
. .  

LBL - 5 73 1 

OBSERVATION O F  THE FORBIDDEN MAGNETIC DIPOLE 
TRANSITION 62P%+72P%IN ATOMIC THALLIUM 

Prepa red  for  
Development Ad minis 

Steven Chu 
(Ph. D. thes i s )  

October 1976 

the U. S. Energy  Resea rch  and 
t ra t ion under  Contract W-7405-ENG-48 

/ r 
r 
w 
I 
VI 
4 
w 
c1 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



OBSERVATION OF THE FORBIDDEN MAGNETIC DIPOLE TRANSITION 

6'P + 72P, IN ATOMIC THALLIUM 
Y2 /z 

BY 

Steven Chu 

Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 94720 

Thk report was prepwed as an P C E O U ~ ~  of work 
sponrared by the United Slates Government. Neither 
the United States nor the United S t a t a  Energy 
Revarch and Dcvslopmcnl Administration, nor any of 
their c m p ~ o y ~ s .  nor or their coninc~ors, 
rubeontnctorr. or their cmployecr. makes any 
warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy. completeneu 
0, "vfulncn O f  any Informt,on. Ippalatw. ploducl or 
process discloud. or represents that its "IC would not 
infrinec pdvntely o w e d  rights. 

This work was done with suppart from the U., S. 
Energy Research and Development Administration. 

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITEfll; 

q 



n 



. 
;i 

CONTENTS 

ABSTTUCT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  v 

I . INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

A . N e u t r a l  C u r r e n t s  i n  Atomic P h y s i c s  . . . . . . . . . . . .  2 

B . P a r i t y  V i o l a t i o n  i n  Atomic T r a n s i t i o n s  . . . . . . . . . .  8 

C . O u t l i n e  of t h e  Experiment . . . . . . . . . . . . . . . .  10  

I1 . THEORY . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 4  

A . O u t l i n e  o f  t h e  M 1  C a l c u l a t i o n  . . . . . . . . . . . . . .  1 4  

1 . Rela t iv i s t i c  C o r r e c t i o n s  . . . . . . . . . . . . . . .  1.4 

2 . Kyper f ine  Mixing . . . . . . . . . . . . . . . . . . .  19 

3 . C o n f i g u r a t i o n  Mixing . . . . . . . . . . . . . . . . .  2 1  

B . Ml-Stark E l  I n t e r f e r e n c e  . . . . . . . . . . . . . . . . .  25 

I11 . EXPERIMENTAL METHOD . . . . . . . . . . . . . . . . . . . . .  37 

A . D e s c r i p t i o n  of t h e  L a s e r  . . . . . . . . . . . . . . . . . .  40 

1 . Laser Head and Dye System . . . . . . . . . . . . . .  40 

2.,, Electr ical  Di scha rge  C i r c u i t  . . . . . . . . . . . . .  4 3  

h 

-A# 

3 . O p t i c a l  C a v i t y  . . . . . . . . . . . . . . . . . . . .  52 

4 . Genera t ion  of U-V L i g h t  . . . . . . . . . . . . . . .  55 

B . Tha l l ium C e l l  and Oven . . . . . . . . . . . . . . . . . .  57 

C . Counting E l e c t r o n i c s  . . . . . . . . . . . . . . . . . . .  64  

D . Data Handling . . . . . . . . . . . . . . . . . . . . . .  6 6  

I V  . EXPERIMENTAL RESULTS . . . . . . . . . . . . . . . . . . . . .  68 

A . Fie ld - Induced  E l  T r a n s i t i o n  . . . . . . . . . . . . . . .  68 

B . E1-MI Asymmetry . . . . . . . . . . . . . . . . . . . . .  75 

1 . Cascade D e p o l a r i z a t i o n  . . . . . . . . . . . . . . . .  79 



n 
. i v -  

2 . Resonance Trapp ing  of  535 nm L i g h t  . . . . . . . . . .  83 

3 . C o l l i s i o n a l  D e p o l a r i z a t i o n  . . . . . . . . . . . . . .  85 

4 . I n s t r u m e n t a l  D e p o l a r i z a t i o n  . . . . . . . . . . . . .  87 
I 

5 . Exper imen ta l  Value f o r  t h e  M 1  Matrix Element . . . . .  89 

V . BACKGROUNDS . . . . . . . . . . . . . . . . . . . . . . . . .  9 1  

A . Backgrounds Not I n v o l v i n g  Tha l l ium . . . . . . . . . . . .  91 . 

B . Elec t r ic  F i e l d  Dependent Background . . . . . . . . . . .  93 

C . E l e c t r i c  F i e l d  Independent  Background . . . . . . . . . .  96 

D . P o s s i b l e  Sources  f o r  t h e  Zero-Fie ld  Background . . . . . .  100 

1 . Rayle igh  S c a t t e r i n g  . . . . . . . . . . . . . . . . .  100 

2 . Raman T r a n s i t i o n s  . . . . . . . . . . . . . . . . . .  100 

3 . C o l l i s i o n  Induced T r a n s i t i o n s  . . . . . . . . . . . .  102 

4 . Molecular  T r a n s i t i o n s  . . . . . . . . . . . . . . . .  106 

V I  . FUTURE EXPERIMENTS . . . . . . . . . . . . . . . . . . . . . .  108 

ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . .  109 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  110 

. ...... . . . . . . . . . . . . . . . . . .  . . .  . . . .  .... .- .... ._ .. I _ 



-V- 

OBSERVATION OF THE 62P - 72P TRANSITION I N  THALLIUM 
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ABSTRACT 

fo r -  2 2 
1 1 2  T h i s  t h e s i s  d e s c r i b e s  a measurement of  the 6 P -+ 7 P 

112  

b idden  magnet ic  d i p o l e  m a t r i x  e lement  i n  a tomic  t h a l l i u m .  A p u l s e d ,  

] . i nea r ly  p o l a d z e d  dye laser tuned t o  t h e  t r a n s i t i o n  f r equency  i s  used 

2 t o  e x c i t e  t h e  t h a l l i u m  vapor  from t h e  6 P ground s t a t e  t o  t h e  

72P e x c i t e d  s ta te .  I n t e r f e r e n c e  between the magne t i c  d i p o l e  

M1 ampl i tude  and a s t a t i c  e l e c t r i c  f i e l d  induced E l  a m p l i t u d e  r e s u l t s  

2 i n  an a tomic  p o l a r i z a t i o n  of t h e  7 P s t a t e ,  and t h e  subsequen t  

c i r c u l a r  polarization of 535  n m  f l u o r e s c e n c e .  The c i r c u l a r  polarization 

112 

112 

1 1 2  

is s e e n  t o  be  p r o p o r t i o n a l  t o  ( M 1  ) /( E l  ) 

€or  several t r a n s i t i o n s  between h y p e r f i n e  levels of t h e  6 P and 

72P s t a t e s .  The r e s u l t  is  

as e x p e c t e d ,  and measured 

2 
112 

1 / 2  

-5 J e l h  
= -(2.11+0.30) X 1 0  2mc * 

i n  agreement  w i t h  t h e o r y .  



-1- 

n 

Y 

I. INTRODUCTION 

N e u t r a l  c u r r e n t s ,  o r i g i n a l l y  p r e d i c t e d  by gauge t h e o r i e s  of weak 

i n t e r a c t i o n s  of Weinberg (Wei, 67)  and Salam (Sal, 1968) ,  have  been  

observed  i n  h i g h  ene rgy  n e u t r i n o  expe r imen t s  a t  CERN, (Has,  7 3 ) ,  FNAL 

(Ben, 7 4 ) ,  (Bar, 7 4 )  (Bar ,  75b), ANL (Bar, 75) and BNL (Lee ,  7 5 ) .  

Detai ls  of t h e  expe r imen t s  a r e  g i v e n  i n  a review by Cundy, (Cun, 7 4 ) .  

The expe r imen t s  

v and nuc leons  
1-I 

a l l  measure muon-less r e a c t i o n s  between muon n e u t r i n o s  

of t h e  form 

v + N  + v + N ' .  
1.I 1-I 

Although t h e  n e u t r a l  c u r r e n t  may have  t h e  f a m i l i a r  V-A form of t h e  

charged c u r r e n t ,  v a r i o u s  combina t ions  of V and A have  been  sugges t ed  

as a l t e r n a t i v e s  t o  t h e  Weinberg-Salam model (Wei, 7 1 ) ,  (Sak ,  7 4 ) ,  

(Che, ? 4 ) .  Other  a u t h o r s  have obse rved  t h a t  scalar ,  p s e u d o s c a l a r ,  and 

t e n s o r  terms a r e  a l s o  c o n s i s t e n t  w i t h  t h e  d a t a ,  (Kin,  7 4 ,  7 5 1 ,  

(Kay, 7 4 ) ,  (Yan, 7 4 ) ,  (Big,  74 ) .  

T e s t s  f o r  p a r i t y  v i o l a t i o n  of n e u t r a l  c u r r e n t s  i n  h i g h  energy  

Rv ' p h y s i c s  have been  l i m i t e d  so f a r  to  t h e  measurement of t h e  r a t i o ,  

of t h e  n e u t r a l  c u r r e n t  c r o s s - s e c t i o n ,  g iven  by E q .  ( l ) ,  and t h e  charged  

c u r r e n t  c r o s s - s e c t i o n ,  

v + M  + p + N " .  ( 2 )  1.I 

I3y comparing R t o  t h e  co r re spond ing  r a t i o  R- t h e  Harvard-Penn- 

Wiscons in  i1,roiip ( f k ~ r i ,  76)  Ii;is T o i i n c l  t l i i i t  iittton i i c b c i t r  ino-nucl(wn ne i t r rn l  

c u r r e n t s  are c o n s i s t e n t  w i t h  n p u r e  V-A i n t e r a c t i o n ,  b u t  t h e  r e s u l t s  

V V '  
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are  t h r e e  s t a n d a r d  d e v i a t i o n s  from t h a t  expec ted  f o r  p u r e l y  v e c t o r  o r  

a x i a l  v e c t o r  coup l ings :  

the c r o s s - s e c t i o n  measurements,  b u t  t h e r e  a re  some r e s e r v a t i o n s  abou t  

F u r t h e r  work i s  i n  p r o g r e s s  a t  FNAL t o  improve 

c o n c l u s i o n s  t h a t  a re  drawn from t h e s e  e x p e r i m e n t s .  The c a l c u l a t i o n s  

r e q u i r e  t h a t  t h e  r e a c t i o n s  of V (c )  t o  n u c l e o n s  d i f f e r  o n l y  by t h e i r  l e f t  

( r i g h t )  handed h e l i c i t i e s .  

energy dependence, b u t  t h e r e  is  o n l y  f r agmen ta ry  ev idence  t o  s u p p o r t  

A l so ,  R and R c  are assumed t o  have t h e  same V 

t h i s  claim. 

A .  N e u t r a l  C u r r e n t s  i n  Atomic P h y s i c s  

I n  c o n t r a s t  t o  t h e  r e a c t i o n s  i n  Eq. (1) n e u t r a l  c u r r e n t  weak 

? I t  
i n t e r a c t i o n s  between t h e  cha rged  l e p t o n s  1-1 , e and hadrons  have no t  

been obse rved .  A g r e a t  d e a l  o f  e f i o r t  i s  now b e i n g  s p e n t  on t e s t s  of 

t h e s e  c u r r e n t s  i n  a tomic  p h y s i c s  ( J a r ,  7 4 ) ,  (Bro, 7 6 ) ,  (Rou, 76 ) .  

Although p a r i t y  v i o l a t i o n  due t o  weak i n t e r a c t i o n s  w a s  f i r s t  suggested 

by Z e l ' d o v i c h  more t h a n  f i f t e e n  y e a r s  ago ( Z e l ,  5 9 ) ,  and s u b s e q u e n t l y  

d i s c u s s e d  by Drel l  and S u l l i v a n  (Dre,  65) and Cur t i s -Miche l  (Mic, h5) ,  

i n t e n s e  i n t e r e s t  d i d  n o t  deve lop  u n t i l  a se r ies  of p a p e r s  by M . A .  and 

C . C .  Bouchiat  (Bou, 74a,  74b, 7 5 a ) .  Expe r imen ta l  e f f o r t s  a re  now i n  

p r o g r e s s  i n  Oxford (Lov, 75 ) ,  S e a t t l e  (Sor ,  7 6 ) ,  Be rke ley  (Chu, 7 6 ) ,  

and Ann Arbor (Lew, 75) as  w e l l  as  P a r i s  (Bou; 75b ,  76a,  76b).  

V 

The b a s i c  i d e a  b e h i n d  neu t r a l .  c u r r e n t  phenomena i n  atoms is  

s i m p l e  enougli. Just a s  a l e p t o n  can i n t e r a c t  w i t h  a nucleon i n  

(blectrornagn(.ti(.  i n t e r a r t i o n s  via  ;I photon,  ( F i g .  l a )  i t  may a l s o  i n t e r a c t  f\ 

3 
the  Feynman diagrams l e a d s  u s  t o  e x p e c t  a p o t e n t i a l  of magnitude G6 (x)A, 

- _ _  -_ _ _  - ____ - - - _ _  . - _- - -  
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3 

t 

1) 

where C: i s  the  weak c o u p l i n g  c o n s t a n t ,  and a i s  t h e  n u c l e a r  mass number. 

Even w i t h o u t  n e u t r a l  c u r r e n t s ,  h i g h e r  o r d e r  diagrams p e r m i t  a weak 
F 

E l e c t r o m a g n e t i c  T n t e r a c t i o n  (Fig. l a . )  

e ,LJ 

e,lJ ( Z , N  

3 

P r o p a g a t o r  = - 1 * A = (- - ‘ e L ,  0 )  i n  2 L J  r 
4 
c o o r d i n a t e  s p a c e .  

q = momentum t r a n s f e r  

N e u t r a l  C u r r e n t  I n t e r a c t i o n  ( F i g .  l b . )  

* Amp % G63(e )A  1 
2 2  2 

% -  
1 P r o p a g a t o r  = 

4 -F$,o MZO 

Charge C u r r e n t  I n t e r a c t i o n  ( F i g .  IC) 
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charged c o u p l i n g  between l e p t o n s  and t h e  n u c l e u s  (F ig .  l c . ) ,  b a t  t h e s e  

e f f e c t s  are s m a l l e r  by a f a c t o r  of aG r e l a t i v e  t o  t h e  n e u t r a l  c u r r e n t  

diagram, and a r e  t o o  small  t o  be  o b s e r v a b l e .  

T h e  p a r i t y  v i o l a t i n g  p o t e n t i a l  between t h e  valence e l e c t r o n  and 

t h e  n u c l e u s  f o l l o w s  from a n o n - r e l a t i v i s t i c  r e d u c t i o n  of a r e l a t i v i s t i c  

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 .  W e  u s e  t h e  s i m p l e s t  v e r s i o n  o f  t h e  SU2XU1 

gauge model. (Weinberg-Salam model) i n  t h e  l i m i t  where t h e  mass of t h e  

i n t e r m e d i a t e  v e c t o r  boson Z i s  i n f i n i t e .  Then, t h e  e f f e c t i v e  

Hamil tonian d e n s i t y  nc(x) is  g i v e n  by 

0 

and t h e  c u r r e n t  J ( x )  i s  s p l i t  i n t o  t h e  r e l e v a n t  l e p t o n i c  p a r t  J ‘((x) 

and h a d r o n i c  p a r t  J ( x ) :  

1.1 1-1 
h 

1-I 

Here, e ( x > ,  v e ( x ) ,  e t c . . .  r e p r e s e n t  t h e  Dirac f i e l d s  of t h e  e l e c t r o n ,  

e m  n e u t r i n o ,  e t c .  ... ; J (x)  i s  t h e  e l e c t r i c  c u r r e n t  d e n s i t y  fo r  hadrons ,  
1-1 

5 and J ( x ) ,  ( x )  are the  u s u a l  h a d r o n i c  i s o s p i n  ( a x i a l  i s o s p i n )  

o p e r a t o r s .  

1-193 

The two-component r e d u c t i o n  ( s e e  Appendix I11 of (Rou, 7 4 b ) )  

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

(6) 
c, 3 3 [a*c 6 (d + 6 (X)Q*QIQ, = ---__ Ve .N. 

p .V. 
e 4 J z  m 

- .  . . . . . . . ._ . . .  . I . .~... . ..... ..... ~. .- ~ . 
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w i t h  

(20, = - [ ( 4 ~ i n ~ O ( ~  - l . ) Z  + N ]  ( 7 )  

1 
2 m ,  -- 112, p. and x. are t h e  mass, s p i n ,  momentum and p o s i t i o n  o f  t h e  

e l e c t r o n ,  Z ,  (N) are t h e  number of  p r o t o n s  ( n e u t r o n s )  i n  t h e  n u c l e u s ,  

and 8 

theo ry  w e  are u s i n g .  

a value f o r  s i n  e = .29 k .05. 

t h e  s o - c a l l e d  Weinberg a n g l e ,  i s  a pa rame te r  i n  t h e  gauge 
I O  ' 

The 3 -e s c a t t e r i n g  expe r imen t s  ( R e i ,  76)  g i v e  e 
2 

(L) 

The g e n e r a l  form of t h e  Hami l ton ian  can b e  gi.vcn a p h y s i c a l  

i n t e r p r e t a t i o n .  F i r s t  o f  a l l ,  t h e  o n l y  p s e u d o s c a l a r ,  t i m e - r e v e r s a l  

i n v a r i a n t  quantAty t h a t  can b e  c o n s t r u c t e d  from t h e  o p e r a t o r s  8, E, and Q 

3 i s  :*E. The 6 ( x )  f a c t o r  fol lows from t h e  short r ange  of t h e  weak 

i n t e r a c t i o n ,  and (z e x h i b i t s  t h e  a d d i t i v e  e f f e c t  o f  t h e  n u c l e o n s  

c o u p l i n g  t o  t h e  e l e c t r o n .  S i n c e  the e l e c t r o n  wave f u n c t i o n  a t  t h e  

n u c l e u s  scales  -Z, t h e  momentum P o f  the e l e c t r o n  scales 9,  and 

t h e  q u a n t i t y  Q i n  Equa t ion  ( 7 )  s c a l e s  "z, t h e  p a r i t y  v i o l a t i n g  

p o t e n t i a l  h a s  -2 dependence; t h u s ,  t h e  p a r i t y - v i o l a t i n g  e f f e c t s  are 

enhanced i n  heavy atoms.  

w 

w 
3 

There i s  a l s o  a p a r i t y  v i o l a t i n g  e l e c t r o n - e l e c t r o n  p o t e n t i a l  and 

a term f o r  i n t e r a c t i o n s  i n v o l v i n g  n u c l e a r  s p i n ,  b u t  t h e s e  c o n t r i b u t i o n s  

a re  shown t o  be s m a l l  (Rou, 74a ) .  F i n a l l y ,  t h e r e  i s  a p a r i t y  c o n s e r v i n g  

term 

p . c .  

t h a t  w i l l  be  r e s p o n s i b l e  for v e r y  small  ene rgy  s h i f t s  of t h e  o r d e r  of 

G(mZa) 2 .  While i t  i s  i n  f a c t  p o s s i b l e  t o  measure ene rgy  s p l i t t i n g s  3 
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t o  t h e  d e s i r e d ' a c c u r a c y , ( i n  hydrogen,  t h e  e f f e c t  i n  t h e  ground s t a t e  
1 

h y p e r f i n e  s t r u c t u r e  i s  p r e d i c t e d  t o  b e  lo4  times l a r g e r  t han  t h e  

expe r imen ta l  u n c e r t a i n t y  ( J a r ,  7 4 ) )  i t  would be  i m p o s s i b l e  t o  d i s t i n g u i s h  

the weak in t c ' r i i c t i on  s h i f t s  from n u c l e a r  and quantum e l e c t r o d y n a m i c  

e f f e c t s .  

The p a r i t y - v i o l a t i n g  p o t e n t i a l  g iven  i n  Eqs. ( 6 )  and ( 7 )  might 

g i v e  rise t o  p h y s i c a l l y  o b s e r v a b l e  e f f e c t s .  The p o t e n t i a l  mixes s t a t e s  

o f  o p p o s i t e  p a r i t y ,  and t r a n s i t i o n s  f o r b i d d e n  by e l e c t r o m a g n e t i c  p a r i t y  

s e l e c t i o n  r u l e s  are a l lowed  t o  o r d e r  G . S i m i l a r  e f f e c t s  i n  n u c l e a r  

t r a n s i t i o n s  have a l r e a d y  been  s t u d i e d  (Gar ,  7 3 ) ,  ( F i s ,  731, (Mck, 7 0 ) .  

However, i f  t r a n s i t i o n s  can p roceed  by b o t h ' t h e  normal e l e c t r o m a g n e t i c  

c h a n n e l s  and by t h e  p a r i t y  mixing of t h e  weak Hami l ton ian ,  i n t e r f e r e n c e  

e f f e c t s ,  l i n e a r  i n  G ,  w i l l  a p p e a r .  For example,  matr ix  a m p l i t u d e s  t h a t  

a r e  no rma l ly  o n l y  magne t i c  d i p o l e  w i l l  c o n t a i n  a s m a l l  e l e c t r i c  d i p o l e  

a d m i x t u r e ,  and t h e  i n t e r f e r e n c e  of t h e  two a m p l i t u d e s  w i l l  g i v e  

c i r c u l a r  p o l a r i z a t i o n  e f f e c t s  t h a t  are  p r o p o r t i o n a l  t o  E l  p.v.  / M I .  

The p r e s e n t  e x p e r i m e n t s  i n  s e a r c h  of  p a r i t y  v i o l a t i o n  due to 

2 

n e u t r a l  c u r r e n t s  a r e  e i t h e r  o p t i c a l  r o t a t i o n  expe r imen t s  o r  a b s o r p t i o n  

e x p e r i m e n t s ,  b u t  t hey  a l l  e x p l o i t  t h e  p o s s i b i l i t y  of i n t e r f e r e n c e  

e f f e c t s  enhanced i n  heavy atoms. 

f o r  a v e r y  small r o t a t i o n  i n  Bismuth vapor  due  t o  a n  i n t e r f e r e n c e  

between an a l lowed  M 1  t r a n s i t i o n  and t h e  p a r i t y  v i o l a t i n g  E l  t r a n s i t i o n .  

'I'his I n t c r f ( ~ r c ~ i i ( ~ c .  produccs ;I d i f fcrcncc i n  tlic r c f r a c t l v c  index  f o r  

r i g h t  and l e f t  c i r c u l a r l y  p o l a r i z e d  l i g h t  and l e a d s  t o  a r o t a t i o n  of 

t h e  p l a n e  of p o l a r i z a t i o n  of l i n e a r l y  p o l a r i z e d  l i g h t .  The r o t a t i o n  

* - 
The o p t i c a l  r o t a t i o n  e x p e r i m e n t s  look 

r 
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i s  f:ivcn by 

- iE l .  4n(n- l )L  p . V .  
x bll. @ =  ( 9 )  

where n is  tlic i n d e x  of r e f r a c t i o n ,  1, i s  t h e  p a t h  l e n g t h ,  and X i s  t h e  

wavelen th  o f  t h e  t r a n s i t i o n .  
p .v.  

a r e a l  q u a n t i t y ,  w h i l e  E l  

of  phase .  

a b s o r p t i o n  l i n e ,  and h a s  been c a l c u l a t e d  by K h r i p l o v i c h  (Khr,  7 4 ) ,  and 

M1 is  much l a r g e r  t h a n  E l  and i s  

is  imaginary  g i v e n  a c o n v e n t i o n a l  c h o i c e  P.V. 

The q u a n t i t y  @ s h o u l d  f o l l o w  a d i s p e r s i o n  cu rve  about  t h e  

Henley and Wilets (Hen, 76)  t o  be a few t i m e s  r a d i a n s  p e r  a b s o r p t i o n  

l e n g t h  based  on t h e  s imple  Weinberg model.. Both F o r t s o n  ( F o r ,  76) 

and Sandars  ( S m ,  76) have a l r e a d y  r e p o r t e d  .upper  l i m i t s  of 10 r a d . / a b s .  

l e n g t h .  However, due  t o  t h e  ex t r eme ly  s m a l l  r o t a t i o n ,  t h e  expe r imen t  

i s  v e r y  d e l i c a t e  and  s u b j e c t  t o  s e r i o u s  s y s t e m a t i c  e f f e c t s .  

