3./2 1089 2 80 13.36 

3d3/a -). %/2 693 f 57 

408 f 60 %3/2 -). %/2 

696 

676 

354 55 304 %1/2 + Is 1/2 

%e predicted 4 * 2 intensities are normalized to the observed 
intensities, the 3 + 1 transitions are normalized excluding the 
3ps/2 + ''1/2* 

bLines not resolved. 



TABLF 11 

SENSITIVITY OF 208Pb CHARGE PABAtLETERS TO POLARIZATZON 

iii) Skardhamar 
Folarization 
with variable b i) Bo Nuclear ii) Skardhwar 

Assumption Polarization Polarization 1IE(ls) 

1.3258s.  0006 1.1203+0.0007 ~.123620.000g 

n 13.20a.06 12.46 k0 07 12.69+0.08 

t 2.22320 .. 010 2 34620 013 2.312+0.014 
( a) 

-6.8' -12.6-to 8 

1.2005 

59 5/6 

1 0 2012 

8 7/6 

Eeld constant 

Reference 6 

a 



COMPARISON OF 208Pb CHARGE P-S 

O1 
Distribution (1) 

n l2.6920. a8 12,07f0,09 2.177+0.009 2.171+0.008 

W O 8  0.14 a 0.3379 a 0.361 a 

m l a  l a  2 &  2 a  

r,/A 1/ 3 1.2012 1.2013 1.2012 1.2013 

x2 8.7 8.4 8.8 8.3 

(fm) 

Held constant 

Far 6 degrees of freedom. 

a 



Mstrfbutfons 

n 

a 
W 

a 
La 

COMPARISON OF 2d8Pb CHARGE PdWME2ERS 

FOR FERML-LIlQl DZX’RIBUTIOriS 

(4-PARAfJIETER FZTS) 

1.1193ko. 0027 1.0978+0.0029 1 0589~o.0044 

12.3350.21 11 .??;to .I9 2.142+0,024 

0 0.14 0 3379 

1 1 2 

-8 $22.3 -9 .lk2 4 -8 952.6 

-0.56k0.62 -0.69+0.65 -O.60*0.69 

1.201 I. 201 1.201 

5 *99 6.05 6.08 

p2 

1.088820 0036 

2.137-*0.023 

0- 361 

2 

-a 822.4 

-0.53*0*55 

1.201 

6.03 

Held constant 

Far 5 degrees of freedom 

a 



Leri33, 

1/2 1s 

1/2 2s 

TABLE 14 

208pb NUCLEAR POLARfZATION IN WOBIC 

Theory Experiment 
men Skardhamar 

-6.020 -6 -6.8k2.0 -8.9*2.7 

-1 * 220.2 -1,620.7 -0 620.7 



TABLE 15 

COMPARISON OF MUONIC X RAY AND EZZCTRON SCATTERING INTERPRETATIONS 

Zlectron a This Electron This 
Scattering E x p o  Scattering Exp . 

Ql p1 p1 p1 Distribution 

c/A1/3 I. 08k0.01 1.098+0.015 1 059 1.044+0.008 
(full 

n i1.81+0.20 11.77k0.40 2.156 2. 094+0. 024 

0 .LkO. 10 0.14k0.10 0.4345 0.4345+0.05 b W 

m 1 1 2 2 

Reference 29 

Assumed electron scattering vaue and error 

Reference 15 

a 
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