-7 

The a l t e r n a t i v e  c l a s s  of expe r imen t s  u s e s  h i g h l y  f o r b i d d e n  M1 

t r a n s i t i o n s  t o  f u r t h e r  enhance t h e  p a r i t y  v i o l a t i n g  e f f e c t s ,  which 

scale  as E l / M I .  I n  these expe r imen t s ,  a d i f f e r e n c e  i n  t h e  a b s o r p t i o n  

between l e f t  and r i g h t  c i r c u l a r l y  p o l a r i z e d  l i g h t  i s  expec ted  t o  b e  10 

t o  a few t i m e s  10 of t h e  t o t a l  a b s o r p t i o n ,  and h a s  been  c a l c u l a t e d  

by M.A. and C . C .  Bouchia t  (Bou; 74b, 75a) and K h r i p l o v i c h  (Khr,  76)  

-4 

- 3  

i n  t h e  case of  cesium, and by Neuf fe r  (Neu, 76) f o r  t h a l l i u m .  Although 

t h e  p a r i t y  v i o l a t i n g  e f f e c t s  are r e l a t i v e l y  l a r g e ,  t h e  small M1 ampli-  

t u d e s  p r e s e n t  many e x p e r i m e n t a l  p rob lems ,  and i t  i s  a fo rmidab le  task 

just t o  o h s e r v c  these t r a n s i t i o n s .  T h i s  thesis r e p r e s e n t s  t h e  [ i r s t  

s t e p  i n  o u r  g r o u p ' s  e f f o r t  t o  d e t e c t  p a r i t y  v i o l a t i o n  i n  atoms d u e  t o  

n e u t r a l  c u r r e n t s .  



- 8- 

For t h e  s a k e  o f  comple t eness ,  b r i e f  ment ion shou ld  b e  made o f  

o t h e r  tests f o r  p a r i t y  v i o l a t i n g  t r a n s i t i o n s .  

c o n s i d e r e d  s i n c e  t h e  muon wave f u n c t i o n  a t  t h e  n u c l e u s  i s  a p p r o x i m a t e l y  

two o r d e r s  of  magnitude l a r g e r  t han  t h e  c o r r e s p o n d i n g  e l e c t r o n  wave 

€ u n c t i o n .  A number o f  c a l c u l a t i o n s  have b e e n  made ( F e i ,  7 4 ) ,  (Mos, 7 4 1 ,  

(Ber ,  7 4 )  and c i r c u l a r  p o l a r i z a t i o n s  as l a r g e  as 10% are e s t i m a t e d  f o r  

muonic L i  and R e .  

t h e o r e t i c a l l y  (Gor; 7 4 ,  75) and may soon b e  i n  t h e  realm of  e x p e r i m e n t a l  

p o s s i b i l i t y .  F i n a l l y ,  s c a t t e r i n g  expe r imen t s  w i t h  p o l a r i z e d  e l e c t r o n s  

a r e  now i n  t h e  p l a n n i n g  s t a g e s  (Hug, 7 6 ) ,  ( O t t ,  76) and cou ld  y i e l d  

r e s u l t s  i n  t h e  n e x t  few y e a r s .  

Muonic atoms are  b e i n g  

Heavy h e l i u m - l i k e  i o n s  a r e  a l s o  b e i n g  examined 

B .  S t a t u s  of P a r i t y  V i o l a t i o n  i n  Atomic T r a n s i t i o n s  

Measurements of  s t a t i c  e l e c t r i c  d i p o l e  moments i n  e l e m e n t a r y  

p a r t i c l - e s ,  a toms,  and molecu le s  have a l r e a d y  p l acbd  s t r i n g e n t  l i m i t s  

on any i n t e r a c t i o n  t h a t  v i o l a t e s  b o t h  p a r i t y  and t i m e  r e f l e c t i o n .  

more d e t a i l s ,  we r e f e r  t h e  r e a d e r  t o  reviews g iven  by Sanda r s  (San,  7 5 )  

and Commins (Com, 7 1 ) .  Fol lowing  t h e  r e a s o n i n g  of Yang and Lee i n  

t h e i r  pape r  s u g g e s t i n g  t h e  p o s s i b i l i t y  of  p a r i t y  v i o l a t i o n  i n  6 - decay 

(Lee ,  5 6 ) ,  w e  can estimate t h e  magnitude of t h e  d i p o l e  moment d as 

For 

d - e F  X (dimension ~f system) 

where F i s  t h e  d e g r e e  o €  mixing of  s t a t e s  of o p p o s i t e  p a r i t y .  The 

e x p e r i m e n t s  on heavy atoms by S a n d a r s ,  et &. ( C a r ,  681, ( P l a ,  7 0 ) ,  

(Har ,  6 9 ) ,  (Gou, 70) have p l a c e d  a lower  l i m i t  of EDMelectron G 10 - 2 4  e-cm, 

which g i v e s  a v a l u e  f o r  F G Ramsey (Ram. 7 6 )  h a s  r e c e n t l y  
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Q 
I 

r e p o r t e d  a comparable upper  l i m i t  on t h e  e l e c t r i c  d i p o l e  moment of t h e  

n e u t r o n .  Although t h e  Weinberg model o f  n e u t r a l  c u r r e n t s  a r e  P and C 

i n s t e a d  of P and T v i o l a t i n g , t h e  ex t r eme ly  smal l  upper  l i m i t s  on t h e  

c lcxr t r ic  tlip11e momcints can be r c in t e rp rc t c t t l  LO y i c l d  Lnformnt ion on 

t h e  n a t u r e  of t h e  weak i n t e r a c t i o n  c o u p l i n g .  We d e s c r i b e  t h e  p a r i t y  

v i o l a t i n g  n e u t r a l  c u r r e n t  i n t e r a c t i o n s  between e l e c t r o n s  and n u c l e o n s  

a s  

TJ,T 

where K s p a n s  t h e  usual. s e t  of v e c t o r ,  a x i a l  v e c t o r ,  sca la r ,  pseudo- 

s c a l a r  and t e n s o r  combinat ion of Dirac matrices. The f i r s t  two terms 

a r e  t h e  f a m i l i a r  V , A  i n t e r a c t i o n s ,  ( c f  E q .  4 )  whi1.e t h e  f i n a l  t h r e e  

terms v i o l a t e  b o t h  p a r i t y  and t i m e  reversal  i n v a r i a n c e .  C .  B o u c h i a t ,  

(Bou, 75c )  and Hinds,  Loving,  and Sanda r s  (Hin,  76)  have concluded 

t h a t  t h e  d i p o l e  moment measurements r e q u i r e  t h e  c o u p l i n g  c o n s t a n t s  

€ o r  any s c a l a r - p s e u d o s c a l a r  o r  t enso r -pseudo tenso r  i n t e r a c t i o n  between 

e l e c t r o n s  and nuc leons  t o  b e  a t  least  t h r e e  o r d e r s  o f  magnitude less  

than t h e  Fermi c o n s t a n t .  

The l i m i t s  on p a r i t y  v i o l a t i n g  i n t e r a c t i o n s  t h a t  may b e  t i m e -  

reversal i n v a r i a n t  are n o t  as s t r i n g e n t .  P r e v i o u s  work on f o r b i d d e n  

30 Pb,31 and Tm32 h a s  been reviewed by t h e  Rouch ia t s  2’ t r a n s i t i o n s  i n  0 

(Bou, 741)).  I n  f a c t ,  t h e  c u r r e n t  work b e i n g  done i n  P a r i s ,  Oxford,  

S e a t t l e ,  and Berke ley  r e p r e s e n t s  t h e  b e s t  test  of p a r i t y  v i o l a t i o n  i n  

a tomic  e l e c t r o m a g n e t i c  t r a n s i t i o n s  by several  o r d e r s  of magni tude.  
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C .  O u t l i n e  o f  t h e  Experiment 

We now o u t l i n e  t h e  expe r imen t  t o  measure t h e  f o r b i d d e n  k i l  t r a n s i -  

t-ion ampl i tude  i n  t h a l l i u m .  The l o w e s t  l y i n g  ene rgy  levels a r e  i n d i c a t e d  
1 1 

s t a t e s ,  
112  

s c l ~ e n i n t i c n l l y  i n  F ig .  2 .  I n  going from t h e  6% t o  7% 
112 

t h e  o n l y  p o s s i b l e  sing1.e photon t r a n s i t i o n  f o r  an unpe r tu rbed  atom i s  

an M 1  t r a n s i t i o n ,  b u t  s i n c e  t h e  magnetic d i p o l e  o p e r a t o r  i s  g i v e n  by 

u = - - - -  ( & + 2 S ) ,  t h e  o r t h o g o n a l i t y  o f  t h e  n o n - r e l a t i v i s t i c  r a d i a l  wave - 2mc 

f u n c t i o n s  g i v e s  a z e r o  M 1  matr ix  e l emen t .  Only by i n c l u d i n g  r e l a t i v i s t i c  

eh 

e f f e c t s  and h y p e r f i n e  mixing,  o r  c o n f i g u r a t i o n  mixing does t h e  MI. ra te  

become non-zerp, 

2 
1 / 2  

A t u n a b l e  l a s e r  is  used t o  e x c i t e  t h e  T 1  atoms t o  t h e  7 P 

2 
1 / 2  s t a t e  v i a  292.7 nm l i g h t .  The atoms then  cascade  f i r s t  t o  t h e  7 S 

L 
s t a t e ,  and then go t o  e i t h e r  t h e  6 P s t a t e  o r  hack t o  t h e  ground 

s t a t e .  Although t h e  b r a n c h i n g  rates f o r  t h e  l a t t e r  t r a n s i t i o n s  a re  

approx ima te ly  equal, t h e  377.6 nm r a d i a t i o n  t o  t h e  ground s t a t e  i s  

r e s o n a n t l y  t r a p p e d  a t  o u r  t y p i c a l  o p e r a t i n g  d e n s i t i e s  and c o n v e r t e d  

i n t o  535 nm l i g h t .  

3/2 

A l a r g e  non-resonant  background p r e v e n t s  u s  from s c a n n i n g  t h e  

f r equency  o f  o u r  laser  around 293 nm t o  s e a r c h  f o r  an i n c r e a s e  i n  t h e  

amount of 535 nm l i g h t  d e t e c t e d  by t h e  p h o t o t u b e s  on r e sonance .  Follow- 

i n g  a s u g g e s t i o n  by Bouch ia t  and Bouch ia t  (Bo;, 7 5 a ) ,  w e  measure t h e  

M 1  ampl i tude  through i t s  i n t e r f e r e n c e  w i t h  an E l  r a t e  induced by 3 

b 

112 
s t a t i c  e l e c t r i c  f i e l d  t h a t  mixes t h e  P - s t a t e s  w i t h  n e i g h b o r i n g  S 

and D s t a t e s .  The i n t e r f e r e n c e  between t h e  M 1  and E l  a m p l i t u d e s  

r e s u l t s  i n  a n  a tomic  p o l a r i z a t i o n  o f  t h e  7 P s t a t e  a l o n g  a d i r e c t i o n  

312 
2 

l. /2 
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Fig .  2 .  Energy l e v e l  scheme f o r  t h e  

t h a  11 ium . 

XBL 768-10237 

l owes t  l y i n g  states of 
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n 

p e r p e n d i c u l a r  t o  b o t h  t h e  s t a t i c  f i e l d  and t h e  d i r e c t i o n  of p r o p a g a t i o n  

of t h e  i n c i d e n t  l i g h t .  The a tomic  p o l a r i z a t i o n  i s  measured by t h e  

subsequen t  e m i s s i o n  of  c i r c u l a r l y  p o l a r i z e d  l i g h t .  ( see  F i g .  3 ) .  T E  

the a tomic  p o l a r i z a t i o n  i s  o r i e n t e d  a l o n g  t h e  p o s i t i v e  z - a x i s ,  t h e  

r a d i a t i o n  e m i t t e d  i n  t h a t  d i r e c t i o n  w i l l  b e  p redomina te ly  l e f t -  

c i r c u l a r l y - p o l a r i z e d ,  w h i l e  r a d i a t i o n  e m i t t e d  a l o n g  t h e  n e g a t i v e  z -ax i s  

w i l l  b e  r i g h t  c i r c u l a r l y  p o l a r i z e d .  When t h e  e l e c t r i c  f i e l d  changes 

s i g n ,  t h e  a tomic  p o l a r i z a t i o n  a l s o  reverses and t h e  i n t e r f e r e n c e  i s  

s e e n  as a d i f f e r e n c e  i n  t h e  c o u n t i n g  ra tes  for p o s i t i v e  and n e g a t i v e  

e l e c t r i c  f i e l d s .  Two d e t e c t o r s  are used t o  p r o v i d e  an added d e g r e e  o f  

symmetry: s i n c e  b o t h  p h o t o t u b e s  can d e t e c t ’ o n l y  l e f t - c i r c u l a r l y -  

p o l a r i z e d  l i g h t ,  when one  t u b e  c o u n t s  h i g h e r  f o r  an e q u i v a l e n t  amount 

o f  u n p o l a r i z e d  photons t h e  o t h e r  c o u n t s  lower and t h e  p o l a r i z a t i o n  can 

a l s o  be s e e n  a s  a d i f f e r e n c e  i n  t h e  a b s o l u t e  c o u n t i n g  ra tes  o f  b o t h  

d e t e c t o r s .  T h i s  t e c h n i q u e  of  t a k i n g  “ d i f f e r e n c e s  of d i f f e r e n c e s ”  h a s  

proved t o  be v e r y  power fu l  and makes i t  p o s s i b l e  t o  a v o i d  a g r e a t  d e a l  

of i n s t u m e n t a l  asymmetry. For  example,  t h e  e f f e c t s  o f  f l u c t u a t i o n s  

i n  t h e  t h a l l i u m  d e n s i t y  o r  i n  t h e  i n c i d e n t  power of  laser l i g h t  are  

c a n c e l l e d .  

Y 

.. -. .. . . . ~ 
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F i g .  3 .  The i n c i d e n t  l i g h t  has  l i n e a r  p o l a r i z a t i o n  g1 o r  g2, 
arid wdve v e c t o r  K .  
and t h e  f i n a l - s t a t e  ? o l n r i z a t i o n  i s  d i r e c t e d  along the 

z'-<txi:;. 

i n  f i o n t  of t h e  p l io to r l lu l t i p l i e r  t u b e s .  

The e l e c t r i c  f i e l d  i s  a l o n g  t h e  ?-axis 

BotIt d e t e c t o r s  have  I e f t - c i r c u L a r  y o l n r i z e r u  
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IT. THEORY 

A.  Oirt l ine o f  t h e  M 1  Cn lc r i l a t ion  - . - ---_I- 

The s i n g l e  photon magne t i c  d i p o l e  t r a n s i t i o n  (Ml) f o l l o w s  t h e  

s e l e c t i o n  r u l e s  AJ = 0 ,  k l . ,  no  p a r i t y  change. However, t h e  u s u a l  

form of t h e  magne t i c  d i p o l e  o p e r a t o r  

(& + rz) e h  

v a n i s h e s  when t a k e n  between two states of d i f f e r e n t  p r i n c i p l e  quantum 

n u m b e r s , i n  t h e  n o n - r e l a t i v i s t i c  approx ima t ion ,  and a more d e t a i l e d  

c a l c u l a t i o n  i s  n e c e s s a r y .  Measurements of f o r b i d d e n  magne t i c  d i p o l e  

t r a n s i t i o n s  i n  normal atoms are l i m i t e d  t o  t h e  2 S - 1 S t r a n s i t i o n  

i n  h e l i u m  by Woodworth and Moos (Moos, 73) and t h e  6 S 

t r a n s i t i o n  i n  c e s i u m  by Bouch ia t  and P o t t i e r  (Bou, 7 6 a ) .  Beam-foil 

t e c h n i q u e s ,  f i r s t  used by Schmieder and M a r r u s  (Sch, 70 ) ,  have ex tended  

t h e  measurements of  " fo rb idden"  magnet ic  d i p o l e  t r a n s i t i o n  ra tes  i n  

hydrogen anti h e l i u m - l i k e  heavy i o n s  t o  a r ange  of more than  1 2  o r d e r s  

of magnitude ( S e l ,  7 6 ) .  

3 1 
1 0 

2 2 
- 7 S1,2 1 1 2  

I.. R e l a t i v i s t i c  C o r r e c t i o n s  

Y 

There are many c a l c u l a t i o n s  of hydrogen and h e l i u m - l i k e  f o r b i d d e n  

M l  decays ( F e i ,  71 ) ,  ( B e i ,  71) ,  (Dra,  71, 721, (Fen, 7 2 1 ,  (Joh,  7 4 ) ,  
0 ,.I 
L 

1 / 2  - 7% (Sch ,  70 ) ;  and r e c e n t l y ,  estimates have been made f o r  t h e  6 S 

t r a n s i t i o n  i n  cesium by Bouch ia t  and Bouch ia t  (Bou, 75b, 76a) and 

Khr ip lov ich  (Khr,  76 ) .  A more d e t a i l e d  c a l c u l a t i o n  u s i n g  Dirac wave 

. . . . . . . _. . .. .... ~. .... ~ . .. . . . . .. . . .. . .- . ~ . .. _. . .. 
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v 

f u n c t i o n s  f o r  t h a l l i u m  and cesium g e n e r a t e d  n u m e r i c a l l y  from a mod i f i ed  

T i c t z  p o t e n t i a l  has  been c a r r i e d  o u t  by Ncuf fe r  (Neu, 7 6 ) .  The 

c a l c u l a t i o n  is  clone u s i n g  t h e  f u l l y  r e l a t i v i s t i c  n o t a t i o n  of B e r e s t e t s k i i ,  

I . i f s h i t z ,  and P i t n e v s k i i  (Eer,  7 1 )  and i t  would b e  i n a p p r o p r i a t e  t o  

o u t l i n e  t h e  c a l c u l a t i o n  i n  t h i s  work. I n s t e a d ,  a more i n t u i t i v e  

approach i n  c a l c u l a t i n g  t h e  f o r b i d d e n  M I  matr ix  element  w i l l  b e  t a k e n ,  

i n  wliich f i r s t  o r d e r  r e l a t i v i s t i c  c o r r e c t i o n s  t o  t h e  P a u l i  app rox ima t ion  

are used .  T h i s  t r e a t m e n t  is t a k e n  from t h e  work of Schwartz .  (Sch, 70) 

The g e n e r a l  p rocedure  b e g i n s  w i t h  t h e  Dirac e q u a t i o n  f o r  an 

e l e c t r o n  i n  an e l e c t r o m a g n e t i c  f i e l d ,  ( h = c = l )  

and a p p l i c a t i o n  o f  t h e  Foldy-Wouthoysen t r a n s f o r m a t i o n  i s  used t o  

decouple  t h e  Di rac  e q u a t i o n  i n t o  two-component e q u a t i o n s ;  one r e d u c i n g  

t o  t h e  Schrod inge r -Pau l i  d e s c r i p t i o n  i n  t h e  n o n - r e l a t i v i s t i c  l i m i t ,  

and t h e  o t h e r  d e s c r i b i n g  t h e  n e g a t i v e  ene rgy  s t a t e s .  The t r a n s f o r m a t i o n  

y i e l d s  t h e  hnini l tonian 

JC = m + JC + 3C' 0 

0 . B  + e@ e IC = ( - -  
0 2m 2m - - 

0' (WE) 3 - -  - N  8m2 - -. 

2 2 i e  [(p-eA) - eo-B] - - X' = - 1 

8 m  

(o,$, ( 3 )  
e e 

4m- 8m 
- Q*p(p-e f l )  - -- 

2 

Except  f o r  t h e  a d d i t i o n a l  terms i n  4, i n  K ' ,  t h e  Hami l ton ian  

i s  i d e n t i c a l  t o  t h e  s t a n d a r d  t ex tbook  fo rmula .  (Bjo,  6 4 )  I n d e e d ,  t h e  
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terms i n v o l v i n g  t h e  r e l a t i v i s t i c .  mass i n c r e a s e ,  t h e  e l e c t r o s t a t i c  and 

magnet ic  d i p o l e  e n e r g i e s ,  t h e  s p i n - o r b i t  i n t e r a c t i o n  and t h e  Darwin 

terms can a l l  be e a s i l y  i d e n t i f i e d .  Keeping terms l i n e a r  i n  A and &, 

w e  g e t  

I C =  T + T  1 2 '  

where 

A = iw$ . - 
-ik.r  Now, set A = ge 

expans ion  i n  o r d e r  t o  p i c k  o u t  t h e  magne t i c  d i p o l e  p a r t ,  

w i t h  s.k = 0 and pe r fo rm t h e  s t a n d a r d  m u l t i p o l e  

We then g e t  

where t h e  magne t i c  d i p o l e  moment o p e r a t o r  i s  

1 2 2  -1 2 2 1 2  e 
= 2m 1 g 1  - - 10  k r + g(1 - 5 . k  r + - 1.0 k ~(g.:) 

(5 

Y 

. . " . .- .. ._ .- .,..... " .  ~ 
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T 

w The term - g can b e  dropped s i n c e  i t  i s  o n l y  a m u l t i p l e  of t h e  

n o n - r e l a t i v i s t i c  term, and w i l l  g i v e  no c o n t r i b u t i o n s  when sandwiched 

betwcen ~ ~ n o n - r ~ ' l a t i v i s t i c ' '  wave f u n c t i o n s .  (Note t h a t  t h e r e  a r e  two 

k i n d s  o f  corrcbc't i o n s  to  t he  M I  m a t r l x  c l emen t  in  t h e  Paul I npproximnLion: 

O n e  i s  t h e  r c l n t i v i s t i c  c o r r e c t i o n  t o  t h e  magnet ic  d i p o l e  o p e r a t o r  

e x t r a c t e d  v ia  t h e  Foldy-Wouthuysen t r a n s f o r m a t i o n ,  and i s  o f  o r d e r  Z ci . 
The o t h e r  i s  t h e  c o r r e c t i o n  t o  the  wavefunc t ions  due t o  r e l a t i v i s t i c  

terms i n  t h e  a t o m i c  Hami l ton ian  and is  of  o r d e r  Z4a4.) The t e r m s  from 

t h e  f i n i t e  wavelength ( k  r ) o f  t h e  photon ( t h e  s o - c a l l e d  " r e t a r d a t i o n  

e f f e c t s "  due t o  t h e  phase  d i f f e r e n c e  between t h e  waves e m i t t e d  a t  

d i f f e r e n t  p o i n t s  o f  t h e  a tomic  volume) h a v e ' b e e n  k e p t  o n l y  i n  t h e  T 

p a r t .  The r ema in ing  term w i t h  w can b e  reduced by t h e  f o l l o w i n g  

commutator t r i c k :  (Sch,  70) 

4 in 

2 2  

2 2  

1 

1 2 2  1 2 2  1 2  - k r ) + (~(1 - 7 k r ) + 10 k ~ ( g - 2 )  
= &&(l - 10 

From t h e  form of y i n  t h e  l a s t  e q u a t i o n ,  w e  can see how r e l a t i v i s t i c  

c o r r e c t i o n s  have i n t r o d u c e d  o p e r a t o r  terms t h a t  a f f e c t  t h e  r a d i a l  
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p o r t i o n  of the M I  m a t r i x  e l emen t .  Drake (Dra, 71) h a s  shown t h a t  a 

r e l a t i v i s t i c  t r e a t m e n t  u s i n g  t h e  formalism found i n  R e r e s t e t s k i i ,  e t  al. 

(Ber ,  71 )  ( a n d  s imi l a r  t o  t h e  p i o n e e r i n g  work of Breit and T e l l e r ,  

(Brc,  4 0 )  wl~o r infor t t inntcly n e g l e c t e d  to  1nc.l udc t h e  r e t a r d a t i o n  terms)  

y i e l d s  t h e  same numer ica l  r e s u l t  as the P a u l i  app rox ima t ion  f o r  

hydrogen ic  wave f u n c t i o n s .  

The a n g u l a r  i n t e g r a l s  can be  w r i t t e n  as  a v e r a g e s  ove r  t h e  s p a t i a l  

v a r i a b l e s  p and r. T y p i c a l  terms r e d u c e  as f o l l o w s  

where 

Thus , 
2 

2 m  - ~ = x [ & ( l - z k r ) - ~ - R  e 1 2 2  

2 
+ Q(l - k 2 r 2  - $ + 3m (;-y@)) 1. 

When & = 0 ,  E q .  (11) r e d u c e s  t o  t h e  formula used by Bouch ia t  and 

Bouchiat  (Bou, 75b) t o  estimate t h e  6 S - 7 S M 1  m a t r i x  e lement  

of cesium. The mat r ix  e l e m e n t s  ( 7  P F ,mFlg \6  P F,m ) of t h a l l i u m  

Are c a l c u l a t e d  by w r i t i n g  t h e  i n i t i a l  and f i n a l  s t a t e  as t h e  p roduc t  

2 2 

2 2 
112 1 1 2  

1 1 2  1 1 2  0 

of  a r a d i a l  wave f u n c t i o n  and a n g u l a r  momentum p a r t  c o n s t r u c t e d  from 
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wavefunc t ions  of n u c l e a r  s p i n ,  e l e c t r o n  s p i n ,  and o r b i t a l  a n g u l a r  

momentum, u s i n g  t h e  u s u a l  v e c t o r  a d d i t i o n  o f  a n g u l a r  momenta. The p a r t s  

o f  t h e  m a t r i x  e l emen t s  i n v o l v i n g  and g are  e a s i l y  e v a l u a t e d ,  and w e  

a r e  l eF t  w i t h  r a d i a l  i n t e g r a l s  o f  t h e  form 

The r a d i a l  wave func t ions  are g e n e r a t e d  by N e u f f e r  (Neu, 76)  by 

assuming one e l e c t r o n  o r b i t s  i n  a s p h e r i c a l l y  symmetric T i e t z  p o t e n t i a l .  

The pa rame te r s  of  t h e  p o t e n t i a l  are  a d j u s t e d  t o  produce wavefunc t ions  

t h a t  are c o n s i s t e n t  w i t h  t h e  known ene rgy  ].eve1 s t r u c t u r e  o f  t h a l l i u m .  

A s  a check,  t h e  wave f u n c t i o n s  are t h e n  used t o  c a l c u l a t e  o s c i l l a t o r  

s t r e n g t h s ,  f i n e  s t r u c t u r e  and h y p e r f i n e  s t r u c t u r e  s p l i t t i n g s  and 

compared w i t h  e x p e r i m e n t a l  v a l u e s .  From t h e s e  checks ,  w e  b e l i e v e  t h e  

r a d i a l  i n t e g r a l s  are  a c c u r a t e  t o  a t  l ea s t  10%. 

Once w e  have t h e  wavefunc t ions  of  t h a l l i u m ,  a n u m e r i c a l  i n t e g r a t i o n  

can b e  performed t o  e v a l u a t e  E q .  ( 1 2 ) ' a n d  the complete  matr ix  e l e m e n t s .  

1 / 2  Neuf fe r  f i n d s  t h a t  t h e  r e l a t i v i s t i c  c o n t r i b u t i o n  t o  t h e  6 P - 7 P 

Nl. m a t r i x  e l emen t  o f  t h a l l i u m  i s  

1 2 2 
1 / 2  

2.  Hyper f ine  Mixing 

There are  o t h e r  e f f e c t s  t h a t  cou ld  p o s s i b l y  e f f e c t  t h e  M1 ra te ,  

n o t a b l y  h y p e r f i n e  mixing and c o n f i g u r a t i o n  mixing. I n  t h e  case of  

h y p e r f i n e  mixing,  t h e  p e r t u r b i n g  Hami l ton ian  i s  g i v e n  by 
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where J- i s  t h e  s p i n  of  t h e  n u c l e u s  and J i s  t h e  t o t a l  a n g u l a r  momentum 

of  t h e  e l e c t r o n s .  The p e r t u r b e d  wavefunc t ions  can b e  w r i t t e n  approx- 

t i m n t c l y  as 

Y 

and 

The magnet ic  d i p o l e  t r a n s i t i o n  a m p l i t u d e  can  t h e n  be  w r i t t e n  a s  

I 

E7P-E6P 

- ( 7F',mF 

+ 

The f i r s t  t e r m  i n  Eq. (16)  i s  o u r  o r i g i n a l  M1 matrix e l e m e n t ,  

w h i l e  t h e  second t e r m  c o n s i s t s  o f  a p r o d u c t  of a g - f a c t o r  f o r  e i t h e r  

t h e  6 P o r  7 P s t a t e  and t h e  o f f - d i a g o n a l  terms of  t h e  h y p e r f i n e  
2 2 

1 / 2  1 / 2  

s p l i t t i n g  matr ix  e l emen t s .  From 2 = 2 + J, w e  can w r i t e  
i 

1 
2 

Z*,J = - [ F ( F + ~ )  - I(I+1) - J (J+l ) ]  

[F(F+l) - 3/21 1 
- 2  
- -  n 

~ .. . ... .. . ~ 
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A1 s o ,  i n  t h c  n o n - r c l a t i v i s t i c  approx ima t ion  

c 

so  tlic sccontl t-crrn of  17q. (1.6) can b e  w r i t t e n  as 

From t h e  o p e r a t o r  L*J g iven  i n  E q .  ( 1 7 ) ,  w e  immediately can wri te  t h e  

s e l e c t i o n  r u l e s  f o r  t h e  non-zero h y p e r f i n e  mixing c o n t r i b u t i o n  as AFfO 

and Am = O .  F 
F i n a l l y ,  i f l  can be  shown t h a t  

< 7P)Jf '  16P) = J( 7PIJC' I 7 P )  ( 6PlX' 16P ) , 

so t h a t  t h e  scale o f  t h e  h y p e r f i n e  co r rec t - ion  i s  o f  t h e  o r d e r  

h y p e r f i n e  s p l i t t i n g  % 

15 10 Hz 
PI3 E77' - E 6P 

A d e t a i l e d  c a l c u l a t i o n  by Neuffer shows t h a t  t h e  h y p e r f i n e  cor- 

r e c t i o n  gives  a 16% change f o r  AF=l t r a n s i t i o n s  i n  t h a l l i u m  and no 

change f o r  AF=O t r a n s i t i o n s  (Neu, 76) 

2 .  C o n f i g u r a t i o n  Mixing 
2 

i+j i j  

e The p e r t u r b a t i o n  o f  e l e c t r o s t a t i c  i n t e r a c t i o n s  1 were 

f i r s t  c o n s i d e r e d  i n  r e l a t i o n  t o  a tomic  g - f a c t o r s .  The expe r imen t s  
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inensuring n u c l e a r  magnet ic  moments done by Millmnn and Kusch (Mi1,41) 

1 i . i t l  ;issiimcd t l ia t  t h e  gound s t a t e  a l k a l i  atoms h a d  a g = 2 t o  t h e  J 

p r e c i s  ion of t h e i r  e x p e r i m e n t s ,  which w a s  b e t t e r  than one p a r t  i n  3000. 

(‘rile villtle of r l ie  gyromagnet ic  r a t i o  I o l l o w s  d i r e c t l y  from a s i n g l e  

s - e l e c t r o n  moving i n  a c e n t r a l  f i e l d  o f  t h e  n u c l e u s  and c o r e  e l e c t r o n s  

and t h e  non-QED g - f a c t o r  o f  t h e  e l e c t r o n ) .  A t  t h a t  t i m e ,  Margenau 

i 

(Mar, 40) showed t h a t  r e l a t i v i s t i c  c o r r e c t i o n s  cou ld  o n l y  cause  

- 
- gatom ‘e l ec t ron  z 10-5 (22) 

g gatom 

i n  cesium. P h k l l i p s  ( P h i ,  41) examined t h e  e l e c t r o s t a t i c  i n t e r a c t i o n  
2 e 

t h a t  would g i v e  c o n f i g u r a t i o n s  w i t h  e x c i t e d  c o r e  s t a t e s ,  b u t  s i n c e  - r 
i j  

mixes o n l y  those  states hav ing  t h e  same o r b i t a l  a n g u l a r  momentum and 

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

p r i n c i p l e  quan tum number. Hence, t h e  u s u a l  o r t h o g o n a l i t y  o f  t h e s e  

s t a t e s  would demand t h a t  t h e  g - f a c t o r  would no t  be a f f e c t e d .  A f t e r  

t h e  anomalous magnetic magne t i c  moment of t h e  e l e c t r o n  w a s  r ecogn ized  

( K u s ,  47,  48a,  4 8 b ) ,  (Sch, 4 8 ) ,  P h i l l i p s  reexamined p e r t u r b a t i o n s  of 

a tomic  g-values  due t o  conf t igu ra t ion  mixing by e x t e n d i n g  the p e r t u r b a t i o n  

c a l c u l a t i o n  t o  s u f f i c i e n t l y  h i g h  o r d e r s  u n t i l  !% f 0 ( P h i ,  5 2 ) .  Tn 

h e r  second a t t e m p t ,  P h i l l i p s  found t h a t  t h e  combined p e r t u r b a t i o n  of 

g 

3 

n 
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t o  f o u r t h  o r d e r  w a s  n e c e s s a r y .  

d e t a i l  by N e u f f e r  (Neu, 76) and o n l y  t h e  b a r e s t  o u t l i n e  w i l l  b e  p r e s e n t e d  

here. 

The c a l c u l a t i o n  h a s  been performed i n  

'I'hc unpcr t i i r1 )e t l  ground s t a t e  o f  t h a l l i u m  has t h e  c o n f i g r i r n t i o n  

where t h e  two 6s e l e c t r o n s  may b e  thought  t o  form a 'S 

t hen  combines w i t h  t h e  6p s t a t e  t o  form t h e  2P 

e / r i j  g i v e s  non-zero matrix e l e m e n t s  of t h e  form 

s t a t e ,  which 

s t a t e .  The i n t e r a c t i o n  

0 

1 / 2  
2 

n L 2 e  
( 6 s  6p I, 

i j  

' i j  

6sns6p ) , 

6sns7p ) , 

10 2 9 2  
( 5 d  6 s  6pj>[5d 6 s  6pnd 1 , e t c .  

i j  

L e t  us c o n s i d e r  o n l y  c o n f i g u r a t i o n s  t h a t  i n v o l v e  h i g h e r  s-states.  

example,  - 
= I $  ) + a b l  ) 0 

where 

3 2 
1 / 2  ' = 6s7s( S,)Sp P 

and a i s  t h e  u s u a l  f i r s t  o r d e r  p e r t u r b a t i o n  c o e f f i c i e n t .  R e c a l l  t h a t  

2 2 
P1/2 , e / r i j  commutes w i t h  b o t h  ; and 5 so t h e  t o t a l  s t a t e  must s t i l l  b e  

and ( zf w i l l  s t i l l  b e  z e r o .  We can now i n c l u d e  t h e  k.2 

4 p 1 / 2 -  p c r t r i r b a t i o n  wliich a l l o w s  a s p i n  change,  and hence a t o t a l  s t a t e  

P h i l l i p s  shows t h a t  o n l y  second-order  wave f u n c t i o n s  a r e  needed f o r  

t h e  f o u r t h  o r d e r  c a l c u l a t i o n .  A s  f a r  as  t h e  magnetic d i p o l e  t r a n s i t i o n  
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i s  concerned,  t h e  g e n e r a l  e x p r e s s i o n  

r educes  t o  wavefunc t ions  of t h e  form 

2 2  - 
16p) = 16s 6p P ) +  a 16s7s6p 4P ) +  a 16s7s7p 4P1/2) I./2 1 l / 2  2 

2 2  - 
17p) = 16s 7p P 1 / 2  )+b116s7s6p 4P1/J+ b216s7s7p 4P1/J 

+ b316s26p 2P1/2 . 
- rr 

O r t h o g o n a l i t y  o f  t h e  wave f u n c t i o n s  16p) and ( 7 p )  g i v e s  t h e  r e l a t i o n  

+ a b  + a  + b  = o .  
alb 1 2 2  3 3 

Hence, 

2 2 2 2 + a (  3 P.  1/211-11 p l / 2 ’  + b3( p1/21’-11 p1 /2 ’  

The s i n g l e  p a r t i c l e  s t a t e s  are c a l c u l a t e d  s e p a r a t e l y  by assuming 

t h a t  each  e l e c t r o n  o r b i t s  i n  a c e n t r a l  p o t e n t i a l .  A s e v e r a l - e l e c t r o n  

wavefunc t ion  is  then formed by combining t h e  s i n g l e  e l e c t r o n  f u n c t i o n s  

i n  t h e  p r o p e r  nnt isynimctr ic  s t a t e ,  and t h e  a and b c o e f f i c i e n t s  are then  

c n l c u l n t e d  by c w a l u a t i n g  t h e  i n t e g r a l s  ( E q .  17)  n u m e r i c a l l y .  Neuf f e r  
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rinds t l int  tlic conf ig t i r a ton  mixing i s  r e s p o n s i b l e  f o r  a 5% change i n  t h e  

M I  i iintrix clciiirlnt. 

The c o n f i g u r a t i o n  mixing c a l c u l a t i o n  i s  u n c e r t a i n .  F i r s t  o f  a l l ,  

i t  is  n o t  a bonn-Fide many-partic1.e c a l c u l a t i o n  as i n  t h e  Martree-Fock 

type  c a l c u l a t i o n s ,  and while  t h e  c e n t r a l  p o t e n t i a l  app rox ima t ion  is 

p e r f e c t l y  adequa te  f o r  a s i n g l e  e l e c t r o n  o u t s i d e  a c l o s e d  s h e l l ,  as 

i n  t h e  case of t h e  6 s  e l e c t r o n  i n  cesium o r  t h e  6 p  e l e c t r o n  i n  t h a l l i u m ,  

i t  may n o t  b e  a s  j u s t i f i a b l e  f o r  t h e  i n n e r  e l e c t r o n s .  (One of t h e  6 s  

e l e c t r o n s  i n  t h a l l i u m  would h a r d l y  b e  e x p e c t e d  t o  see a c e n t r a l  p o t e n t i a l  

due t o  t h e  o t h e r  6 s  e l e c t r o n  and t h e  '6p e l - e c t r o n . )  Fu r the rmore ,  t h e  

c o n E i g u r a t i o n s  i n v o l v i n g  e x c i t e d  d - s t a t e s  may p l a y  a s i g n i f i c a n t  r o l e  

i n  t h e  mixing and cannot  be  n e g l e c t e d  a p r i o r i .  

( P h i ,  52)  surmised t h a t  t h e  d - s t a t e  c o n t r i b u t i o n  would b e  l a r g e r  t han  

I n  f a c t ,  P h i l l i p s  - 

t h a t  of t h e  s-states,  b u t  t h e i r  i n c l u s i o n  make t h e  c a l c u l a t i o n  ex t r eme ly  

d i f f i c u l t .  A summary o f  N e u f f e r ' s  MI c a l c u l a t i o n s  is given i n  Table  I. 

B .  I n t e r f e r e n c e  Between t h e  Magnet ic  D ipo le  Amplitude and t h e  E l e c t r i c  
D ipo le  Amplitude Induced by a S t a t i c  E l e c t r i c  F i e l d  

As w e  have s t a t e d  i n  t h e  i n t r o d u c t i o n ,  a l a r g e ,  non-resonant  back- 

ground ( s e e  s e c t i o n  V f o r  more d e t a i l s )  p r e v e n t s  u s  from o b s e r v i n g  t h e  

M1 ra te  d i r e c t l y .  Fo l lowing  a s u g g e s t i o n  by Bouchiat  and Rouchiat  

(Roii, 75a) w e  measure t h e  MI r a t e  th rough  i t s  i n t e r f e r e n c e  w i t h  a n  E l  

ra te  induced by a s t a t i c ' e l e c t r i c  f i e l d ,  a t e c h n i q u e  a l s o  used by 

2 2 
1 / 2  - % / 2  t i o u r h i n t  and P o t t i e r  (Rou, 75b, 76a) t o  measure t h e  h S 

t r a n s i t i o n  is  cesium. The c a l c u l a t i o n  of t h e  s i g n a l  w e  e x p e c t  from t h e  

MI-El i n t e r f e r e n c e  wil  I be o u t l i n e d  here, u s i n g  s t r a i g h t f o r w a r d  b u t  



n 
-26- 

2 2 Tab le  1. Con t r ib i i t i on  t o  6 P - 7 P M1 m a t r i x  e lement  of Thal l ium. 
1 / 2  1 / 2  

lie La t i v i s  t i c  eon t r i b u  t i o n  

-5 
( M1 ) = -1.. 7x10 IllR I . 

Hyper f ine  mixing c o n t r i b u t i o n  

(M1 ) = - . 2 5 ~ 1 0 - ~  ])I,] f o r  F = 0 -f 1 

lpB1 f o r  F = 1 -f 0 -5 
= +.25X10 

= o  f o r  F = 0 -f 0 o r  1 -+ 1 

C o n f i g u r a t i o n  ,TiXing c o n t r i b u t i o n .  

2 2 
The p a r i t y  v i o l a t i n g  E l  m a t r i x  e l emen t  f o r  t h e  6 P - 7 P1,2 1 / 2  

t r a n s i t i o n  i s  a l s o  c a l c u l a t e d  by  N e u f f e r :  

- 10 
Q$B = i 1 . 9 ~ 1 0  EIP .v. 

Using 

and 

2 
s i n  0 = .29 w 

2 
Q, = - [ ( 4 s i n  8 w - 1 ) z  + N] = 136 

n 
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. 

. 

i i n s o p h i s t i c a t e d  t e c h n i q u e s .  F o r ,  more e l e g a n t  t r e a t m e n t s  i n  a g e n e r a l  

t e n s o r  n o t a t i o n ,  t h e  r e a d e r  i s  r e f e r r e d  t o  t h e  p u b l i c a t i o n s  by 

Bouchiat  a n d  I$ouchiat  (Bou ,  75b) and N e u f f e r  (Neu, 76 ) .  

'l'l~c I l m 1 1  t o n i a n  d e s c r i b i n g  an M1 a n d  E 1  t r a n s i t i o n  i s  g iven  by 

Using t h e  c o o r d i n a t e  sys t em shown i n  F i g .  3 ,  photons d i r e c t e d  a l o n g  t h e  

x-axis w i l l  have some p o l a r i z a t i o n  2 a t  an a n g l e  8 w i t h  respec t  t o  t h e  h 

y-ax i s ,  

. 

S i n c e  

t h e  Hami l ton ian  can b e  w r i t t e n  as 

The magne t i c  d i p o l e  o p e r a t o r  can be f o r m a l l y  w r i t t e n  as  

We w i l l  u s e  t h e  s p h e r i c a l  o p e r a t o r s  

( 3 )  
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T h u s ,  

Because o f  t h e  p e r t u r b a t i o n  o f  t h e  s t a t i c  E- f i e ld  i n  t h e  y - d i r e c t i o n ,  

t h e  i n i t i a l  and f i n a l  s ta tes  are 

InF'm')( nF'm' leEyl6P F m ) 
= 1b2P F , m )  + C 1 / 2  0 0 

'n ,F '  , m '  '6 
1 / 2  0 0 

where 

- En 9 

1 /2 
7P - E  a n d A = E  n 7 

1 / 2  
6P A = E  6 

and t h e  sum is  o v e r  a l l  S and D s ta tes .  
3/2 

pur t a s k  is t o  e v a l u a t e  t h e  m a t r i x  e l e m e n t s  

The n u c l e a r  s p i n  I of t h a l l i u m  i s  1 / 2  and t h e  two s ta tes  of i n t e r e s t  

have a n  e l e c t r o n i c  a n g u l a r  momentum J = 1 / 2 .  The t o t a l  s t a t e  IF,?) is 

c o n s t r u c t e d  o u t  of t h e  wave 

r u l e s  of  v e c t o r  a d d i t i o n  of 

cas i  l y  c a l c u l a t e d  and g i v e n  

f u n c t i o n s  i n  k.  5, and I- u s i n g  t h e  u s u a l  
F'm, r 

a n g u l a r  momentum. The 111 p a r t  of a i s  
Fo '"0 

i n  Tab le  11. n 

- . .- . . . ._ . . - . .. . -. - . . - . . 
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A s i m i l a r  t a b l e  i s  c o n s t r u c t e d  f o r  t h e  s t a t i c  f i e l d  E l  a m p l i t u d e s .  

Although such a tab1.e would b e  t o o  l e n g t h y  t o  i n c l u d e  h e r e ,  a few 

comments are  i n  o r d e r .  F i r s t ,  s i m p l i f i c a t i o n s  r e s u l t  from t h e  f a c t  

, 

1-1 illat d, and d 

and behave l i k e  r a i s i n g  and l o w e r i n g  o p e r a t o r s  f o r  & and hence  E. 

o p e r a t o r s  i n  a 

s ta tes  of  

of  Am = 51 .  F 

photon t r a n s i t i o n ,  where one of t h e  pho tons  has a v e r y  l o n g  wave leng th .  

arc p r o p o r t i o n a l  t o  t h e  s p h e r i c a l  harmonics  Y - 11 and Y 

The 
F,mF 

a p p e a r  as combina t ions  of  d,, dT which connec t  F m  - 0' 0 
AmF = 0 ,  and as combina t ions  of d,? z which combine s t a t e s  

(The s t a t i c  f i e l d  E l  a m p l i t u d e  may b e  though t  as a two- 

However, t h e  analogy i s  no t  s t r i c t l y  t r u e  s i n c e  A % = + 2  t r a n s i t i o n s  

do n o t  a p p e a r .  

l l , + l )  -+ I l , - - l ) ,  b u t  t h e  n u c l e a r  s p i n s  f o r  t h e  11,l) and ll,-l) states  

The p o s s i b l e  t r a n s i t i o n s  a r e  ll,-l) -+ 11,l) and 

a r e  o r t h o g o n a l . )  Second, t h e  a n g u l a r  i n t e g r a l s  r educe  t o  an i n t e g r a l  

of a p roduc t  of t h r e e  Y ' s ,  and t h e s e  i n t e g r a l s  have been  t a b u l a t e d  

i n  s t a n d a r d  books on a n g u l a r  momentum. (Ros,  57) 
f, , m  

The g e n e r a l  form of t h e  M1-E1 m a t r i x  e l emen t s  are  of t h e  form 

= (M1 PART) + c o n s t .  X [ 1 R7pnsRns6p X ( ene rgy  denomina to r ) ]  F+F 
F ,mo 

a 
n s  

J 

+ a s i m i l a r  term f o r  t h e  D-states, 
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We d e f i n e  

1 

D7 = 11 D R7PnD "nD6P h7P - E n 

1 R 
'6 - nS R7PnS nS6P E6P - E n 

- 

1 R R - 
s7 - nS 7PnS nS6P E 7P - E n (9) 

and t h e  c o e f f i c i e n t s  

2 e E  
9 ( S  + S7 + 2D + 2D7) 

6 6 Cu(0=0) = - 

2 e E  
9 (S6 - S7 + D - D6) (10) 7 

B(0=7T/2) = - 

We summarize t h e  p o s s i b l e  M1-El  t r a n s i t i o n s  f o r  laser p o l a r i z a t i o n s  

b o t h  p a r a l l e l  and p e r p e n d i c u l a r  t o  t h e  e l e c t r i c  f i e l d  i n  Tab le  111, and 

i n d i c a t e  t h e  s e l e c t i o n  r u l e s  i n  F i g s .  4 and 5. 'fie q u a n t i t i e s  a and f3 

a r e  c a l c u l a t e d  from t h e  r a d i a l s  i n t e g r a l s  s u p p l i e d  by  N e u f f e r  and t h e  

c o e f f i c i e n t s  S and D a re  e v a l u a t e d  by b o t h  a n  e x p l i c i t  sum o v e r  

t h e  n e a r e s t  n e i g h b o r i n g  S and D s t a t e s  and by a Green 's  f u n c t i o n  

t e c h n i q u e  t h a t  i n c l u d e s  a l l  d i s c r e t e  and c o n t i n u o u s  S and D s t a t e s .  

(Neu, 76) 

l eve ls  of t h a l l i u m  l i s t e d  i n  t h e  NBS t a b l e  compiled by C.  Moore. 

The r e s u l t s  a r e  ( i n  a tomic  u n i t s )  

697 697 

The ene rgy  denominators  a re  t a k e n  from t h e  v a l u e s  o f  ene rgy  

(Mor, 52) 



-32- 

0 

6'P I 
'i 
i 
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c 
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t 
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F= 0 
XBL 768-10235 

Fig .  4 .  l l a t r ix  e l emen t s  f o r  l a se r  p o l a r i z a t i o n  p a r a l l e l  t o  5. 

I 
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F i g .  5 .  N a t r i x  elements f o r  l aser  polarization p e r p e n d i c u l a r  to E .  
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n 

Tab1.e 111. 

I n c i d e n t  T r a n  s i t i o n  T h e o r e t i c a l  C a l c u l a t e d  
I n t e n s i t y  R e  l a  t ive I n  t e n s i t y  Light' 

P o l a r i z a t i o n  Assuming E Large  
= .80 'IB t h e o r y  F + F  

0 

e l l  E 
-0 

l + l  

o + o  

O - t l  

l + O  

l + l  

l + O  

o - t o  

l + O  

3 " 2 + p A  1 2  
4 

a 2 / 4  

P2 / 4  

112/42 

1 2  1 2  7 B +.T lJ 

1 2  1 2  'i;B +TU 

0 

q 3 2 + p  1 2  
4 

3 

1 . 9 2  

0 

.64 



Table  ,IV. 

I n c i d e n t  
L i g h t  

P o l a r i z a t i o n  

T r a n s i t  i o n  Theor .  7LP112 

P o l a r i z a t i o n  

Theor .  7 & P 1 / 2  
P o l a r i z a t i o n  f o r  

l a r g e  E,, assuming 
= .84 ex?. F + F '  $/a 

h 

E I1 Eo l - t l  

o + o  

l + l  

1 + 0  

0 + 1  

4 rCY 
2 2  30. +2m 

0 0 

-mB 
2 2 1  B +m ~ 

0 \ 
- 2 m ' B  

B2+m2 

m '  = 1.15 m due  t o  
u f s  c o r r e c t i o n .  

Only p a r t i a l l y  r e s c l v e d  

-2m' 
E -2 .07 PI, - -  

PI - 

I 
W cn 
I 
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a/B = .80 (11) 

i s  d e f i n e d  t o  be 2 
1 / 2  ’ The atomic p o l a r i z a t i o n  o f  t h e  f i n a l .  s t a t e  7 P 

where X’ i s  t h e  M1-E1 Hamil tonian g i v e n  i n  Eq. (1) and t h e  wave f u n c t i o n s  

F ,%)  are g i v e n  i n  Eq. ( 6 ) .  We a v e r a g e  o v e r  t h e  2 2 
1 6  plI2> ~ ~ m ~ ) ~  17 p l /*  

2 mo s u b l e v e l s  of t h e  u n p o l a r i z e d  6 P 

of t h e  m l e v e l s  can b e  t a k e n  d i r e c t l y  from F i g s .  4 and 5 ,  and t h e  

r e s u l t s  are g i v e n  i n  Tab le  I V .  The c a l c u l a t i o n s  p r e d i c t  t h a t  t h e  

F = O - t l ,  2 1  - E a tomic  p o l a r i z a t i o n  shou ld  be  s l i g h t l y  more t h a n  twice a s  

l a r g e  a s  t h e  F = l+l, 2IlE p o l a r i z a t i o n  and of  t h e  o p p o s i t e  s i g n .  A l so ,  

t h e  F = O N  t r a n s i t i o n  c l e a r l y  c a n n o t  y i e l d  any f i n a l  s t a t e  p o l a r i z a t i o n  

s i n c e  t h e r e  i s  o n l y  one m v a l v e .  

s t a t e .  The r e l a t i v e  p o p u l a t i o n s  
1 / 2  

F 

F 
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I T 1  . EXPERIEIENTAL METHOD 

The e x p e r i m e n t a l  a p p a r a t u s  i s  shown s c h e m a t i c a l l y  i n  F i g .  6 ,  and 

photo;:raph of tlie a p p a r a t u s  i s  g iven  i n  F i g .  7 .  A f l a s h l a m p  pumped d y e  

l a s e r  (1 )  runn ing  a t  10-15 p u l s e s  p e r  second w i t h  e n e r g i e s  of  5-10 

m i l l i j o u l e s  p e r  p u l s e  i n  .5 usec, and i n  a bandwidth of a - 2 GHz i s  

focused  i n t o  a 2-cm l o n g  ADA d o u b l i n g  c r y s t a l  ( 2 ) .  

i s  b locked  by a Corning 7-54 a b s o r b i n g  f i l t e r  (3) t h a t  t r a n s m i t s  

approx ima te ly  80% of t h e  292.7 nm l i g h t .  The l a se r  l i g h t  t h e n  p a s s e s  

i n t o  a q u a r t z Q u p r n s i 1  c e l l  (9)  c o n t a i n i n g  t h e  t h a l l i u m .  The e l e c t r i c  

f i e l d  i s  produced by a p a i r  of t a n t a l u m  e l e c t r o d e s  ( 7 )  34 mm long 

b y  1 2  mm w i d e  ‘ind s e p a r a t e d  by a d i s t a n c e  of 6 mm, p l a c e d  i n s i d e  t h e  

c e l l  and connected t o  t h e  o u t s i d e  world v ia  t u n g s t e n  f e e d t h r o u g h s .  A 

s t a i n l e s s  s t e e l  oven (8) s u r r o u n d s  t h e  c e l l  and i s  k e p t  a t  approx ima te ly  

3 950°K, c o r r e s p o n d i n g  t o  thallium d e n s i t i e s  of a f e w  times I d 4  atoms/cm . 
A s t r e s s e d  q u a r t z  h a l f  wave p l a t e  (5) i s  used  t o  ro ta te  t h e  p l a n e  of 

p o l a r i z a t i o n  of t h e  l aser  l i g h t  w i t h  r e s p e c t  t o  t h e  e l e c t r i c  f i e l d  

p l a t e s .  The f l u o r e s c e n t  r a d i a t i o n  i s  c o l l e c t e d  by an f-1 l e n s ,  

d i r e c t e d  th rough  a 5350 i n t e r f e r e n c e  f i l t e r ,  - 2nm fwhm (lo), a P o l a r o i d  

HNCP37 l e f t  c i r c u l a r  p o l a r i z e r  (11) and f i n a l l y  i n t o  an RCA 8850 

pho to tube .  A C h r o n e c t i c s  169  f a s t  l i n e a r  g a t e  (13)  t r i g g e r e d  by a 

photodiode and d i s c r i m i n a t o r  ( 4 )  i s  used t o  r e j e c t  any s i g n a l  n o t  

c o i n c i d e n t  w i t h  t h e  l a s e r  p u l s e .  The s i g n a l  i s  t h e n  i n t e g r a t e d ,  

a m p l i f i e d ,  d i g i t i z e d  and s t o r e d  i n  s c a l a r s .  A f t e r  e v e r y  thousand 

p u l s e s ,  i n  which d a t a  a r e  t a k e n  a l t e r n a t e l y  w i t h  p o s i t i v e  and n e g a t i v e  

The v i s i b l e  l i g h t  
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Fig. 6. Schematic diagram of the experimental apparatus. 

n 

n 

_ I  . .  . . .  " ... . _- 



I w 
a 

I 

XBB 768-7333 

Fig .  7. Overall v i e w  of a p p a r a t u s  showing from l e f t  t o  r i g h t  laser t r i g g e r  r a c k ,  laser  and 
doub l ing  c r y s t a l ,  t h a l l i u m  ce l l -oven  s t r u c t u r e ,  and coun t ing  e l e c t r o n i c s .  The 
aluminum channel  t h a t  r u n s  above t h e  a p p a r a t u s  is  a grounding bus-bar .  



-40- 

e l e c t r i c  f i e l d s ,  t h e  c o n t e n t s  of t h e  sca la rs  a r e  punched o u t  o n t o  pape r  

tape, and t h e  p r o c e s s  i s  r e p e a t e d .  A f t e r  approx ima te ly  30-40 groups 

of 1000 laser  p u l s e s ,  t h e  d a t a  on pape r  t a p e  are c o n v e r t e d  o n t o  computer 

clirds and ana lyzed  w i t h  r h c  h e l p  of n s m a l l  o f f - l i n e  computer.  

A. D e s c r i p t i o n .  o f  t h e  Laser 

t r a n s i t i o n  2 2 
112  

The l i g h t  s o u r c e  chosen t o  e x c i t e  t h e  6 P + 7 P 
1 1 2  

i n  t h a l l i u m  i s  a flashl.amp-pumped dye  laser .  The c h o i c e  of t h e  l a se r  

was d i c t a t e d  by t h e  need of  h i g h  a v e r a g e  power, (much h i g h e r  t h a n  

n i t r o g e n  laser  pumped dye l a s e r s )  b u t  w i t h  a low d u t y  c y c l e  so  t h a t  

blackbody r a d i a t i o n  i n t o  t h e  d e t e c t o r s  i s  n o t  a problem. Al so ,  s i n c e  

t h e  u l t r a v i o l e t  l i g h t  i s  g e n e r a t e d  by  a n o n - l i n e a r  d o u b l i n g  t e c h n i q u e ,  

h i g h  i n t e n s i t i e s  of a t  l e a s t  a few k i l o w a t t s  are r e q u i r e d .  The b a s i c  

p r i n c i p l e s  of dye lasers  are c o n t a i n e d  i n  many r e v i e w s ,  (Sna, 6 9 ) ,  

( S o r ,  6 9 ) ,  ( S c h ,  73) so  o n l y  a d e s c r i p t i o n  of t h e  l aser  used w i l l  b e  

p r e s e n t e d  h e r e .  

1. The Laser Mead and Dye System 

A diagram o f  t h e  l a se r  head and dye f low sys t em is  shown i n  F i g .  8. 

The laser head pu rchased  from Carl Zeiss, I n c . ,  (Model FL3B)  i s  a 

p o l i s h e d  aluminum double  e l l i p t i c a l  c a v i t y  10  cm l o n g  f l o o d e d  w i t h  

d i s t i l l e d  water ,  w i t h  each e l l i p s e  h a v i n g  a major  a x i s  of - 24 mm and 

a minor a x i s  of - 2 1  mm. The end windows a re  q u a r t z  f l a t s  se t  a t  

d i a m e t e r  X 10 m m  o u t e r  d i a m e t e r  w i t h  i t s  i n n e r  s u r f a c e  matted t o  p r e v e n t  

whispering" niodcs from l a s i n g .  Rhodamine hG from New England Nuclear  I 1  

-4 i s  used i n  a 1.5x10 molar  s o l n  i n  200 proof  e t h a n o l ;  t h e  c o n c e n t r a t i o n  
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F i g .  8. L a s e r  head and dye-flow system. 
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a d j u s t e d  t o  maximize t h e  power a t  590 nm. The dye i s  c i r c u l a t e d  from 

a 5 g a l .  r e s e r v o i r  through a 5 micron M i l l i p o r e  t e f l o n  f i l t e r  used t o  

remove s c a t t e r i n g  c e n t e r s  which would d e c r e a s e  t h e  laser  o u t p u t ,  

(Hun, 72) and tlicn i n t o  a h e a t  exchanger  w l i e r e  b o t h  t h e  water f l o o d i n g  

t h e  e l l i p t i c a l  c a v i t y .  and t h e  dye s o l u t i o n  are b r o u g h t  t o  i d e n t i c a l  

t e m p e r a t u r e s .  I f  a h e a t  exchanger  i s  n o t  u sed ,  t h e  t h e r m a l  g r a d i e n t s  

r e s u l t  i n  a d i s t o r t e d  o p t i c a l  p a t h  i n  t h e  dye c e l l ,  due t o  changes i n  t h e  

index  of  r e f r a c t i o n  from l o c a l  t e m p e r a t u r e  f l u c t u a t i o n s .  A f t e r  p a s s i n g  

through t h e  h e a t  exchange r ,  t h e  dye goes d i r e c t l y  i n t o  t h e  laser head 

and is  f i n a l l y - r e t u r n e d  t o  t h e  r e s e r v o i r .  A Model 12-84-303 Micropump 

g e a r  pump i s  c a p a b l e  o f  m a i n t a i n i n g  a dye-fiow of  approx ima te ly  t h r e e  

l i t e r s / r n i n .  

The l a r g e  r e s e r v o i r  of dye is  n e c e s s a r y  b e c a u s e  o f  t h e  d e t e r i o r a t i o n  

of  R 6 G  from t h e  i n t e n s e  u l t r a v i o l e t  r a d i a t i o n  of  t h e  f l a s h l a m p s .  We 

have g e n e r a l l y  been  a b l e  t o  o p e r a t e  f o r  50,000 p u l s e s  w i t h  10 j o u l e s  

of e l e c t r i c a l  ene rgy  p e r  p u l s e .  The problem is w e l l  known, ( I p p ,  7 1 ) ,  

(Bee, 72) (Mil, 7 4 )  b u t  i s  f a r  from s o l v e d .  Hidebrand ( H i l ,  7 4 )  h a s  

r e p o r t e d  t h a t  oxygen is  s p e n t  i n  t h e  decay p r o c e s s ,  and by b u b b l i n g  

oxygen i n  t h e  dye s o l u t i o n ,  t h e  d e t e r i o r a t i o n  is  slowed by a f a c t o r  

of  7 0 .  However, when t r i e d  on o u r  sys t em,  no a p p r e c i a b l e  i n c r e a s e  i n  

t h e  dye l i f e t i m e  w a s  s e e n .  F i l t e r i n g  o f  t h e  b l t r a v i o l e t  l i g h t  below 

320 nm w i t h  t h e  use  o f  Pyrex dye c u v e t t e s  i s  h e l p f u l ,  b u t  s i n c e  much of  

the R h C  absorp t ion  is helow t h i s  wave l e n g t h ,  t h e  power o u t  of t h e  

l aser  i s  d e c r e a s e d .  R e c e n t l y ,  dye c u r v e t t e s  made  from r a r e - e a r t h  

d o p e d  q u a r t z  1i;ive b c ~ e n  i n t r o d u c e d  by Lambda-Physik and Chromatix,  and 
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w i l l  he i n c o r p o r a t e d  i n t o  our n e x t  g e n e r a t i o n  laser .  These doped q u a r t z  

c c ~ l l s  a b s o r b  tlle harmful  W r a d i a t i o n ,  b u t  f l u o r e s c e  s t r o n g l y  i n  t h e  

b l u e  r e g i o n ,  and hence can ex tend  t h e  d y e  l i f e t i m e  w i t h o u t  a p p r e c i a b l y  

dccrcas ing tlic o u t p u t  l a s e r  power. 

2 .  E l e c t r i c a l  Discharge C i r c u i t  - 

The f l a s h l a m p s  are Model L2339 lamps manufactured by I L C ,  and have  

a 3 mm b o r e ,  2 mm t h i c k  w a l l ,  4 i n c h  a rc  l e n g t h ,  a n d  a re  f i l l e d  w i t h  

4 5 0  t o r r  of Xenon. I n  o u r  a p p l i c a t i o n ,  t h e s e  lamps have shown l i f e -  

times i n  e x c e s s  o f  4 and 5 m i l l i o n  s h o t s  when 10 j o u l e s  are d i s c h a r g e d  

i n t o  two p a r a l l e l  lamps i n  approx ima te ly  1 p s e c .  The lamps age  by 

showing a v e r y  g r a d u a l  d e c r e a s e  i n  o u t p u t  l i g h t  accompanied by t h e  

c o l l e c t i o n  o f  q u a r t z  powder around t h e  e l e c t r o d e  r e g i o n  as  t h e  h o t  

p l a s m a  a b l a t e s  t h e  w a l l s  of  t h e  lamp. 

The v e r y  long  l i f e  o f  t h e  f l a s h l a m p s  r e s u l t s  from a r a t h e r  

e l a b o r a t e  d i s c h a r g e  c i r c u i t  t h a t  a l s o  i n c r e a s e s  t h e  power o u t p u t  of t h e  

l aser .  Ever s i n c e  t h e  ea r l i e s t  work w i t h  dye lasers ,  submicrosecond 

f l a sh lamp  p u l s e s  were c o n s i d e r e d  d e s i r a b l e  b e c a u s e  of t h e  e v e n t u a l  

r e l a x a t i o n  from t h e  e x c i t e d  s i n g l e t  s tates t o  t r i p l e t  s t a t e s  and t h e  

subsequen t  quenching o f  t h e  laser  o u t p u t  (Sch ,  7 3 ) .  Another r e a s o n  

f o r  u s i n g  s h o r t  p u l s e ,  h i g h  c u r r e n t  lamps is  t o  produce more r a d i a t i o n  

i n  t h e  v i s i b l e  and u l t r a v i o l e t  s i n c e  i t  w a s  faund t h a t  h i g h e r  c u r r e n t  

d e n s i t i e s  i n c r e a s e  t h e  t e m p e r a t u r e  o f  t h e  plasma d i s c h a r g e  and t h e  

lamps become b e t t e r  r a d i a t o r s  a t  t h e s e  wave leng ths  (Hol, 70) .  

The d i s c h a r g e  c i r c u i t  can b e  modeled as c a p a c i t o r  i n  ser ies  w i t h  

a n  i n d u c t o r  and a n o n - l i n e a r  r e s i s t a n c e  due t o  t h e  lamp (Gon, 6 5 ) .  

(st’c F i g .  9 )  
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Fig. 10. Timingicircuit for prepulse and main pulse flashlamp firing. 
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T h e  "rcsis t : inceI '  pnrametcr  IC s c a l e s  w i t h  t h e  geometry of t h e  f l a s h l a m p  0 

R 1 1 2  1c = 1c - ohm(amp) 
0 d 

whcre R is  tlica l eng t l i  o f  t h e  lamp i n  cm, d is t h e  b o r e  d i a m e t e r  i n  cm, 

and k i s  a f u n c t i o n  o f  t h e  p r e s s u r e  and t y p e  of  g a s  used i n  t h e  l amp .  

T y p i c a l  valves o f  k are 1.1-1.3. With c a r e f u l  d e s i g n  of t h e  d i s c h a r g e  

geometry,  t h e  use o f  a new class  of  e x t e n d e d - f o i l ,  low i n d u c t a n c e  

c a p a c i t o r s ,  and low i n d u c t a n c e  s p a r k  gaps ,  t h e  bulk  of  t h e  i n d u c t a n c e  

and " r e s i s t a n c e "  i s  found t o  l i e  i n  t h e  f l a s h l a m p s .  Fu r the rmore ,  i t  

h a s  been l o n g k h o w n  t h a t  t h e  d i s c h a r g e  does n o t  b e g i n  un i fo rmly  a c r o s s  

t h e  e n t i r e  b o r e  o f  t h e  lamp, b u t  a v e r y  t h i n  streamer i s  f i r s t  s t a r t e d  

and t h e n  grows t o  f i l l  t h e  lamp. (LeC, 56) During t h e  i n i t i a l  growth 

of t h e  s t r e a m e r ,  t h e  c i r c u i t  independence i s  much l a r g e r  t h a n  t h e  f u l l  

volume d i s c h a r g e  as g i v e n  by t h e  e m p i r i c a l  E q .  (1). 

By runn ing  t h e  lamps i n  a ' s i m m e r i n g  mode, ( J e t ,  7 4 )  i n  which t h e  

lamps always have 40-50 m a  o f ' c u r r e n t  f l owing  through them, a t h i n  

s t r e a m e r  is a l r e a d y  e s t a b l i s h e d .  The simmer c u r r e n t  a l s o  a p p a r e n t l y  

r educes  t h e  e l e c t r o d e  s p u t t e r i n g  on t o  t h e  walls o f  t h e  f l a s h l a m p ,  

hence ,  g r e a t l y  i n c r e a s e s  t h e i r  l i f e t i m e .  

j i t t e r  of t h e  d i s c h a r g e  is g r e a t l y  r educed .  The speed of t h e  d i s c h a r g e  

F i n a l l y ,  t h e  t i m e  and a m p l i t u d e  

i s  f u r t h e r  enhanced by i n c o r p o r a t i n g  a s m a l l  p r e p u l s e  several micro- 

s econds  b e f o r e  t h e  main p u l s e  (Orn, 7 4 ) .  The small  d i s c h a r g e  does n o t  

produce enough l i g h t  t o  s i g n i f i c a n t l y  a l t e r  a l t e r  t h e  p o p u l a t i o n s  of  

t h e  ene rgy  l e v e l s  of t h e  dye m o l e c u l e s ,  b u t  t h e  growth p e r i o d  f o r  t h e  

plasma t o  f i l l  t h e  lamp i s  g r e a t l y  reduced.  The most e f f e c t i v e  d e l a y  
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between t h e  p r e p u l s e  and main p u l s e  seems t o  be  approx ima te ly  10 usec, 

b u t  t h e  o u t p u t  of  t h e  l a s e r  i s  i n s e n s i t i v e  o v e r  d e l a y  changes of a few 

microseconds.  

The t i m i n g  c i r c u i t  i s  shown i n  F i g .  10. The main c o n t r o l l e r  a l so  

sequences t h e  d a t a  h a n d l i n g  e l e c t r o n i c s .  The i n t e r m e d i a t e  p u l s e  

g e n e r a t o r  ac t s  as a b u f f e r ,  and i s  needed t o  b o o s t  t h e  l o g i c  p u l s e  

from t h e  main c o n t r o l l e r  i n  o r d e r  t o  t r i g g e r  b o t h  t h e  p r e p u l s e  t r i g g e r  

and t h e  d e l a y  g a t e .  ( O r t e c  4 1 6 A ) .  Both t h e  p r e p u l s e  and main p u l s e  

t r i g g e r  u n i t s  a r e  b a s i c a l l y  S C R ' s  t h a t  d i s c h a r g e  a .5  pF c a p a c i t o r  

charged t o  approx ima te ly  600 v o l t s .  C o n s i d e r a b l e  d i o d e  p r o t e c t i o n  i s  

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

could e a s i l y  d e s t r o y  t h e  SCR o r  t h e  t r a n s i s t o r  used t o  t r i g g e r  t h e  SCR. 

t 

The f l a s h l a m p  f i r i n g  c i r c u i t  i s  shown i n  F i g .  11. The main d i s -  

cha rge  c i r c u i t  c o n s i s t s  of a . 2  uF, 35 kV c a p a c i t o r  (Condenser P r o d u c t s ,  

L - 10  nh)  i n  series w i t h  a s p a r k  gap and two ILC f l a s h l a m p s  connected 

i n  p a r a l l e l .  The s p a r k  gap c o n s i s t s  of  two 1 -1 /2  i nch  d i a m e t e r  e l k o n i t e  

e l e c t r o d e s .  (a 30% copper  - 70% t u n g s t e n  a l l o y  o b t a i n a b l e  from Mallory 

C o r p . )  w i t h  an a d j u s t a b l e  gap ,  and t r i g g e r e d  by a s p a r k  p l u g  ( s e e  

F i g .  1 2 . )  Dry n i t r o g e n  i s  c y c l e d  th rough  t h e  gap a t  p r e s s u r e s  of 

roughly 314 atmosphere.  The s p a r k  gap, b u i l t  t o  r e p l a c e  a EGG 41-B,  

J worked r e l i a b l y  f o r  o v e r  10 s h o t s  w i t h o u t  t h e  need t o  c l e a n  t h e  

e l e c t r o d e s .  The s p a r k  gap i s  t r i g g e r e d  by a 30 kV p u l s e  from an EGG TR-60 

t r i g g e r  t r a n s f o r m e r  i s o l a t e d  from t h e  d i s c h a r g e  c i r c u i t  by 30 kV, 

4 0 0  pF "TV-doornob" c a p a c i t o r s .  A b a l l a s t  r e s i s t o r  b e f o r e  t h e  t r i g g e r  

p i n  a l l o w s  t h e  h igh  t r i g g e r i n g  v o l t a g e s  t o  deve lop ,  b u t  p r e v e n t s  l a r g e  
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currents t ha t  would generate RF noise. 

t o  the main discharge c i r cu i t ,  except tha t  the energy discharged into 

The prepulse circuit is similar 

the flashlamps is  5 times less and the speed of the discharge is  not a 

consideration. The t r igger  pins for  both discharge c i r cu i t s  a re  i so-  

la ted from each other by placing the pins on the s ide of the spark gap 

away from the lamps. 

triggering the main circuit. 

Pyranol capacitor. 

This geometry prevents the prepulse from also 

The capacitor is a slow .04uF, 30kV GE 

The simmer supply is an unregulated 2500V, 500 ma 

surplus supply, isolated from the discharge c i r c u i t  by a lOl& re s i s to r ,  

20 Hy inductor, several r f  chokes, and ten 996A diodes. 

current usually draws 80-100 ma a t  +15OOV, and the actual voltage drop 

across the lamps is only a f e w  hundred vol ts .  

The simmer 

The main high voltage 

power supply used t o  charge the capacitors is  capable of +25kV a t  200, ma 

but normal operating conditions c a l l  for  -1OkV a t  40 ma, RMS. 

Characterist ics of the simmer-prepulse c i r cu i t  a re  shown i n  

Figs. 14a and 14b. 

non-linear "doubling" of 585 nm radiation, the power of the second har- 

monic varies as the square of the intensi ty  of the fundamental frequency. 

Hence, even modest increases i n  the laser output power w i l l  result in 

substant ia l  increase i n  doubled power. 

Since the output power a t  293 nm is produced by 

RF noise is  not a t r i v i a l  problem: discharge currents of tens 

of thousands of amps i n  a microsecond or  less are  placed i n  the same 

room with sensi t ive counting electronic  with 300 WZ bandwidths. 

solution is shown i n  Fig. 11. 

Our 

The laser head and discharge c i r cu i t  

. 
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F i g .  1 2 .  Schemat ic  vtew of t h e  s p a r k g a p ,  showing t h e  s p a r k p l u g  
t r i g g e r  p i n ,  t h e  a d j u s t a b l e  gay, s p a c i n g  and h o s e  
a t t a c h m e n t s  f o r  f l o w i n g  N 

, . 2 '  
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XBB 768-7332 

Fig.  13. The laser head and d i scha rge  c i r c u i t .  
and spa rk  gap are t o  t h e  r i g h t ,  wh i l e  t h e  p repu l se  c a p a c i t o r  
and s p a r k  gap are t o  the l e f t  and rear.  
formers  f o r  bo th  c i r c u i t s  are s tacked  on top  of each o t h e r  
and are t o  t h e  l e f t  of t h e  main spa rk  gap. 

The main c a p a c i t o r  

The t r i g g e r  t r ans -  
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Fig.  1 4 .  Flashlamp output  wi th  simmer b u t  wi thout  p repu l se  i s  
shown i n  the trace on t h e  l e f t ,  and w i t h  simmer and 
p repu l se  i n  t h e  right-hand traces f o r  two delay  t i m e s .  
The s i g n a l  i s  form an RCA 931 photodtode and t h e  sweep 
speed i s  2 p s fd iv .  

XBB 769-8096 

Fig .  14b. Laser output  w i t h  simmer and both  wi th  and wi thou t  
prepulse .  The l a r g e r  p u l s e  corresponds t o  
approximately 7 m j .  Sweep speed is  2 ps /d iv .  
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i s  surrounded by a n  a l u m i n u m  box and "Tee" RF f i l t e r s  a r e  i n s e r t e d  

between t h e  d i s c h a r g e  c i r c u i t  and c o n n e c t i o n s  t o  t h e  o u t s i d e  wor ld .  

T h e  t iming  e l e c t r o n i c s  t h a t  t r i g g e r s  t h e  laser a r e  p l a c e d  i n  a r a c k  

s c p a r a t c  from t h e  c o u n t e r  e l e c t r o n i c s ,  and a r e  a l s o  e l e c t r o - o p t i c a l l y  

i s o l a t e d  from t h e  main c o n t r o l l e r .  Ground c o n n e c t i o n s  connec t  t o  a 

common p o i n t  a t  t h e  rear of  t h e  aluminum box,  and t h e  ground i s  s t r a p p e d  

f i r m l y  v i a  a n  aluminum channe l  beam t o  t h e  coppe r  p i p e  g a s  system t h a t  

r u n s  through t h e  b u i l  d i n g .  S i m i l a r  common grounding p r o c e d u r e s  are  

used f o r  t h e  power s u p p l i e s  of t h e  c o u n t i n g  e l e c t r o n i c s .  F i n a l l y ,  t h e  

pho to tubes  and t h e i r  b a s e s  are e l e c t r i c a l l y  i n s u l a t e d  from t h e  t a b l e  

h o l d i n g  t h e  oven and t h a l l i u m  c e l l  i n  o r d e r . t o  r educe  t h e  a n t e n n a  p i c k  up 

3 .  % t i c a l  Cav i ty  

The o p t i c a l  c o n f i g u r a t i o n  of t h e  l a se r  is g i v e n  i n  F i g .  15.  The 

laser c a v i t y  i s  d e f i n e d  by a t o t a l l y  r e f l e c t i n g  m i r r o r  (1) 

and a 50% o u t p u t  c o u p l e r  ( R  = m )  ( 2 ) .  Tuning i s  accomplished by t h r e e  

e l e m e n t s .  An i n t e r f e r e n c e  f i l t e r  ( 4 )  (90% t r a n s m i s s i o n ,  3 nm fwhm from 

Carl Z e i s s )  narrows t h e  broadband l a s i n g  t o  - .6  nm w i t h  a 30% r e d u c t i o n  

(R = 6m) 

i n  power. A 0.2 mm t h i c k  q u a r t z  e t a l o n  ( 2 )  (80% r e f l e c t i n g ,  from 

B u r l e i g h )  f u r t h e r  r e d u c e s  t h e  bandwidth t o  5-6 GH w i t h  a n o t h e r  40% 

power r e d u c t i o n .  A f i n a l  l ow- f ines se  t h i c k  e t a l o n  (3)  (1 cm t h i c k ,  

20% r e f l e c t i n g  from Coherent  R a d i a t i o n )  b r i n g s  t h e  l i n e w i d t h  down t o  

1-2 G H ,  w i t h  an a d d i t i o n a l  40% d e c r e a s e  i n  power. With c l e a n  o p t i c s ,  

n e w  dye ,  and ;I f r e s h l y  p o l i s h e d  e l l i p t i c a l  c a v i t y  t h e  dye l a s e r  i s  

capab le  of producing more than  SO m j / p u l s e  i n  a 6 GHz hand wid th  a t  

4 p u l s e s / s e c o n d .  ( C a p a c i t o r  charged t o  20 kV). However, f o r  r e l i a b l e  
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7 performance f o r  g r e a t e r  t han  10  s h o t s ,  t h e  l aser  is run a t  8-10 kV a t  

10-15 p u l s e s  per second ,  and p roduces  5-10 m j / p u l s e  i n  a 2 GHz band- 

w i d  t i l .  

4 . U-V Cilnc'rat ion -- _.___ 

A f t e r  l e a v i n g  t h e  o u t p u t  c o u p l e r ,  t h e  l a s e r  beam i s  focused  i n t o  

an ADA c r y s t a l  (10) ( 6  mm x 6 mm X 2 cm from Cleveland C r y s t a l )  and 

5-102 of t h e  i n t e n s i t y  a t  t h e  fundamental  f r equency  i s  c o n v e r t e d  i n t o  

292.7 nm l i g h t .  The e f f i c i e n t  d o u b l i n g  r e s u l t s  from 90" phase  matching 

accomplished by  t empera tu re  t u n i n g  t h e  c r y s t a l .  (Adh, 73) .  (Fo r  a 

b a s i c  i n t r o d u c t i o n  t o  n o n - l i n e a r  d o u b l i n g ,  see (Yar ,  7 5 ) ) .  An aluminum 

oven keeps  t h e  c r y s t a l  a t  a t e m p e r a t u r e  of  approx ima te ly  30"C, c o n s t a n t  

t o  b e t t e r  t han  - 0 5 ° C  p e r  " C  change i n  t h e  ambient  room t e m p e r a t u r e .  

The t e m p e r a t u r e  i s  sensed  w i t h  a t h e r m i s t o r  (embedded i n  t h e  oven) t h a t  

forms one l e g  o f  a mod i f i ed  A . C .  Wheatstone b r i d g e  (from Oven I n d u s t r i e s ) .  

T h e  o u t p u t  o f  t h e  b r i d g e  i s  an e r r o r  s i g n a l  t h a t  i s  used t o  d r i v e  an 

immersion h e a t e r  t h a t  h e a t s  water which then  f l o w s  through t h e  aluminum 

b l o c k .  The h y d r o s c o p i c  ADA c r y s t a l  is p r o t e c t e d  from m o i s t u r e  by a p a i r  

of O-ring-sealed b r e w s t e r  windows and d e s s i c a n t  p l a c e d  i n  t h e  oven 

c a v i t y .  A 30 cm f o c a l  l e n g t h  lens  (9) f o c u s e s  t h e  l aser  l i g h t  i n t o  t h e  

c r y s t a l .  The f o c a l  l e n g t h  i s  de te rmined  by t h e  damage t h r e s h o l d  o f  t h e  

c r y s t a l s ,  and a l t h o u g h  damage l e v e l s  of up to.300 megawatts/cm have 
2 

been claimed f o r  ADA, w e  have been u n a b l e  t o  o b t a i n  c r y s t a l s  of  such  

1 1  igh p u r i t y .  TIK> tlnt i r c  oven asscmbly is moiintc>d to  permit smnl l 

: tdji istments a l o n g  a l l  s i x  d e g r e e s  of  freedom. 
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The 585 n m  l i g h t  is blocked by n Corning 7-'54 g l a s s  f i l t e r  (11)  

t h a t  a1 l o w s  - 80% of  t h e  293 nm l i g h t  t o  p a s s  through.  A 25 c m  f .l. 

q u a r t z  l e n s  ( 1 2 )  r e c o l l i m a t e s  t h e  beam and d i r e c t s  i t  i n t o  t h e  oven 

c.Ii,iiiiI)er c o n i , i i n i n g  L I ~ C  t i i ; i I  I i t i m .  'rlic. zig-zag p a t h  o r  t h e  Ii1:ht is 

p u r e l y  a convenience t t i a t  p e r m i t s  t h e  laser and d o u b l i n g  c r y s t a l  t o  

s i t  on a s i n g l e  3 f t  x 6 f t  t a b l e .  

The doubled l i g h t  i s  p o l a r i z e d  p e r p e n d i c u l a r  t o  t h e  undoubled 

l i g h t ,  and no rma l ly  e n t e r s  t h e  t h a l l i u m  c e l l  p a r a l l e l  t o  t h e  s t a t i c  

e l e c t r i c  f i e l d .  I f  w e  d e s i r e  t h e  p o l a r i z a t i o n  t o  be p e r p e n d i c u l a r  

t o  t h e  e l e c t r i c  f i e l d ,  a half-wave p l a t e  i s  i n s e r t e d  a f t e r  t h e  25 cm 

f . 1 .  q u a r t z  l e n s .  Ry r o t a t i n g  t h e  f a s t - s l o Q  ax is  of t h e  half-wave 

p l a t e  w i t h  r e s p e c t  t o  t h e  l aser  p o l a r i z a t i o n ,  t h e  p l a n e  of p o l a r i z a t i o n  

of t h e  293 nm l i g h t  can b e  r o t a t e d  by a n  a r b i t r a r y  amount. The h a l f -  

wave p l a t e  i s  made from a s t r e s s e d  fused  q u a r t z  d i s k ,  one i n c h  d i ame te r  

x 3/8 inch  t h i c k .  A W g l a n - l a s e r  p r i s m  ( K a r l  Lambrecht) p l a c e d  b e f o r e  

t h e  n o r m a l i z i n g  pho tod iode  i s  used t o  check t h e  e f f e c t i v e  r o t a t i o n  of 

t h e  p o l a r i z a t i o n .  When t h e  stress a x i s  o f  t h e  q u a r t z  d i s c  is  p a r a l l e l  

t o  t h e  l i g h t  p o l a r i z a t i o n ,  t h e r e  i s  no r o t a t i o n  and t h e  a n a l y z i n g  g l an -  

p r i sm t r a n s m i t s  maximally.  

from t h e  i n c i d e n t  p o l a r i z a t i o n ,  maximum e x t i n c t i o n  o c c m s .  T y p i c a l  

e x t i n c t i o n  r a t i o s  are 100 t o  1 .  S i n c e  t h e  stress on t h e  q u a r t z  w i l l  

When t h e  stress ax is  i s  r o t a t e d  45" away 

r e l a x  a f t e r  a long p e r i o d  of  t i m e ,  t h e  e x t i n c t i o n  r a t i o  i s  always 

menstired just hefore  and immediately a f t e r  a r u n .  
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D. T h a l l  i u m  C e l l  and Oven -___ 

An e l a b o r a t e  q u a r t z  c e l l  w a s  c o n s t r u c t e d  t o  o b t a i n  u l t r a - p u r e  

t h a l l i u m  i n  a n  e f f o r t  t o  r educe  t h e  background. 

s y s t e m  was n o t  used i n  t h e  e v e n t u a l  expe r imen t ,  a b r i e f  d e s c r i p t i o n  w i l l  

be i n c l u d e d  s i n c e  i t  w i l l  be  p e r t i n e n t  t o  a d i s c u s s i o n  of  t h e  background. 

A q u a r t z  c e l l  system i s  t h e  n a t u r a l  c h o i c e  s i n c e  q u a r t z  i s  chemical-  

Although t h e  complete  

l y  r e l a t i v e l y  i n e r t ,  t r a n s p a r e n t  a t  293 nm and 535 nm, workable  u s i n g  

c o n v e n t i o n a l  g l a s s -b lowing  t e c h n i q u e s ,  and a b l e  t o  w i t h s t a n d  t h e  h i g h  

t e m p e r a t u r e s  needed t o  produce t h e  n e c e s s a r y  vapor  p r e s s u r e  of  t h a l l i u m .  

A f t e r  some p r e l i m i n a r y  work w i t h  sea l ed -o f f  c e l l s ,  i t  w a s  r e a l i z e d  t h a t  

t h e  q u a r t z  w a l l s  were o v e r l y  permeable t o  a i r  i n  t h e  t e m p e r a t u r e  r ange  

o f  900" - 1000°K ( D u s ,  62) and w e  f e a r e d  t h a t  t h e  t h a l l i u m  might combine 

c h e m i c a l l y  w i t h  hydrogen,  n i t r o g e n ,  and oxygen. Consequent ly ,  t h e  

e n t i r e  sys t em w a s  su r rounded  by a c rude  mechan ica l  pump vacuum of .- 30 

microns.  A l s o ,  a means of vacuum d i s t i l l i n g  t h a l l i u m  i n t o  t h e  c e l l  

was d e v i s e d ,  i ising a s e t  o f  t h r e e  e l e c t r o m a g n e t i c a l l y  o p e r a t e d  q u a r t z  

v a l v e s .  

F i g u r e  1 7  shows a s c h e m a t i c  view o f  t h e  t h a l l i u m  c e l l  and bake-out 

sys t em,  w h i l e  F i g s .  18 and 19 g i v e  views of t h e  vacuum sys t em and cel l -  

oven s t r u c t u r e .  The p r o c e d u r e  f o r  f i l l i n g  the c e l l  goes as f o l l o w s :  

An i n i t i a l  bake  o u t  b e g i n s  w i t h  a l l  v a l v e s  open and no t h a l l i u m  p l a c e d  

i n  t h e  sys t em.  Region A .  i s  b r o u g h t  t o  600°C w h i l e  r e g i o n s  B and C 

a re  kep t  a t  750"-800°C f o r  s e v e r a l  h o u r s .  The r e s t  o f  t h e  vacuum 

s y s t e m  up t o  a Varian Bakeable v a l v e  i s  kep t  a t  - 250°C.  The sys t em 

is ; i 1  l o w r > t l  L O  c,ool tlowii nncl a fcbw m i 1 1  i g r r i m s  of 90.99997 p u r e  t l ial l i i im 

, 
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XBB 768-7334 

Fig.  18. V i e w  of t h e  no r th  phototube,  crude vacuum chamber, and 
vacuum pumping appara tus .  The vac-ion pump i s  i n  t h e  cente  
of t h e  photograph and t h e  s o r b t i o n  pump is seen  i n  t h e  lowe 
r i g h t  hand corner .  A c r y o l i t e  t r a p  i s  a t  t h e  lower co rne r ,  
and connects  t o  a mechanical pump. 

r 
r 
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XBB 768-7338 

Fig.  20. Deta i led  view of t h e  tha l l i um c e l l .  
is’removed t o  reveal t h e  e l e c t r o d e  s t r u c t u r e  i n  t h e  c e l l  
and t h e  feed-thru system used t o  produce the  e l e c t r i c  
f i e l d s .  
v i s i b l e .  

Half of t h e  main oven 

The bottom por t ion  of t h e  qua r t z  va lves  are  a l s o  
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metal (Al fa  Ventron) i s  p l a c e d  i n  a s i d e  arm. Valve 2 is then  s h u t  

w h i l e  v a l v e s  I and 3 are  l e f t  open and t h e  oven r e g i o n s  are a g a i n  

b rough t  t o  h i @  bake-out t e m p e r a t u r e s  f o r  a few more h o u r s .  

is f i n a l l y  d i s t i l l e d  i n t o  t h e  stem i n  r e g i o n  C by c l o s i n g  v a l v e s  1 and 

3 and opening valve 2 .  

Tha l l ium 

Regions A and  B are k e p t  h o t  w h i l e  t h e  stem 

is  al lowed t o  cool  down. Four t o  e i g h t  h o u r s  are r e q u i r e d  t o  d i s t i l l  

enough t h a l l i u m  i n t o  t h e  s t e m  i n  o r d e r  t o  m a i n t a i n  d e n s i t i e s  of  a few 

times 10 atoms/cc.  P e r i o d i c a l l y ,  valve 3 i s  opened t o  a l l o w  any 

" v o l a t i l e "  i m p u r i t i e s  t o  e-scape f r o m  the cell. After a f e w  d a y s  of 

r u n n i n g ,  t h e  c e l l  becomes v e r y  c l e a n  and p r e s s u r e s  below 10-l' t o r r  a t  

t h e  pump are  commonly o b t a i n e d  when t h e  sys t em i s  al lowed t o  cool.. Even 

when t h e  cell  is  r u n  a t  950°K, vacuums a t  t h e  pump are g e n e r a l l y  

around 10 t o r r .  The pumping speed  o f  o u r  c e l l ,  c a l c u l a t e d  from 

s t a n d a r d  fo rmulas  found i n  Dushman (Dus, 62) ,  i s  abou t  1-2 l i t e r s / sec .  

14 

-8 

The d e t a i l s  of t h e  q u a r t z  valves are  shown i n  F i g s .  1 9  and 20. 

The v a l v e  i s  b a s i c a l l y  a ground b a l l  j o i n t  connected t o  a q u a r t z  r o d  

and f i n a l l y  t o  a s t e e l  s l u g  vacuum-sealed i n  a q u a r t z  v i a l .  An 

el .ectromagnet,  made from a b o u t  60 t u r n s  of no. 1 4  copper  w i r e  wound 

i n  3 l a y e r s ,  is p l a c e d  around t h e  s t e e l  s l u g .  Approximately 12-15 amps 

are  r e q u i r e d  t o  l i f t  t h e  valve open. Normally used i n s u l a t i n g  mater ia l s  

are  n o t  c a p a b l e  of w i t h s t a n d i n g  t h e  600°C used i n  t h e  d i s t i l l i n g  

p rocedure .  The c o i l s  are k e p t  from s h o r t i n g  by winding t h e  copper  

aroiind a tef ' lon form, s p r i n g i n g  i t  s l i g h t l y  and a p p l y i n g  s e v e r a l  coa ts  

o f  d i I ute Sciit, rc i s e n  ce ramic  cement ( from tlic Sauere i s c n  Cement Co. ) . 
A f t e r  t h e  ccincbnt d i r e s ,  a n o t h e r  l a y e r  o f  wire  i s  wbund a n d  p a i n t e d  
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w i t h  t h e  cement. 

D e s p i t e  n l  I o u r  a t t e m p t s  t o  produce t i l  t r a - p u r e  t l i n l l  i u m ,  t h e  

b;ickj;rouritl pcbrs istvd, nncl w e  now know t h a t  s u c h  e l  ; ibornte  p r o c e d u r e s  

;ire iirincct’ssiiry. ‘I’lic currcbi i t  proccbdurc is  s imply  to p l a c c  ~ h c  tha  11 ium 

d i r e c t l y  i n  t h e  stem, bake r e g i o n s  A and B f o r  a few h o u r s  w h i l e  l e a v i n g  

C and t.he rest o f  t h e  plumbing c o l d .  The c l e a n l i n e s s  i s  no t  comple t e ly  

l o s t  s i n c e  t h e  c e l l  can  s t i l l  be  p e r i o d i c a l l y  purged of any i m p u r i t i e s  

l i b e r a t e d  from t h e  q u a r t z  w a l l s  o r  t h e  t h a l l i u m  metal .  A smal l  amount 

o f  G e t t e r l o y  (iln e f f e c t i v e  b u l k  g e t t e r  t h a t  is  a n  a l l o y  of t i t a n i u m  and 

zirconium) i s  a l so  p l a c e d  i n  a small pocke t  of t h e  c e l l  t o  h e l p  speed  

up t h e  c l e a n i n g  p rocedure .  

The t h a l l i u m  c e l l ,  stem, and s ide-arm c o n s t r u c t e d  from S u p r n s i l  

q u a r t z ,  (Amers i l )  a h i g h  p u r i t y  q u a r t z  which i s  more i n e r t  c h e m i c a l l y  

than commercial g rade  q u a r t z .  The r ema inde r  of t h e  v a l v e  assembly 

is made of  commercial g rade  q u a r t z .  The main oven,  (Region B of F i g .  1 7 )  

made from s t a i n l e s s  s t e e l  i s  shown i n  F i g .  20. (A,copper  oven was 

o r i g i n a l l y  used ,  b u t  t h e  coppe r  r e a c t e d  w i t h  t h e  q u a r t z  c e l l  a t  h igh  

t empera tu res ;  and f r o s t e d  t h e  q u a r t z . )  Heater e l e m e n t s ,  made from 

No. 18 nichrome w i r e ,  a re  wound h e l i c a l l y  and t h e  t o r o i d s  a re  t h e n  

a r r a n g e d  around t h e  oven t o  f u r t h e r  c a n c e l  magne t i c  f i e l d s .  The c o n i c a l  

s e c t i o n  between t h e  c e l l  and t h e  q u a r t z  l e n s , - a n d  t h e  t u b e  e x t e n d i n g  

a f t e r  t h e  l e n s  are used t o  r educe  r a d i a t i o n  l o s s e s  from t h e  c e n t e r  of 

t h e  c e l l .  O the rwise ,  t h e s e  l o s ses  cou ld  c o o l  t h e  c e l l  t o  t h e  p o i n t  

where t h a l l i u m  would condense on t h e  s i d e s  w a l l s  and b l o c k  t h e  535 nm 

l i g h t .  A sepa ra t e  coiintc>rwound h e l i c a l  c o i l  is used t h e  h e a t  t h e  s t e m  
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t h a t  e x t e n d s  below t h e  c e l l .  Under o p e r a t i n g  c o n d i t i o n s ,  t h e  s t e m  is 

k e p t  app rox ima te ly  5 O o C  c o o l e r  t han  t h e  main oven. A 3 - l a y e r ,  s t a i n l e s s  

s t e e l  h e a t  s h i e l d  s u r r o u n d s  b o t h  t h e  s t e m  and main oven. The shie1.d 

p rov ides  a f a c t o r  of 2 t o  3 r e d u c t i o n  i n  t h e  r a d i a t i o n  l o s s e s .  

T y p i c a l l y ,  75 v o l t s  D . C .  a t  11 amps are needed t o  h e a t  t h e  main oven 

up t o  950°K. 

A l l  t e m p e r a t u r e s  are monitored by chromel-alumel thermocouples  

u s i n g  an i c e  b a t h  r e f e r e n c e  and r e a d  by a d i g i t a l  v o l t m e t e r .  C a l i b r a t i o n  

curves are  t aken  from t h e  AIP Handbook (f l ip ,  6 3 ) .  The d e n s i t y  of 

t h a l l i u m  i s  t h e n  e s t i m a t e d  from t h e  known vapor  p r e s s u r e  of t h a l l i u m  

(Nes, 63) u s i n g  an e f f e c t i v e  stem t e m p e r a t u r e ,  and a p e r f e c t  gas l a w  

a p p r o x i  mat i o n  using t h e  ce 11. temper a t u r  e .  

C .  Count ing E l e c t r o n i c s  

A b l o c k  diagram o f  t h e  c o u n t i n g  e l e c t r o n i c s  i s  g iven  i n  F i g .  2 1  

a l o n g  w i t h  a s c h e m a t i c  of t h e  e x p e r i m e n t a l  a p p a r a t u s  a l r e a d y  d e s c r i b e d  

i n  t h e  i n t r o d u c t i o n  of  t h i s  c h a p t e r .  The s i g n a l s  coming from t h e  two 

pho to tube  c h a n n e l s  (12) and t h e  n o r m a l i z i n g  RCA 935 vacuum pho tod iode  

( 1 4 )  a re  f e d  i n t o  i n t e g r a t o r s  (18) (mod i f i ed  cha rge  s e n s i t i v e  preamp,  

LBL # 11x4830) thaJ sum t h e  t o t a l  cha rge  i n  e a c h  p u l s e .  

2.10 c o u l . i s  c o n v e r t e d  i n t o  a -1 v o l t  v o l t a g e  p u l s e .  T h e  v o l t a g e  

A cha rge  of 
-4 

p u l s e  is a m p l i f i e d  and shaped  by a h i g h  ra te  l i n e a r  a m p l i f i e r  ( 1 9 ) ,  

( I J L  /111X5501 1’-1) and t h e  peak v o l t a g e  is h e l d  by i i  p u l s e  s t r e t c h e r  

and l i n e a r  d e l a y  ( a l s o  1 9 )  (LBI, 11 11x9421 P-2) .  The s i g n a l s  a r e  then  

s e n t  s e q u e n t i a l l y  i n t o  a mixer,  (LBL 11x5511 P - l ) ,  and a n  ADC 

(Nuc lea r  Data Model 560) .  From t h e  ADC, t h e  s i g n a l s  are  s t o r e d  i n  

. . -. .. .. . . . . .. ~ _ _ _  . ~ . .. .. ..l ..... ~ .. . - . - 
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c . i t l i e r  one o f  two sets o f  scalers ,  ( O r t e c  Model 40)  cor re spond ing  t o  

positive o r  ney,.itive e l e c t r i c  f i e l d s  i n  t h e  t h a l l i u m  c e l l  ( 7 ) .  A 

' c o n t r o l l c r  ( 1  7 )  t ha t  r u n s  from a n  i n t e r n a l  c l o c k  (555 t i m e r )  c o o r d i n a t e s  

the  laser t r i j : gc r ing  c i r c u i t s  ( (16)  and F i g .  9 )  w i t h  t h e  e l e c t r i c  f i e l d  

s w i t c h e r  (23) and t h e  s e q u e n t i a l  a n a l o g  t o  d i g i t a l  conve r s ion .  The 

s c a l e r s  a re  g a t e d  on and o f f  ( 2 4 )  so  t h a t  one set  of scalers (21)  s t o r e s  

p o s i t i v e  e l e c t r i c  f i e l d  s i g n a l s  and the o t h e r  s e t  ( 2 2 )  s t o r e s  n e g a t i v e  

e l e c t r i c  f i e l d  s i g n a l s .  A f t e r  1000 s h o t s ,  t h e  c o n t e n t s  o f  t h e  s c a l e r s  

are p r i n t e d  o u t  on p a p e r  and also punched on paper  tape  by a T e l e t y p e .  

The e l e c t r i c  f i e l d  s w i t c h e r  can reverse t h e  e l e c t r i c  f i e l d  e v e r y  n l a se r  

piilses (n = 1 t o  l o ) ,  b u t  is g e n e r a l l y  set  t o  s w i t c h  t h e  f i e l d  a f t e r  

e v e r y  p u l s e .  A f t e r  each r u n  of  -40 sets of 1000 laser  p u l s e s ,  t h e  d a t a  

on p a p e r  t a p e  i s  punched o u t  o n t o  computer c a r d s  and f e d  i n t o  a n  I B M  

1620 computer.  

D.  .Data  Hand l ing  

We measure t h e  q u a n t i t i e s  

non = sca le r  c o u n t s  i n  t h e  n o r t h  (-2) d i r e c t i o n  t aken  t 
on r e sonance  f o r  + and - e l e c t r i c  f i e l d s  

on 
s, = sca le r  c o u n t s  i n  t h e  s o u t h  ( + z )  d i r e c t i o n  t a k e n  - 

on r e sonance  f o r  + and - e l e c t r i c  f i e l d s  

on P, = n o r m a l i z i n g  pho tod iode  c o u n t s  

and s imi la r  q u a n t i t i e s  

o f f  oFf n+ , s+ , , Y f f  f o r  o f f  r e sonance  - - - d a t a  
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'rhe normal izecl s i g n a l s  are 

on o f f  
- o f f  "i 

p, pt 

, e tc .  - -__ 
"+ - on - __ 

N, - on ' N+ - o f f  

Now d e f i n e  

1 o f f  on o f f  
(N,On - - N, ) - (S, - S, 

(NEn - N, O f f )  - A, = o f f  
s, ) + (S,"" - - 

A s m a l l  c o r r e c t i o n  i s  a p p l i e d  t o  a l l  t h e  d a t a  because  t h e  ADC g i v e s  a 

s l i g h t  p o s i t i v e  b a s e l i n e  o f f s e t  when t h e  s i g n a l  o u t  of  t h e  ADC i s  

p l o t t e d  as a f r inc t ion  of t h e  s i g n a l  i n .  The c o r r e c t i o n  i s  a p p r o x i m a t e l y  

5-10% of t h e  t o t a l  number o f  s c a l e r  c o u n t s .  

The e x p e r i m e n t a l  asymmetry i s  d e f i n e d  t o  b e  

1 *+,- = - 2 (A+ - A _ )  

As a check on o u r  d a t a  h a n d l i n g  p r o c e d u r e ,  w e  a l s o  a n a l y z e  t h e  

d a t a  i n  terms of an asymmetry 

where 

on o f f  

o f f  

( N Y  - NOff) - (N- - N ) 

( N Y  - ) + (NYn - H - ) 

+ - 
A =  , e t c .  N 

The q u a n t i t i e s  A and A always are found t o  a g r e e  w i t h  each o t h e r  

to b c t  t c r  t l m n  111. 

+ 9 -  N'S 
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IV. THE EXPERIMENTAL RESLJLTS 

A.  The E l e c t r i c  Field-Induced E 1  T r a n s i t i o n  

2 
112-  The t r a n s i t i o n s  between t h e  v a r i o u s  h y p e r f i n e  levels  of t h e  6 P 

2 7 s t a t e s  of t h a l l i u m  i n  t h e  p r e s e n c e  of an  e l ec t r i c  f i e l d  are 

measured w i t h  t h e  c i r c u l a r  p o l a r i z e r s  removed. The r e a d e r  i s  r e f e r r e d  

t o  F i g s .  4 ,  5 and Table  111 i n  p a r t  B of s e c t i o n  I1 f o r  a summary of  t h e  

v a r i o u s  p r e d i c t e d  s e l e c t i o n  r u l e s  and t r a n s i t i o n  ra tes  f o r  t h e  f i e l d  

induced t r a n s i t i o n s .  

I n  F ig .  a, t h e  r e s u l t s  o f  a f requency  scan  a r e  shown. The laser 

has o n l y  one e t a l o n  i n s e r t e d  i n  t h e  c a v i t y  s o  t h a t  t h e  bandwidth docs 

n o t  r e s o l v e  t h e  7 P h y p e r f i n e  s p l i t t i n g .  The p o l a r i z a t i o n  of t h e  

l a s e r  is  p a r a l l e l  t o  t h e  e l e c t r i c  f i e l d  (211 J?), and t h e  al lowed t r a n s i -  

t i o n s  from t h e  two 6 P h y p e r f i n e  l eve ls  are c l e a r l y  r e s o l v e d .  

The 

2 
1 1 2  

/ 

2 
112  

ground s t a t e  h y p e r f i n e  s p l i t t i n g s  are w e l l  known: 

.The h o r i z o n t a l  f requency s c a l e  i s  t a k e n  d i r e c t l y  from d i v i s i o n s  on t h e  

d i f f e r e n t i a l .  screw used t o  t i l t  t h e  e t a l o n ,  and t h e  ver t ica l  s c a l e  is 

c o u n t s  i n  a r b i t r a r y  u n i t s .  The 3 t o  1 r a t i o  i n  t h e  rates f o r  t h e  

F = l-tl and F = 0 4  t r a n s i t i o n s  shown i n  F ig .  22  i s  s imply t h e  r a t i o  

of  s t a t i s t i c a l  w e i g h t s .  The non-resonant  background can a l s o  b e  s e e n  

a s  an upward s h i f t  of t h e  resonance  curves by one u n i t .  

cor responds  t o  200 s h o t s  and t h e  e n t i r e  scan  is  completed i n  about  

3 minutes .  

Each d a t a  p o i n t  
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F i g u r e  2 3  shows a s i m u l t a n e o u s  s c a n  of t h e  211 E t r a n s i t i o n  F = 1-+1 - 
and t h e  Ehl 5 t r a n s i t i o n s  I: = l + O ,  1. 

l a s e r ,  and tlie l i n e w i d t h  i s  e s t i m a t e d  t o  b e  2 GHz. For e a c h  d i f f e r e n t i a l  

5 c i - c ' ~  s e t t i n ) : ,  200 1;isci- s l i o t s  wc'rc t n k c n  Tor hoth  po1 ; l r i zn t ions  o f  

292.7 nm l i g h t .  The i n c i d e n t  l i g h t  p o l a r i z a t i o n  i s  r o t a t e d  u s i n g  t h e  

s t r e s s e d  q u a r t z  half-wave p l a t e .  The d i s t o r t e d  l i n e  shape  of  t h e  

p c r p c n d i c u l a r  p o l a r i z a t i o n  shows a b a r e l y  r e s o l v e d  7 P h y p e r f i n e  

s p l i t t i n g .  

Both e t a l o n s  are  used i n  t h e  

2 
1 / 2  

F i g u r e  2 4  shows t r a n s i t i o n s  o r i g i n a t i n g  from t h e  F = 0 ground s t a t e  

2 of  6 P f o r  b o t h  p a r a l l e l  and p e r p e n d i c u l a r  p o l a r i z a t i o n s .  The 

s e l e c t i o n  r u l e s  on ly  a l l o w  F = O+O when el l  E and F = O-+l f o r  e l  E ,  and 

tlie upper s t a t e  h y p e r f i n e  s p l i t t i n g  becomes c l e a r l y  r e s o l v e d .  T h i s  

s p l i t t i n g  h a s  been measured r e c e n t l y  by F l u s b e r g ,  -- e t  a l .  ( F l u ,  76) 

u s i n g  a two-photon d o p p l e r  f r e e  s p e c t r o s c o p y  method, and i s  found t o  

b e  2.13 G H z .  The w i d t h s  and s e p a r a t i o n  of t h e  r e sonance  c u r v e s  i n  

F i g .  2 4  a c t ~ i a l l y  p r o v i d e  t h e  b e s t  measurement o f  t h e  l i n e w i d t h  of t h e  

doubled laser  l i g h t .  I f  we assume t h a t  t h e  laser w i d t h  is  a g a u s s i a n  

d i s t r i b u t i o n ,  t h e  t o t a l  l i n e  w i d t h  measured i s  g i v e n  by 

1 / 2  

z 5 

> *  - 
"tot - J(Avla,er l 2  -t (AVdopp le r  

= 1 . 1 3  G H z  From Fig.  24,  Avtot 1 . 2  AvhfS(7 PI/*)  = 2.56 GI-Iz. Aydoppler 

a t  950°K. Hence, 

2 

= 2 . 3  CHz . 
l a se r  AV 
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The r a t i o  B/tr can be determined from F i g s .  23  and 2 4 .  From t h e  

t-:ttcs c ~ n l c ~ i l ; t i c ~ d  i n  part I3 o r  s e c t i o n  TI, w e  have 

a n d  

The c u r v e s  i n  F i g s .  23 and 24  are i n t e g r a t e d  n u m e r i c a l l y  and a r e  

found t o  agree-with e a c h  o t h e r .  They y i e l d  

= .84 * . 0 5 .  - B 
a e x p t .  

The est imated e r r o r  a r i s e s  p r i m a r i l y  from t h e  u n c e r t a i n t y  i n  t h e  base-  

l i n e  s h i f t  due t o  t h e  background and s low t empera tu re  d r i f t s  i n  t h e  

t u n i n g  e t a l o n s  t h a t  s e l e c t  t h e  f r equency  of t h e  laser .  

The a n g u l a r  dependence of t h e  F = l-tl l i n e  shou ld  v a r y  as 

( 4 )  
2 2  2 2  ci cos 0 + B s i n  8 

where 0 is  t h e  a n g l e  between E^ and E. 

The s o l i d  l i n e  is  the e q u a t i o n  a c o s  8 + b s i n  8 where b f a  = .81. 

The r e s u l t s  are shown i n  F ig .  25. 

2 2 

t h e  e x p t .  Although,  t h e r e  i s  r e a s o n a b l y  good agreement w i t h  B/a) 

a n g u l a r  dependence measurement i s  n o t  v e r y  r e l i a b l e  s i n c e  t h e  s t r e s s e d  

q u a r t z  p l a t e  i s  s l i g h t l y  wedged and a r o t a t i o n  w i l l  s h i f t  t h e  l a s e r  

beam p o s i t i o n  i n  t h e  c e l l .  Hence, t h e  l e n s e s  w i l l  c o l l e c t  l i g h t  w i t h  



-74- 

2.201 

I 1 I I I 1 I 1 I 1 1 I I 

- 20° 00 20° 4 Oo 60° 80' @ 

XBL 768.10245 
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d i  i f c r e n t  cf f i c i e n c i e s .  

'l'lie res111 t s  of t h e  induced E l  measurements are  summarized i n  

't'al>lc V w i t h  t l i e  p r e d i c t i o n s  a l r e a d y  g iven  i n  T a b l e  111. Tli&sc 

nicasurcments p r o v i d e  an independen t check on t h e  r a d i a l  i n t e g r a l s  

c a l c u l a t e d  by N e u f f e r .  S i n c e  a and B are  t h e  sums of t h e  p r o d u c t s  

o f  two r a d i a l  i n t e g r a l s ,  ,B/a s h o u l d  b e  approx ima te ly  p r o p o r t i o n a l  t o  

t h e  f o u r t h  power of  t h e s e  i n t e g r a l s .  

B.  El-MI Asymmetry R e s u l t s  

The asymmetry d a t a  i s  a n a l y z e d  a c c o r d i n g  t o  t h e  p rocedure  g iven  

i n  p a r t  D, s e c t i o n  111, and p l o t t e d  as a f u n c t i o n  o f  1 / E  i n  F i g .  2 6 .  

Thc e r r o r  b a r s  a r e  p u r e l y  s t a t i s t i c a l  " e r r o r s  i n  t h e  mean," and 

r e p r e s e n t  a 50% p r o b a b i l i t y  t h a t  t h e  " t rue"  v a l u e  i s  w i t h i n  t h e  r ange  

g i v e n .  The d o t t e d  l i n e s  r e p r e s e n t  a l e a s t  s q u a r e s  f i t  t o  t h e  asymmetr ies  

€ o r  t h e  d i f f e r e n t  F+F' t r a n s i t i o n s .  The O-tO t r a n s i t i o n  shows no 

asymmetry t h a t  s c a l e s  as 1 / E ,  and t h e  r a t i o  o f  t h e  F = l+l, 211 E ,  

t h e  F = O - t l ,  Ê l E asymmetr ies  a g r e e s  w i t h  t h e  e x p e r i m e n t a l l y  measured 

v a l v e  of R/a. It  i s  g r a t i f y i n g  t o  n o t e  t h a t  t h e  agreement  i s  v e r y  good 

o n l y  i f  t h e  15% h f s  c o r r e c t i o n  t o  t h e  M 1  r a t e  i s  i n c l u d e d .  Fu r the rmore ,  

a l l  t h r e e  l i n e s  have a common i n t e r c e p t ,  as e x p e c t e d .  The r e s u l t s  are 

summarized i n  T a b l e  V I  a l o n g  w i t h  c a l c u l a t e d  b e h a v i o r  a l r e a d y  g i v e n  

i n  T a b l e  I V .  The r e a s o n  f o r  t h e  s l i g h t  o f f s e t  from z e r o  h a s  n o t  been 

de te rmined ,  brit s i n c e  a l l  t h e  o t h e r  a s p e c t s  of t h e  d a t a  a re  c o n s i s t e n t ,  

we over look  th is small  p e c u l i a r i t y .  

and 



-76- 

3
 

a, 
4
 

P
 

m
 

c-r 

N
 
1
 

d
 C 0 

u
 

.r( 

H
d

 
0
 

F4 

m
 m
 

N
 3

 

4
1
4
 

+ 
N

 

d
 

0
 

1. 0
 

I 
I 

d
 

N
 

0
 

J
 
\
 

2
 

N
 d
 

1. 0
 

0
 

N
 

u
’ 

N
 2

 

0
 

1. d 

N
 

m
 

0
 

d
 

--I 

<W
 

I 0
 

0
 

0
 

1. 0
 



-77- 

H
 

3
 

al 
d
 

P
 

(d
 

tc 

hl 

0
 

a
 a, 3
 

0
 

k
 

h
 
4
 

r
l 

(d
 

*ti 
U

 
k

 
(d

 
a
 

h
 

r
l 

d
 

0
 

N
 

0
 m/ EN

 
+E 

0
 

m
 

I 

II 

14” 

3
p

 
N

N
 

m
 

I 



-78- 

I / E ,  c m / V  

.OOl /I 
I I- / + I 

.oo L '  $0  

/ 
I 

P -  - i  

-.Om 

\ 

\ 
+ \4 

\ t  \ 
\ 

XBL 767-8831 

F i g .  2 6 .  Asymmetries, A(F-+F'> f o r  l a s e r  ? o l a r i z a t i o n s  both 
1 and I1 t o  E p l o t t e d  as a func t ion  of 1 / E .  T h e  dashed 
l i n e s  a r e  l e a s t  squares  f i t s  t o  t he  da t a  ? o i n t s  and the  
e r r o r  b a r s  r eFresen t  probable  e r r o r s  i n  t he  means. 
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25-- , knowledge of  t h e  s l o p e  of t h e  l i n e  i n  F i g .  26 
3 a Since  

a l l o w s  us  t o  c a l c u l a t e  both  t h e  s i g n  and magnitude of  t h e  f o r b i d d e n  M 1  . 
II m a t r i x  e lement ,  m.  T t  remains t o  c o n v e r t  t h e  asymmetry measurement A 

i n t o  a value F o r  t h e  a tomic p o l a r i z a t i o n  P (Only t h e  F = 1-+I, ell E. 

d a t a  w i l l  b e  used toade termine  m, w h i l e  t h e  o c h e r  d a t a  can be regarded  

as a c o n s i s t e n c y  check.)  There are v a r i o u s  mechanisms’ tha t  d i l u t e  t h e  

a tomic  p o l a r i z a t i o n  s o  t h a t  t h e  magnitude of  A,, i s  smaller t h a n  P 

and t h e s e  c o r r e c t i o n s  w i l l  now b e  cons idered .  

I1 * 

II ’ 

I .  Cascade D e p o l a r i z a t i o n  

The c i r c d a r  p o l a r i z a t i o n  o f  t h e  535 mm r a d i a t i o n  i s  p r o p o r t i o n a l  

2 t o  b u t  smaller than  t h e  p o l a r i z a t i o n  o f  t h e ‘ 7  P s t a t e .  Also ,  o n l y  

about  h a l f  of t h e  atoms i n  t h e  7 S s t a t e  decay t o  t h e  6P s t a t e ,  

w h i l e  t h e  remainder  r e t u r n  t o  t h e  ground s t a t e .  In t h i s  c a s e ,  t h e  

1/2 

1 / 2  3/2 
2 

p o l a r i z a t i o n  i s  l o s t ,  as shown i n  F i g .  2 7 .  

2 Define t h e  p o p u l a t i o n s  of t h e  7 P s ta te  as A ,  B ,  C f o r  F = 1, 
1/2 

% = 1 , O , - L  and = 0. S i m i l a r l y ,  t h e  p o p u l a t i o n s  o f  t h e  
’1 

o r  F =’l, m = l , O , - 1  and d f o r  F s ta tes  a r  1 1 2  1 

72s 

F = O , ? =  

e a s i l y  c a l c u l a  

These r a t i o s  ebs ch-Gordon 

c o e f i i c i e n t s .  s i  ments are a l l  t h e  same. 

From t h e  Wigner-Eckart theorem, w e  can 
‘ ,  

t - ios  f o r  t h e  m t r a n s i t i o n s .  F 

2 
Suppose wc’ have? iln i n i t i a l  p o l a r i z a t i o n  in tlic 7 J’ s t a t e  d e f i n c d  

1 / 2  

A- c - -  - 
‘int  A+B+C * 

(5)  
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Fig .  27. Suppose an T 1  atom (1) i s  p o l a r i z e d  i n  t h e  7S1/2 s t a t e  a l o n g  
t h e  +z-axis (mF = +1) .  I f  i t  e m i t s  535 nm l i g h t ,  t h e  photon 
e s c a p e s  c a r r y i n g  n e g a t i v e  h e l i c i t y  and no p o l a r i z a t i o n  informa- 
t i o n  i s  l o s t .  I f  on t h e  o t h e r  hand,  t h e  atom d e c i d e s  t o  e m i t  
338 nm l i g h t ,  t h e  photon i s  q u i c k l y  reabsorbed  by a nearby  
ground s t a t e  atom ( 2 )  Angular momentum i s  conserved s o  t h a t  
t h e  second atom is a l s o  p o l a r i z e d  i n  t h e  same d i r e c t i o n .  
t h e  second atom emits 535 nm r a d i a t i o n  a l o n g  +z d i r e c t i o n ,  
t h e  p o l a r i z a t i o n  w i l l  s t i l l  b e  p r e s e r v e d .  
l i k e l y  p o s s i b i l i t y  i s  f o r  atom ( 1 )  t o  e x c i t e  atom ( 3 )  which 
t h e n  g i v e s  o f f  RCP 535 nm l i g h t  a l o n g  +z. 
t h a t  d e c i d e s  t o  t a k e  t h e  378 nm road w i l l  g i v e  no p o l a r i z a t i o n  
i n f o r m a t i o n .  

I f  

However, an  e q u a l l y  

Hence, any atom 
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2 ‘I’hcn t h e  7 S s t a t e  p o l a r i z a t i o n  w i l l  b e  
1 1 2  

a-c P =  
a+b+c+tl ’ 

1 
3 b = - (A+C) 1 

3 a = - (A+R) , 

1 
3 d = - 1 (A+B+C) , 3 

c = - (B+C) , 

and 

( 7 )  

A + B + C = l ,  a + b + c + d = l  ( 8 )  

From t h e  7s s t a t e s ,  w e  u s e  F i g .  2 8  and  add up a l l  t h e  RCP,  LCP and 

l i n e a r  polarize’d l i g h t  t h e  g o e s  to t h e  6 P s t a t e :  

1 1 2  
2 

3 / 2  

1 1 1 1 
6 3 2 3 

1 1 1 1 
2 3 6 3 

RCP = - a + - b + - c + - d 

LCP = - a + - b + - c + - d 

1 1 1 1 
3 3 3 3 

LIN = - a + - b  + - c  + - d  

The d i p o l e  a n g u l a r  d i s t r i b u t i o n  of t h e  535 nm r a d i a t i o n  is  

2 s i n  0 f o r  Am = 0 t r a n s i t i o n s  

1 2 - (1 + c o s  0 )  f o r  Am = 2 1  t r a n s i t i o n s ,  2 

where 0 i s  t h e  a z i m u t h a l  a n g l e  f r o m  t h e  z-axis .  Fo r  d e t e c t o r s  of 

i n f i n i t e l y  smal l  s o l i d  a n g l e ,  no  ‘ l i n e a r l y  p o l a r i z e d  l i g h t  w i l l  b e  s e e n ,  

i i n t l  t h e  nsymnwtry be tween  l e f t  and  r i g h t  c i r c u l a r l y  p o l a r i z e d  1 i g h t  is  
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RCP - L C P  
RCP + LCP 

A =  

1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 
3 2 -  3 L 3 6  3 

( - a +  - b +  - c +  - d )  - (--a+ ~ b +  - c +  - d )  

( ; ) ' I +  - b +  - r +  - - d )  + (, a +  : b +  - - c +  - d )  

- -  h 3 2 3 2 3 6 3 - 

1 - - (A-C) 

2 (A+R+C) 
3 - - 

1 
6 i n t  * 

= - - - p  

where E q s .  ( 5 )  t h r u  ( 9 )  were usel , The c o r r e c t i o n  f o r  t h e  f i n A ; e  s o l i d  

a n g l e  o f  t h e  d e t e c t o r s ,  assuming a n  f-1 l e n s  geometry,  l e a d s  t o  

A = - - - -  P .  
6 . 3 3 3  i n t  

levels  F i n a l l y ,  t h e  b ranch ing  r a t i o  from 7 S 

must be  i n c l u d e d .  We u s e  t h e  v a l u e  measured by G a l l a g h e r  and L u r i o  

i n  a t h a l l i u m  a tomic  beam (Ga l ,  6 4 ) .  

2 2 
112 

t o 6 P  o r 6 P  2 
1 1 2  312 

" 3 1 2  

6P 
112 

Thus, 

A-coef f . Relative I n t e n s i t y  

. 5 3  

.47 

7 -1 

7 -1 

7 . 0 5 + .  32x10 sec 

6 . 2 5 k .  35x10 sec 

A = - .0837 Pint ( 1 3 )  

2 .  - Resonance Trapp ing  o f  535 nm R a d i a t i o n  

I f  t h e  535 nm l i g h t  becomes p a r t i a l l y  t r a p p e d ,  t h e  d e t e c t e d  

asymnictry A w i l l  d e c r e a s c  s t i l l  fur ther .  We w i l l  now make a c r u d e  

e s t i m a t e  of tlic deg ree  of  r e sonance  t r a p p i n g  t h a t  can be  expec ted  i n  

- . - . . ~ - .. . .. . ... . .... 
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t y p i c a l  o p e r a t i n g  c o n d i t i o n s .  The a b s o r p t i o n  c o e f f i c i e n t  p, d e f i n e d  

by 

where I = i n t e n s i t y  o f  t h e  l i g h t  a f t e r  b e g i n n i n g  w i t h  i n t e n s i t y  I 0 and 

t r a v e r s i n g  a d i s t a n c e  R, is  g i v e n  by 

-7 -1 9 w h e r e  A = 7 . 0 5 a . 3 2 ~ 1 0  sec  , AV = 10 H z ,  = 535 nm and n is t h e  

2 2 d e n s i t y  of  t h e  6 P s t a t e .  The 6 P d e n s i t y  i s  r e l a t e d  t o  t h e  
3/ 2 3/2 

t o t a l .  d e n s i t y  by a s i m p l e  Boltzmann f a c t o r  

6 

f i n e  s t r u c t u r e  s p l i t t i n g  and T i s  t h e  
2 2 

where AE i s  t h e  6 P 

c e l l  t e m p e r a t u r e .  

vapor  p r e s s u r e  formula 

- 6 P1/2 3/ 2 C 

n(PlI2) - ntot  can  b e  c a l c u l a t e d  from a n  e m p i r i c a l  

19.4 
T = 54.3 - - Y .  I n  n t o t .  

3 , s  

where T is t h e  stem t e m p e r a t u r e  of t h e  c e l l  i n  O K / 1 0 3 .  

i s  f i t  t o  t h e  vapor  p r e s s u r e  d a t a  g i v e n  by Nesmayanov (Nes, 6 3 )  and 

The formula 
3,s 

t h e  p e r f e c t  gas law,  p = nkT. 

v a r i o u s  v a l u e s  o f  cel l  t e m p e r a t u r e s .  Although t h e  stem tempera tu re  

F i g u r e  29 shows a p l o t  of e-" f o r  

i s  k e p t  3mV = 75°C less than t h e  c e l l  t e m p e r a t u r e ,  t h e  d i f f e r e n c e  i n  

t e m p e r a t u r e s  is n o t  as  great s i n c e  t h e  thermocouple t h a t  measures  t h e  

stem tempcratr i rc  is n o t  i n  good thermal c o n t a c t  w i t h  t h e  stem. T h e r e f o r e ,  
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w e  a s s u m e  an e f f e c t i v e  s t e m  t e m p e r a t u r e  t h a t  i s  25°C less t h a n  t h e  c e l l  

t empera tu re .  Tlie l e n g t h  R i s  t h e  r a d i u s  o r  t h e  c e l l .  

We have a l s o  measured t h e  asymmetry o f  t h e  F = l-tl and F = 0 - 4  

? I 1  E t r a n s i t  ions a t  200 v/cm f o r  v a r i o u s  c c l l - s t e m  t en ipe ra tu res  above 

ou r  o p e r a t i n g  t empera tu re  o f  - 950°K. W e  t h e n  t a k e  t h e  d i f f e r e n c e ,  

A1+l - Ao,, t o  e l i m i n a t e  t h e  asymmetry due t o  o u r  a p p a r a t u s .  

i s  a l s o  shown i n  F i g .  2 9 ,  and a l t h o u g h  t h e  s t a t i s t i c s  are  n o t  v e r y  

The d a t a  

good, t h e r e  i s  good e v i d e n c e  t h a t  t h e r e  i s  v e r y  l i t t l e  r e sonance  

t r a p p i n g  and subsequen t  d e p o l a r i z a t i o n  a t  o u r  u s u a l  o p e r a t i n g  t h a l l i u m  

d e n s i t i e s .  The change i n  d e n s i t y  between T = 946°K and Tc = 1043°K 
C 

is 2.9x10 14 atoms/cm3 t o  2 .  l X 1 0 1 5  atoms/cm3; ( S t r i c t l y  s p e a k i n g ,  e -@ 

does  n o t  d e s c r i b e  t h e  d e p o l a r i z a t i o n  due t o  r e sonance  t r a p p i n g ,  b u t  t h e  

c r u d e n e s s  of  t h e  d a t a  does n o t  w a r r a n t  a more ca re fu l .  t r e a t m e n t . )  

3 .  C o l l i s i o n a l  D e p o l a r i z a t i o n  

2 2 
1 / 2  

When t h e  t h a l l i u m  atoms are  i n  t h e  e x c i t e d  7 P and 7 S 
1 / 2  

s t a t e s ,  c o l l i s i o n s  w i t h  o t h e r  atoms are  p o s s i b l e  and a subsequen t  

d e p o l a r i z a t i o n  will o c c u r  

t h e  ave rage  t i n  t h e s e  e x c i t e d  s t a t e s  and t h e  mean 

t i m e  between e l i f e t i m e s  of t h e  r e l a v a n t  

e x c i t e d  s t a t e  

l e  estimate can  b e  made by comparing 

sec 

sec . 
8 

7 

The mean t i m e  between c o l l i s i o n s  can b e  roughly guessed a s  

where 

T = a / ; ,  
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1 
no R = mean f r e e  p a t h  = - , and 

- e e 3.4xlO 4 cm/sec . u = r m s  v e l o c i t y  = 

-76  2 Take c r o s s - s e c t i o n  0 t o  b e  t h e  geomet r i c  c r o s s - s e c t i o n ,  0 S= 30x10 cm . 
Then R S= 1 c m  and 'I .3x10 s e c .  S i n c e  t h e  mean t i m e  between -4 

c o l l i s i o n s  is approx ima te ly  500 times l o n g e r  than  t h e  l i f e t i m e s  of t h e  

e x c i t e d  states,  t h e r e  i s  v i r t u a l l y  no chance f o r  c o l l i s i o n a l  d e p o l a r i z a -  

t i o n  t o  o c c u r .  

4 .  I n s t r u m e n t a l  D e p o l a r i z a t i o n  

The most JZikely s o u r c e  of  i n s t r u m e n t a l  d e p o l a r i z a t i o n  shou ld  come 

from t h e  P o l a r o i d  c i r c u l a r  p o l a r i z e r s .  The HNCF37 l e f t  c i r c u l a r  

p o l a r i z e r s  used have c h a r a c t e r i s t i c s  shown i n  F i g .  30 . ,  p rov ided  by 

P o l a r o i d  C o r p o r a t i o n .  These v e r y  i n e x p e n s i v e  p l a s t i c  p o l a r i z e r s  a re  

i d e a l l y  s u i t e d  f o r  work a t  535 nm and t h e  e x t i n c t i o n  r a t i o  i s  f a r  b e t t e r  

t han  w e  need f o r  t h e  p r e s e n t  l e v e l  of a c c u r a c y .  However, t h e  q u a r t e r -  

wave p l a t e  p a r t  of t h e  p o l a  s a r i l y  has a s e c a n t  8 dependence 

€ o r  l i g h t  t h a t  e n t e r s  a t  an om t h e  normal of t h e  . f i l t e r .  

I n  o u r  e x p e r i m e n t ,  0 is  kep F i g .  6)  s i n c e  t h e  laser beam 

is p l a c e d  a t  t h e  f o c a l  s p o t  s'. I n  f a c t ,  t h e  i n t e r f e r e n c e  

f i l t e r s  can  o n l y  a c c e p t  535 f i t  is w i t h i n  - 5" of normal 

i n c i d e n c e .  Thus, t h e  s e c a n t  e c o n s t r a i n e d  t o  b e  less than  a 

. 3 %  c o r r e c t i o n .  
b 

O t h e r ,  u n f o r s e e n  e f f e c t s  can b e  examined d i r e c t l y  by u s i n g  t h e  

t e c h n i q u e s  g i v e n  by Bouch ia t  and P o t t i e r  (Bou, 76a ) .  They c a l i b r a t e d  

Llicir appnr ; i t i i s  by a l s o  measuring a known asymmetry t h a t  is c r e a t e d  
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Fig .  30. P o l a r o i d  HNCF37 l e f t  c i r c u l a r  p o l a r i z e r .  
Curve A g i v e s  t h e  t r a n s m i s s i o n  c h a r a c t e r i s t i c s  
of u n p o l a r i z e d  l i g h t  a t  normal i n c i d e n c e ,  and 
curve  B g i v e s  t h e  r e j e c t i o n  c h a r a c t e r i s t i c s  of  
r i g h t  c i r c u l a r l y  p o l a r i z e d  l i g h t .  
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when t h e  i n c i d e n t  1.aser l i g h t  i s  c i r c u l a r l y  p o l a r i z e d .  T h i s  c r e a t e s  a n  

a tomic  p o l a r i z a t i o n  a l o n g  t h e  d i r e c t i o n  of l a se r ,  and a d . c .  magnet ic  

C i e l d  p a r a l l e l  t o  t h e  s t a t i c  e l e c t r i c - f i e l d  i s  then  used t o  r o t a t e  t h e  

atomic s t a t e  p o l a r i z a t i o n  i n  l i n e  w i t h  t h e  p h o t o t u b e s .  T h i s  i s  a c t u a l l y  

t h e  H a n l e - e f f e c t ,  a well-known o p t i c a l  pumping t echn ique .  (Hap, 72) 

T h i s  t e c h n i q u e  has n o t  y e t  been used ,  b u t  w i l l  b e  t r i e d  i n  t h e  n e a r  

f u t u r e .  

5 .  - The Exper imen ta l  Value f o r  t h e  M1 Matr ix  Element 

We w i l l  u se  Eq. (13) of t h i s  s e c t i o n  t o  c a l c u l a t e  t h e  E l l  m a t r i x  

2 2 element  between t h e  6 P and 7 P s t a t e s  of  t h a l l i u m .  The v a l u e s  

of c1 and B a r e  g iven  i n  Eq .  (10) of S e c t i o n . 1 1 .  The l e a s t - s q u a r e s  

f i t  t o  t h e  d a t a  i n  F i g .  26 g i v e  t h e  f o l l o w i n g  v a l u e s  € o r  A :  

1/2 1 / 2  

S l o p e  I n t e r c e p t  

A(0-+1) -. 147+.  025 - 1 . 5 8 ~ 1 0 - ~ 2 2 . 4 ~ 1 0 - ~  

A ( 1 - 1 )  +.0693+ -0072 - 2 . 8 1 ~ 1 0 - ~ 1 t  1. U X ~ O - ~  

-.00177+.017 - 2 . 2 1 ~ 1 0 - ~ +  2.  O I X I O - ~  

Care must b e  e x e r c i s e d  i n  c a l c u l a t i n g  t h e  s i g n  of ( u ) .  We must remember 

t h a t  l e f t  c i r c u l a r  p o l a r i z e r s  are  used ,  t h e  n o r t h  channe l  i s  l o o k i n g  i n  

t h e  n e g a t i v e  ? - d i r e c t i o n ,  and t h e  E - f i e l d  i s  n e g a t i v e  when t h e  t o p  

p l a t e  h a s  a p o s i t i v e  v o l t a g e  on i t .  When a l l - o f  t h e s e  e f f e c t s  a re  

i n c l u d e d ,  w e  g e t  
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i n  r e a s o n a b l e  agreement w i t h  N e u f f e r ' s  c a l c u l a t i o n  (see Tab le  I) of  

The e r r o r  i n  ( 11) rises from approx ima te ly  e q u a l  u n c e r t a i n t i e s  i n  t h e  

t h e o r y  and i n  t h e  s l o p e s  of F i g .  26.  The r e s u l t  can a l s o  b e  e x p r e s s e d  

as an A - c o e f f i c i e n t  

2 -1 3 
A = k W  I ( V )  I = 1.4x10-6 sec 8 day l i f e t i m e  , 

hc3 

o r  and o s c i l l a t o r  s t r e n g t h  

-15 A 2 A = 1 . 8 ~ 1 0  , f =  
87~ ca 

0 

where A ,  w are t h e  wave l e n g t h  and f r equency  o f  t h e  t r a n s i t i o n ,  and a 

i s  t h e  Bohr r a d i u s .  

0 

To t h e  b e s t  of o u r  knowledge, t h i s  i s  t h e  smal les t  a tomic  

o s c i l l a t o r  s t r e n g t h  ever measured. 
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V. BACKGROUND 

Wc p r e v i o u s l y  s t a t e d  t h a t  a l a r g e  non-resonant  background p r e v e n t s  

11s from measuring the Pi1 ra te  by s c a n n i n g  t h e  l a s e r  f requency through 

t h e  6 P - 7 P t r a n s i t i o n .  From t h e  i n t e r f e r e n c e  method we u s e  

to  measure t h e  1il m a t r i x  e l e m e n t ,  w e  estimate t h a t  t h e  number o f  pho tons  

2 2 
1 1 2  112  

due t o  t h e  111 t r a n s i t i o n  w e  would d e t e c t  a t  z e r o  e l e c t r i c  f i e l d  would 

b c  approx ima te ly  1/300 o f  t h e  t o t a l  number o f  pho tons  d e t e c t e d .  Indeed 

much of  o u r  e x p e r i m e n t a l  work has been  d i r e c t e d  towards u n d e r s t a n d i n g  

and r e d u c i n g  

There a 

&e background. 

, A.  - Backgrounds Not I n v o l v i n g  Tha l l ium 

c a c t u a l l y  many components t o  o u r  background,  bu many 

p o r t i o n s  are n o t  s i g n i f i c a n t .  For  example,  d a r k  c o u n t s  from t h e  8850 

p h o t o t u b e s  and a m p l i f i e r  n o i s e  c o n t r i b u t e  i n  n e g l i g i b l e  amounts.  

Ga t ing  of  t h e  phototube o u t p u t  t o  b e  c o n i n c i d e n t  w i t h  t h e  microsecond 

l a s e r  p u l s e  e l i m i n a t e s  c o u n t s  from blackbody r a d i a t i o n  and e x t e n s i v e  

KF f i l t e r i n g  e l i m i n a t e s  n o i s e  from t h e  l a se r .  

A t  t h e  t h a l l i u m  d e n s i t i e s  w e  no rma l ly  o p e r a t e ,  l aser  l i g h t  s c a t -  

t e r i n g  o r  f l u o r e s c e n c e  from t h e  q u a r t z  c e l l  creates abou t  15-20% of  

t h e  t o t a l  unwanted c o u n t s .  T h i s  component of t h e  background i s  

measured by condensing t h e  t h a l l i u m  vapor i n  t h e  s t e m  w h i l e  keeping 

the main oven a t  9SOoK and menstiring t h e  s i g n a l  from t h e  p h o t o t u b e s  

c o i n c i d e n t  w i t t i  t h e  1;isc.r p u l s c s .  A p p a r e n t l y ,  t h e  i n t e n s e  W 1 i g h t  

from the l a s c a r  c r e a t e s  t r a n s i e n t  c o l o r  c e n t e r s  i n  t h e  S u p r a s i l  windows 
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n 

\ 

and  t h e  s c a t t e r i n g  and e s p e c i a l l y  f l u o r e s c e n c e  from t h e s e  c o l o r  c e n t e r s  

i n  a r e g i o n  arorind 535 nm can p a s s  through t h e  i n t e r f e r e n c e  f i l t e r s  

a n d  be d e t e c t e d  by t h e  pho to tube .  (Bro, 71), (1101, 69) The l i g h t  

:;c*:i t t c t r i n g  i nc'r(':iscs wlicn tlic c c b l l  i s  n l  1 o w c d  t o  cool t o  room tcinpern- 

t u r e ,  presumably due t o  a l o n g e r  l i f e t i m e  f o r  t h e  c o l o r  c e n t e r s  a t  

lower t e m p e r a t u r e s .  

' Also,  s m a l l  f r a c t i o n  of t h e  s c a t t e r e d  l i g h t  background is  due t o  

293 nm l i g h t  s c a t t e r i n g  i n t o  t h e  535 nm i n t e r f e r e n c e  f i l t e r  and c a u s i n g  

t h e  glass  s u b s t r a t e  of t h e  f i l t e r  t o  f l u o r e s c e .  ( A l s o  see part D of 

t h i s  s e c t i o n  f o r  a d i s c u s s i o n  o f  R a l e i g h  s c a t t e r i n g )  

The r ema in ing  s o u r c e s  o f  background r e q u i r e  t h e  p r e s e n c e  of  laser 

l i g h t  and c e l l  and stem t e m p e r a t u r e s  n e c e s s a r y  t o  produce a n  a p p r e c i a b l e  

d e n s i t y  of t h a l l i u m .  Our e f f o r t s  t o  produce an u l t r a - c l e a n  environment  

€o r  t h e  t h a l l i u m  ( s e e  t h e  d e s c r i p t i o n  of  t h e  c e l l  and oven i n  p a r t  B 

of s e c t i o n  T I T )  i n d i c a t e  t h a t  t h e  background i s  reduced by u s i n g  a 

c l e a n e r  c e l l ,  b u t  a f t e r  a c e r t a i n  level of c l e a n l i n e s s ,  n o t h i n g  i s  

g a i n e d .  ( "C lean l ines s"  i s  measured by t h e  p r e s s u r e  measured a t  t h e  

vnc-ion pump when t h e  c e l l  i s  h o t . )  Thus,  w e  are l e a d  t o  b e l i e v e  t h a t  

t h e  background i s  g e n e r a t e d  i n  t h e  c e l l  by t h e  a c t i o n  of  t h e  293 nm 

laser  l i g h t  on t h a l l i u m  atoms a n d / o r  molecu le s  i n v o l v i n g  t h a l l i u m .  

O u r  a t t e m p t s  t o  r e d u c e  t h e  background have l e a d  us  t o  experiment  w i t h  

a v a r i e t y  of c e l l s .  The e a r l i e s t  v e r s i o n s  were s e a l e d  o f f  c e l l s ,  made 

from commercinl. g rade  q u a r t z  and f i l l e d  w i t h  t h a l l i u m  by s t a n d a r d  

vacuum d i s t i l l a t i o n  t e c h n i q u e s .  (Gib,  70) The s e c t i o n s  of t h e  q u a r t z  

i n  c o n t a c t  w i t h  m;icroscopic amounts o f  t h n l  1 ium ( f o r  example,  t h e  bot tom 

n 
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of  t h e  s t e m )  a p p e a r e d  s l i g h t l y  f r o s t e d  by t h e  t h a l l i u m .  When t h e  

q u a r t z  w a s  r e p l a c e d  w i t h  S u p r a s i l  q u a r t z ,  t h e  f r o s t i n g  d e c r e a s e d  and  

w e  s u r m i s e  t h a t  t h e  c h e m i c a l  r e a c t i o n s  o €  t h e  t h a l l i u m  and q u a r t z  a t  

c'1cv;itcld tempCbr : i  t u r e s  were r e d u c e d  by u s i n g  h i g h e r  p u r i t y  q u a r t z .  

Later  c e l l s ,  a l l  made f rom S u p r a s i l  q u a r t z ,  i n c l u d e d  a valve s y s t e m  

( s e e  F i g .  1 7 )  t h a t  e n a b l e d  u s  t o  pump away c o n t a m i n a n t s  f r e e d  f rom t h e  

w a l l s  o f  t h e  c e l l  by  t h e  h i g h  t e m p e r a t u r e s .  F i n a l l y ,  a t a n t a l u m  

e n v e l o p e  was p l a c e d  i n  t h e  q u a r t z  s t e m  so t h a t  t h e  b u l k  of t h e  t h a l l i u m  

was i n  c o n t a c t  w i t h  t h e  t a n t a l u m  and n o t  t h e  q u a r t z .  A molybdenum 

s t e m ,  c o n n e c t e d  d i r e c t l y  t o  t h e  q u a r t z  v ia  a "Housekeeper"  s ea l  ( c o p i e d  

from t h e  "Moly Cup" d e s i g n ,  m a n u f a c t u r e d  by'Bomco I n c . )  w a s  a l s o  t r i e d ,  

b u t  w i t h  u n s a t i s f a c t o r y  resirlts. (See  t h e  d i s c u s s i o n  on t h e  e l e c t r i c  

f i e l d  dependen t  background . )  The e v e n t u a l  c e l l  d e s i g n  a l s o  c a l l s  f o r  

a s m a l l  amount of g e t t e r  mater ia l  p l a c e d  i n  t h e  c e l l .  

Crude measurements  i n d i c a t e  t h a t  t h e  e v e n t u a l  background leve l  

i s  a p p r o x i m a t e l y  50-100 times l o w e r  t h a n  t h e  l eve l  of  t h e  f i r s t  s e a l e d  

o f f  c e l l s .  

B .  E l e c t r i c  F i e l d  Dependent  Background 

A smal.1 f r a c t i o n  of t h e  background  i s  p r e s e n t  o n l y  when a n  

e l e c t r i c  f i e l d  i s  on .  F i g u r e  31 shows a p l o t  o f  t h e  f i e l d  d e p e n d e n t  

background t a k e n  w i t h  t h e  laser t u n e d  away f r o m . t h e  6 P 

l i n e .  The a b s c i s s a  i s  t h e  e l e c t r i c  p o t e n t i a l  across 1 c m  x 2 c m  

2 2 
- 7 Pl,2 1 I 2  

e l e c t r o d e s  i n s i d e  t h e  c e l l  s e p a r a t e d  by  1 c m ,  and t h e  o r d i n a t e  is t h e  

sou t l i  channe l  background s i g n a l  S - S where  S - is t h e  background w i t h  

t h e  f i e l d  on and S is  t h e  f i e l d  i n d e p e n d e n t  background .  The 
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. 

background e x h i b i t s  a s h a r p  t h r e s h o l d  around 5 v o l t s  and rises t o  a 

r e l a t i v e l y  c o n s t a n t  l e v e l  a t  v o l t a g e s  of  1 5  v o l t s  o r  more. We b e l i e v e  

t h a t  t h i s  b e h a v i o r  can be expla ined  by t h e  i n t e n s e  u l t r a v i o l e t  l i g h t  

o f  t h e  l a s e r  i o n i z i n g  t h a l l i u m  atoms i n  a two-photon i o n i z a t i o n  p r o c e s s  

(Zer ,  6 4 ) ,  (Kla ,  7 2 )  o r  a s i n g l e  photon e x c i t a t i o n  of more l o o s e l y -  

bound molecules  i n v o l v i n g  t h a l l i u m .  The e l e c t r o n s  a r e  t h e n  a c c e l e r a t e d  

by t h e  e l e c t r i c  f i e l d  and c o l l i s i o n a l l y  e x c i t e  t h a l l i u m  atoms which 

t h e n  rad ia te  535 nm r a d i a t i o n .  Indeed ,  t h e  curve  i n  F i g .  31 shows a 

remarkable  s i m i l a r i t y  t o  t y p i c a l  graphs  of c r o s s - s e c t i o n s  between slow 

e l e c t r o n s  and atoms o r  molecules  (Not,  6 9 ) .  

We b e l i e v e  t h a t  t h e  e l e c t r i c  f ie ld-dependent  background r e s u l t s  

from t h e  i o n i z a t i o n  of molecules  i n v o l v i n g  t h a l l i u m .  C e l l s  which al lowed 

t h e  b u l k  of  t h e  t h a l l i u m  t o  touch t h e  q u a r t z  had roughly  an o r d e r  of 

magnitude h i g h e r  f ie ld-dependent  background than  c e l l s  w i t h  a t a n t a l u m  

l i n e r .  Moreover, t h e  background leve l  seemed t o  i n c r e a s e  i n  p r o p o r t i o n  

t o  t h e  amount of t i m e  t h e  c e l l  was h o t ;  i n d i c a t i n g  t h a t  some u n d e s i r a b l e  

chemis t ry  was happening. The c e l l  w i t h  t h e  molybdenum stem a l s o  showed 

a s t e a d y  d e t e r i o r a t i o n  of $he n o i s e  l eve l ,  and a f t e r  roughly 100 h o u r s  

i n  which t h e  c e l l  and s t e m  were h o t ,  t h e  r a t i o  of t h e  f i e l d - i n d u c e d  E l  

ra te  t o  t h e  of f - resonance  f i e l d - i n d u c e d  background a t  50 v o l t s / c m  went 

from less  than  .05 t o  1 . 2 .  The c e l l s  i n  which tan ta lum l i n e r s  were 

used showed no a p p r e c i a b l e  time-dependent i n c r e a s e  i n  t h i s  component 

of t h e  background, and t h e  pr imary background i s  a f i e l d  independent  

component. 
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C .  E lec t r ic  F i e l d  Independen t  Background 

A c e l l  u s i n g  a t a n t a l u m  l i n e r  shows no a p p r e c i a b l e  i n c r e a s e  i n  t h e  

f i e ld -dependen t  background as  a f u n c t i o n  of e x p e r i m e n t a l  runn ing  t i m e ,  

iind iiios t oL tlic background is from a f i e l d - i n d e p e n d e n t  component. T h i s  

p o r t i o n  of t h e  background remains t h e  most d i f f i c u l t  p a r t  t o  d e a l  w i t h ,  

b u t  b e f o r e  c o n s i d e r i n g  s p e c u l a t i o n s  as t o  t h e  c a u s e  of t h e  background,  

we r ev iew o u r  p r e s e n t  knowledge. 

I (1 )  The background a p p e a r s  t o  b e  t h e  r e s u l t  o f  a non-resonant  

broadband a b s o r p t i o n .  The s i g n a l  t o  background r a t i o  measured when t h e  

laser  i s  operaZ5ng w i t h  1 e t a l o n  ( l i n e w i d t h  “5 GHz) i s  a p p r o x i m a t e l y  

2 times smaller than  w i t h  t h e  

2.5 GHz) Wc have a l s o  made 

t e n s  of  t housands  o f  GHz away 

laser  runn ing  w i t h  2 e t a l o n s .  

measurements a t  several  laser f r e q u e n c i e s ,  

f rom t h e  6 P - 7 P 

( l i n e w i d t h  

t r a n s i t  i o n  2 2 
1 1 2  112 

f r equency .  There i s  some f r equency  dependence t o  t h e  background,  b u t  

w e  see n o t h i n g  r e s e m b l i n g  t h e  1.1 GHz a b s o r p t i o n  w i d t h  of  a t h a l l i u m  

a tomic  l i n e .  (A  c o n t i n u o u s  s c a n  w a s  n o t  made s i n c e  t h e  wavelength 

a t  which t h e  ADA c r y s t a l  o p e r a t e s  e f f i c i e n t l y  i s  a f u n c t i o n  of i t s  

t e m p e r a t u r e ,  and t h e  c r y s t a l  oven w a s  n o t  se t  up f o r  t e m p e r a t u r e  

scann ing .  ) 

( 2 )  The f 1-uorescent  r a d i a t i o n - d o e s  n o t  e x h i b i t  t h e  broadband 

a b s o r p t i o n  f e a t u r e s .  By t i l t i n g  t h e  535 nm i i - t t e r f e rence  f i l t e r s  w i t h  

rc’spc’ct t o  the pho to tube  a x i s ,  i t  is p o s s i b l e  t o  look a t  wavelengths  

;i f c w  nanometers away rrom t h e  a tomic  l inc!  wavelength.  I n  F ig .  32 

o f f - r e sonance  data  f o r  v a r i o u s  t i l t  a n g l e s  of t h e  i n t e r f e r e n c e  f i l t e r  

i s  shown t o g e t h e r  w i t h  on-resonance d a t a  w i t h  t h e  e l e c t r i c  f i e l d - i n d u c e d  
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s i g n a l  a t  133 v o l t s / c m .  A t  t h e s e  h i g h  e l e c t r i c  f i e l d s  t h e  background 

is l e s s  than 10% of t h e  t o t a l  s i g n a l .  Thus, F ig .  3 2  a l l o w s  u s  t o  

conclude t h a t ,  the background f l u o r e s c e n c e  i s  t h e  same f r equency  as t h e  

535 nm a tomic  l i n e ,  t o  w i t h i n  t h e  - 1 nm r e s o l u t i o n  

f i l t e r .  

( 3 )  The background s i g n a l  s c a l e s  l i n e a r l y  w i t h  

t h e  laser  l i g h t  o v e r  a n  o r d e r  o f  magnitude ( s e e  F i g  

of t h e  i n t e r f e r e n c e  

t h e  i n t e n s i t y  of 

33) .  Thus,  non- 

l i n e a r  e f f e c t s  t h a t  s c a l e  as t h e  s q u a r e  o f  t h e  l a se r  power are  n o t  

c o n t r i b u t i n g  t o  t h e  background. 

( 4 )  The background var ies  approx ima te ly  as  t h e  a t o m i c  t h a l l  i u m  

d e n s i t y  t o  t h e  1 . 8  power o v e r  a f a c t o r  o f  10 change i n  t h e  t h a l l i u m  

d e n s i t y  (sc(3 F i g .  3 4 ) .  The a tomic  d e n s i t y  i s  measured by m o n i t o r i n g  

t he  f i e l d  induced E l  ra te  a t  58 v o l t s / c m  f o r  stem and c e l l  t e m p e r a t u r e s  

and comparing t h e  on r e sonance  s i g n a l  S t o  t h e  o f f - r e sonance  background R .  

The q i i a n t i t y  S-B i s  t aken  t o  be  l i n e a r l y  p r o p o r t i o n a l  t o  t h e  a tomic  

d e n s i t y .  The vapor  p r e s s u r e  i n  t h e  c e l l  i s  al lowed t o  s t a b i l i z e  between 

t e m p c r a t u r e  chilnges by w a i t i n g  f o r  several minu tes  a f  t e r  t h e  thermo- 

coup le  r e a d i n g s  r each  t h e i r  new v a l u e s .  However, t h e  t e m p e r a t u r e  

dependence measurement of t h e  background must b e  t r e a t e d  w i t h  c a u t i o n .  

F i r s t  of a l l ,  t h e  s t e m  and c e l l  were n e v e r  k e p t  a t  t e m p e r a t u r e s  o v e r  

950'K f o r  more t h a n  a few h o u r s  and t h e  l e s s  v o l a t i l e  i m p u r i t i e s  

may n o t  have been pumped o u t  b e f o r e  t h e  measurements were made. 

Secondly,  e a r l  i e r  (and perhaps lc3ss c a r e f u l )  measurements of  t h e  

tempc"rature tlc>p(>ndence i n d i c a t e  t h a t  t h e  background i s  p r o p o r t i o n a l  t o  

t h e  t h a l  l i u m  tlcinsity t o  t h e  I .  5 power, and t h e  two sets o f  d a t a  a re  

110 t c-ons i s  t (3 n t w i t h t.;ich o t h e r  . 
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Vi!!,. 3 2 .  I%ackl:rountl coulits ( a r b .  units) v:;. the tilt a n g l e  
O F  thc 535 niii i n t e r f e r e n c e  filter. 
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F i g .  3 3 .  Background s i g n a l  vs.  laser  i n t e n s i t y  i n  a r b i t r a r y  u n i t s .  
A t  t h e  h i g h e s t  l aser  i n t e n s i t i e s ,  t h e  RCA 931 p h o t o d i o d e  
used  t o  measu re  t h e  . laser power i s  b e g i n n i n g  t o  s a t u r a t e .  
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F i g .  3 4 .  E-F ie ld  induced  signal vs. background f o r  v a r i o u s  
t h a l l i u m  d e n s i t i e s  i n  t h e  c e l l .  The background 
var ies  as t h e  E l  s i g n a l  t o  t h e  1.8 power.  
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D. P o s s i b l e  Sources f o r  t h e  Non-Resonant, Zero-Field Background 

1 .  - Ray]-eigh -. Scat te r% 

Nearby allowed e l e c t r i c  d i p o l e  t r a n s i t i o n s  have broad Lorcntz ian  

w i i i g s  i n  t h e i r  abso rp t ion  curves t h a t  extend over  t h e  292.7 nm M1 

t r a n s i t i o n .  I f  w e  assume t h a t  an  atom f i r s t  absorbs a 292.7 nm photon, 

i s  e x c i t e d  t o  a D o r  S s t a t e  and then cascades down i n  t h e  usua l  manner 

a n d  e m i t s  a 535.0 nm photon, t h e  process  w i l l  no t  conserve energy.  For 

example, i f  an atom absorbs a photon, is e x c i t e d  t o  t h e  7 S s t a t e ,  

and then  r e t u r n s  t o  t h e  ground s t a t e ,  t h e  re-emit ted photon cannot b e  

2 
1 1 2  

n 377.6 nm photon. The c o r r e c t  t rea tment  of t h e  abso rp t ion  process  is 

not  a 2-step f irst  o r d e r  process  b u t  a second o r d e r  1-s tep process .  We 

then f i n d  t h a t  t h e  proper  d e s c r i p t i o n  i s  Rayleigh s c a t t e r i n g  

and the 292.7 nm l i g h t  is  e l a s t i c a l l y  s c a t t e r e d .  The narrowband 

i n t e r f e r e n c e  f i l t e r s  should reduce t h i s  background t o  l e v e l s  f a r  below 

t h e  M 1  s i g n a l .  

2 
2 .  Raman S c a t t e r i n g  from t h e  6 P S t a t e  

312 

Raman s c a t t e r i n g  can occur  from t h e  6 P s t a t e  t o  t h e  7 P 

- 

2 2 
112  312 

s ta tes  via v i r t u a l  i n t e rmed ia t e  S and D s t a t e s  ( s e e  Fig.  35) .  The 

formula f o r  t h e  t o t a l ,  c ros s - sec t ion  f o r  Raman s c a t t e r i n g  from 

unpolar ized atoms i n  an i n i t i a l  s ta te  a t o  a f i n a l  s t a t e  b is  

where t h e  sum i s  over  t h e  S and D-states. The c l a s s i c a l  e l e c t r o n  

2 2  r a d i u s  r i s  def ined  by r = e /mc , and LA) = l a s e r  f requency,  and o 0 
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F i g .  35. The most s i s n i f i c e n t  Raman s c a t t e r i n g  t r a n s i t i o n s  
t h a t  c o n t r i b u t e  t o  t h e  backgroiind. 
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w'  i s  the frclqtiency oE t h e  S t o k e ' s  1.ine w '  = w - (I) T f  w e  c o n s i d e r  

(lie s t a t e s  g i v i n g  tlie l a r g e s t  c o n t r i b u t i o n  t o  t h e  background: 

ah '  

3 1 2  ' i = 7D 
2 

112 ' b = 7 P  2 
3 1 2  ' a = 6 P  

2 
0 = 4 . 4 ~ 1 0 - ~ ~  c m  . 

R a m  

T h i s  c r o s s - s e c t i o n  should  b e  compared t o  t h e  M 1  c r o s s - s e c t i o n  

d e f i n e d  by t h e  t r a n s i t i o n  p r o b a b i l i t y  

l a r g e r  than  t h e  M 1  s i g n a l .  

3 .  C o l l i s i o n  Induced T r a n s i t i o n s  

Two toll-iding t h a l l i u m  atoms w i l l  induce' d i p o l e  moments i n  each 

The r a t i o  of  background due t o  Raman s c a t t e r i n g  t o  t h e  M1 s i g n a l  

i s  t h e n  

s ta tes .  
2 

1 1 2 , 3 1 2  
) are t h e  atomic d e n s i t i e s  of  t h e  6 P 

2 
112,312 

where n ( 6  P 

Note t h a t  i f  t h e r e  w a s  s i g n i f i c a n t  Raman s c a t t e r i n g  from t h e  ground 

s t a t e ,  t h e  S c a t t e r i n g  background would b e  an  o r d e r  of magnitude 

o t h e r  and t h c  e l - e c t r i c  f i e l d  produced b y  one atom w i l l  mix s ta tes  of  

oppos i te  p a r i  t y  i n  tlic o t h e r  atom. 

t r a n s i t i o n  c;in oc(*ur  hc>twcen t t i c ?  6 P and 7 I' 

l lence, n co t  1 i s i o n a l  l y  i n d r i r c d  E l  

s t a t e s  o f  t h a l  I i u m .  
2 2 

1 1 2  1 1 2  
'Ttiis background can be e s t i m a t e d  by c a l c u l a t i n g  t h e  p r o b a b i l i t y  P ( r >  
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of a t r a n s i t i o n  of one atom from one photon as a f u n c t i o n  of  t h e  

d i s t a n c e  r between atoms,  and t h e  d i s t r i b u t i o n  n ( r )  o f  atoms t h a t  w i l l  

c2xisL , i t  any ):iven I r i s t a r i t  o f  t imc .  T h e n  Llic t r ; i n s i t i on  p r o b a h i l i t - y  

is 1)roj)ortion:il to [ lwI) ( r - )  n ( r ) d r .  

e x p r e s s i o n  € o r  t h e  Van d e r  Waals ( induced  d i p o l e - d i p o l e )  a t t r a c t i o n  

between two t h a l l i u m  atoms. Once w e  have t h e  e l e c t r i c  f i e l d  o f  t h e  

induced d i p o l e  as a f u n c t i o n  of r ,  t h e  t r e a t m e n t  of p a r t  B ,  s e c t i o n  11 

can be used t o  c a l c u l a t e  P ( r >  . 

P ( r )  is c a l c u l a t e d  by r in t l l ng  ;in 

The d i f f i c u l t y  i n  t r e a t i n g  c o l l i s i o n  induced t r a n s i t i o n s  l i e s  i n  

Finding a s u i t a b l e  e x p r e s s i o n  f o r  t h e  a tomic  d i s t r i b u t i o n  . n ( r )  . I f  

L t h e r e  a r e  no f o r c e s  between t h e  atoms,  n ( r ) . =  4n r  Q, where ~l i s  t h e  

mean a tomic  d e n s i t y .  However, t h e  Van d e r  Waals a t t r a c t i o n  w i l l  make 

t h e  c o l l i s i o n s  “ s t i c k y ”  and n ( r )  w i l l  b e  l a r g e r  f o r  s m a l l  v a l u e s  of  r .  

S i n c e , P ( r )  is  such a s t r o n g  f u n c t i o n  of r ,  t h e  c o l l i s i o n - i n d u c e d  r a t e  

is a v e r y  s e n s i t i v e  f u n c t i o n  of n ( r )  and a r e l i a b l e  c a l c u l a t i o n  would 

be v e r y  d i f f i c u l t  t o  perform.  

A problem r e l a t e d  t o  s t i c k y  t h a l l i u m - t h a l  Lium c o l l i s i o n s  i s  t h a t  

of t ha l l i um-nob le  g a s  c o l l i s i o n s .  (We would e x p e c t  c o l l i s i o n s  between 

t h a l l i u m  and n o b l e  g a s e s  t o  be  l e s s  s t i c k y  than  c o l l i s i o n s  betweeen 

t h a l l i u m  and t h a l l i u m . )  Using t h e  a p p a r a t u s  o u t l i n e d  i n  F i g .  36,  w e  
_ *  

i n t r o d u c e  small  amounts of he l ium and neon i n t o  t h e  c e l l .  The 535.0 nm 

background i s  measured f o r  d i f f e r e n t  p r e s s u r e s  of  t h e  nob le  g a s e s  a n d  

p lo t t c>d  i n  Fi}:. 37. We f i n d  t h a t  t h e  b;icky,roiind diie t o  a pu re  t h a l l i u m  

d e n s i t y  of - 2 ~ 1 0  

ground when t h e  neon d e n s i t y  i s  - 8 ~ 1 0  

1 3  atoms/cm3 i s  e q u i v a l e n t  t o  n t h a l l i u m  + neon back- 

1 4  3 atoms/cm . 
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F i g .  '37. I\ackr,round d u e  t o  s t i c k y  c o l l i s i o n s  and/or metas tab le  
molecules o f  t h a l  I i u m  a n d  t he  n o b l e  gases hclliiirn a n d  
n e o n  f o r  va r ious  nobl  e [;.IS pressur C I S .  
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, 

Other  r e l a t e d  work on me ta l  vapor  - r a r e  g a s  c o l l i s i o n s  h a s  been 

done I)y l ’ e n k i n ,  e t  n l .  (Pen, 73) and Bouch in t ,  e t  31. ( I ~ o u ,  6 9 ,  75d) .  

l’c*nk i II m c l  co-workers c o n s i d e r  t h e  b roaden ing  of  resonance l i n e s  of 

C I ,  rn, TI acoins duc. to  r o l l i s i o n s  w i t h  atonis o f  i n e r t  gases, w h i l e  

I louchiat ,  &. measure t h e  r e l a x a t i o n  of  p o l a r i z e d  Rb atoms i n  

c’ncounters w i t h  ra re  g a s e s .  

-_ - _ _  

4 .  Background from Tha l l ium D i m e r s  o r  Molecules  of  Tha l l ium and Othe r  
-I___ 

Atomic S p e c i e s  - - --__ _ _  

Tn addition t o  t h e  two body c o l l i s i o n s  considered i n  the p r e v i o u s  

s e c t i o n  t h a l l i u m  dimers  o r  molecu le s  o f  t h a l l i u m  and o t h e r  a tomic  s p e c i e s  

may c o n t r i b u t e  to t h e  background. These molecu le s  may be  s t a b l e  o r  t hey  

mny bc m e t a s t a h l c  i n  t h e  s e n s e  t h a t  t h e y  a re  very l o o s e l y  bound and 

;ire broken up by thermal c o l l i s i o n s  w i t h  o t h e r  atoms o r  w i t h  t h e  c e l l  

w , i l l s .  T h e  quas i -molecu le s  would b e  formed by e i t l ier  a 3-body c o l l i s i o n ,  

( n e c e s s a r y  t o  conse rve  ene rgy  and momentum) o r  by a 2-body c o l l i s i o n  

s t a t e .  A s e n a r i o  t h a t  i n c l u d e s  a t h a l l i u m  atom i n  t h e  e x c i t e d  h P 

f o r  t h e  background might be as f o l l o w s :  The molecule  w i l l  a b s o r b  the 

l a s e r  r a d i a t i o n  i n  a band around 292.7 nm, b u t  once i n  t h e  e x c i t e d  

2 
3/2 

s t a t e ,  i t  wi l l .  p r e d i s s o c i a t e  i n t o  i t s  component atoms. (See H e r t z b e r g  

(Her, 50) f o r  a n  e l emen ta ry  d i s c u s s i o n  of p r e d i s s o c i a t i o n . )  One of t h e  

atoms might be  a n  e x c i t e d  t h a l l i u m  atoms which then  produces 535.0 nm 

r a d i a t i o n .  

We h;nw f o u n d  no expe r imen t s  t h a t  demons t r a t c  t h e  e x i s t e n c e  of 

st c ~ l ) l  e t h n l  1 i i i m  dimc!rs . Hamada (llam, 31) observed broadhand emiss ion 

s p e c t r a  from t h a l l i u m  metal  p l a c e d  i n  a ho l low ca thode  D . C .  a r c  
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d i s c h a r g e  and a t t r i b u t e s  t h e  band s t r u c t u r e  t o  t h a l l i u m  molecu le s  of  t h e  

f o r m  T1 . Howcver, g iven  t h e  c o n d i t i o n s  of t h e  d i s c h a r g e ,  t h e  s p e c t r a  

is h a r d  t o  i n t e r p r e t  and cou ld  have been  due t o  o t h e r  molecu la r  s p e c i e s .  

T n  any case,  o t h e r  r e s e a r c h e r s  ( e . g .  Rec, 65) have n o t  r e p o r t e d  band 

s t r u c t u r e  due t o  t h a l l i u m  m o l e c u l e s ,  and s i n c e  t h e  level of background 

w e  see i n  o u r  experiment  is rough ly  10  o r d e r s  of magnitude l e s s  than  a 

t y p i c a l  allowed-El t r a n s i t i o n ,  i t  would b e  v e r y  d o u b t f u l  i f  i t  cou ld  

n 

be d e t e c t e d  by c o n v e n t i o n a l  s p e c t r a - p h o t o g r a p h i c  t e c h n i q u e s .  

Pimy molecriles (T120, T l H ,  e t c . )  i n v o l v i n g  t h a l l i u m  a re  known t o  

e x i s t  a t  h igh  t e m p e r a t u r e s ,  and i t  would b e  i m p o s s i b l e  t o  r u l e  o u t  

p o s s i b l e  c o n t r i b u t i o n s  t o  t h e  background due t o  t h e s e  m o l e c u l e s .  

T:inally, we f'eel t h e r e  i s  a s t r o n g  p o s s i b i l i t y  t h a t  m e t a s t a b l e  

Van d e r  Waals molecules  (T1 ) e x i s t .  The expe r imen t s  of  B o u c h i a t ,  

_ -  e t  al. ( B o u ,  75d) p r o v i d e  s t r o n g  ev idence  f o r  Rb-rare g a s  Van d e r  Waals 

molecu le s ,  and t h e r e  seems t o  b e  no r e a s o n  why t h e r e  shou ld  n o t  b e  

2 

s i m i l a r  weakly bound t h a l l i u m  d i m e r s .  C l e a r l y ,  t h e r e  i s  room f o r  more 

expe r imen ta l  and t h e o r e t i c a l  work i n  t h i s  area.  
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VI. FUTURE EXPERIMENTS 

Work i s  iiow under way t o  improve several  f e a t u r e s  of  t h e  e x p e r i -  

ment i n  t h e  hope t h a t  an asymmetry i n  t h e  a b s o r p t i o n  o f  l e f t  and r i g h t  

t r a n s i t i o n  f r equency  due c i r c u l a r l y  p o l a r i z e d  l i g h t  a t  6 P 

t o  weak n e u t r a l  c u r r e n t s  can  b e  d e t e c t e d .  Improved l i g h t  c o l l e c t i o n  

and a mul t ip l e -pass  geometry shou ld  g i v e  u s  more than  an o r d e r  o f  magni- 

2 
1 1 2  - 7 2 ~ 1 / 2  

tude  l a r g e r  s i g n a l .  Al.so a more s o p h i s t i c a t e d  c o u n t i n g  sys t em w i l l  

reduce i n s t r u m e n t a l  asymmetr ies .  F i n a l l y ,  w e  p l a n  t o  i n c r e a s e  t h e  

o u t p u t  power 0.s t h e  laser by a n  o r d e r  of magnitude and s i m u l t a n e o u s l y  

narrow t h e  bandwidth o f  t h e  l aser  t o  l e s s  than  1 GHz by cw laser 

i n j e c t i o n  i n t o  a f l a s h l a m p  pumped f o r c e d  o s c i l l a t o r .  (The f o r c e d  

o s c i l l a t o r  scheme h a s  been  r e p o r t e d  u s i n g  a v a r i e t y  of  lasers f o r  

i n j e c t o r s .  For  example,  see (Vre,  7 2 ) ,  ( E r i ,  71) , (Mag, 72) , (Mae, 72)  .) 

Experiments  are a l s o  under way' t o  g e n e r a t e  cw W - l i g h t  by means of 

i n t r a c a v i t y  d o u b l i n g  i n  a cw dye laser .  

of Gabel and t l e r che r ,  (Gab, 73)  and g e n e r a t e  a few m i l l i w a t t s  o f  

We hope t o  improve t h e  r e s u l t s  

con t inuous  uv l i g h t  a t  293 nm i n  a s i n g l e  l o n g i t u d i n a l  mode w i t h  a 

bandwidth of  approx ima te ly  10  MIIz. A very narrow band dye laser  might 

make an a tomic  beam expe r imen t  f e a s i b l e :  and c o n s e q u e n t l y ,  w e  cou ld  

e x p e c t  a d r a s t i c  r e d u c t i o n  of t h e  a b s o r p t i o n  w i d t h  of t h e  6 P 

l i n e .  S i n c e  t h e  background i s  broadband,  t h e  s ignal- to-background 

2 2 
- 7 P1,2 1 / 2  

r a t i o  may improve by o v e r  two o r d e r s  of magnitude. 
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