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CHAPTER I

INTRODUCTION

A. I n t ro d u c t io n

One goal of  phys ics  i s  to  unders tand  na tu re  on a fundamental 

l e v e l .  This invo lves  unders tand ing  the laws of  n a tu re  with  a minimum 

of  assumptions .  R e a l i z in g  t h a t  two or more a p p a r e n t ly  independent  

concep ts  a re  m a n i f e s t a t i o n s  of  a more g lobal  concept  r e s u l t s  in a 

red u c t io n  in the number of  necessa ry  assumptions .  Newton's law of 

g r a v i t a t i o n  le d  to  a s impler  unders tand ing  of  the motions of  the 

heavenly bod ie s .  Maxwell u n i f i e d  our unders tand ing  of  e l e c t r i c i t y  and 

magnetism in one simple s e t  of  e q u a t io n s .  This  d r ive  toward a s impler  

and a more globa l  unders tand ing  i s  known as " u n i f i c a t i o n "  of  the laws 

of  n a t u r e .

U n i f i c a t io n  a t t e m p t s  in phys ics  a re  c u r r e n t l y  focus ing  on the 

fou r  known fo r c e s  in n a t u r e .  In s tead  o f  our unders tand ing  being 

d iv id ed  between fou r  a p p a re n t ly  u n r e l a t e d  concep ts ,  the goal i s  to 

unders tand  the fo r c e s  in terms of  one s e t  of  r e l a t e d  i d e a s ,  hence 

u n i f i c a t i o n  of  the fo r c e s  of  n a t u re .

B. The Known Forces

There are  c u r r e n t l y  four  known f o r c e s :  s t r o n g ,  e l e c t r o m a g n e t i c ,

weak, and g r a v i t a t i o n a l .  The s t rong  fo rce  in i t s  r e s t  frame i s  s h o r t -

1
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ranged ,  ~ 1 0 " ^  cm, and i s  r e s p o n s ib l e  for  the a t t r a c t i v e  fo rces  

between hadrons .  The e l e c t ro m a g n e t i c  fo rce  has an i n f i n i t e  range and 

i s  r e s p o n s i b l e  fo r  a t t r a c t i v e / r e p u l s i v e  fo r c e s  between a l l  charged 

p a r t i c l e s .  The weak fo rce  in i t s  r e s t  frame i s  very s h o r t  ranged,  

10“ 17 cm, and i s  r e s p o n s ib l e  fo r  r a d i o a c t i v e  decay.  The g r a v i t a t i o n a l  

f o rce  has an i n f i n i t e  range and i s  r e s p o n s ib l e  fo r  the a t t r a c t i v e  

fo rce  between a l l  m a t te r  and energy .

Table 1.1 l i s t s  the f o r c e s ,  t h e i r  r e l a t i v e  s t r e n g t h ,  the types of 

p a r t i c l e s  which e x h i b i t s  the i n t e r a c t i o n s ,  and the  p a r t i c l e s  which 

media te the f o r c e s .

C. Symmetry P r o p e r t i e s  of  the Known Forces

The fo r c e s  may be c h a r a c t e r i z e d  by the symmetry p r o p e r t i e s  they 

obey.  Re levan t  symmetry p r o p e r t i e s  a r e :  t r a n s l a t i o n a l  i n v a r i a n c e ,

r o t a t i o n a l  i n v a r i a n c e ,  p a r i t y ,  charge co n ju g a t io n ,  and time r e v e r s a l .  

T r a n s l a t i o n a l  i n v a r i a n c e  s t a t e s  t h a t  a l l  the  laws of  phys ics  are 

i n v a r i a n t  under t r a n s l a t i o n s .  For example,  de f ine  a c o o rd in a te  system 

(say x, y ,  and z a x i s )  in which an exper iment i s  performed y i e l d i n g  a 

c e r t a i n  r e s u l t .  Then the same r e s u l t  w i l l  be ob ta ined  i f  the 

exper iment i s  t r a n s l a t e d  by any d i s t a n c e  a long  any of the c oo rd ina te  

axes .  R o ta t iona l  in v a r i a n c e  s t a t e s  t h a t  the laws of  phys ics  are 

i n v a r i a n t  under a r o t a t i o n  of  the experiment in space.  P a r i t y  

i n v a r i a n c e  (P) (or  i n v a r i a n c e  under p a r i t y  i n v e r s i o n )  s t a t e s  t h a t  the 

r e s u l t  o f  an exper iment i s  independen t  of  whether  the exper iment or 

i t s  m i r ro r  image i s  performed.  Charge con juga t ion  (C) s t a t e s  t h a t  the 

r e s u l t  of  an exper iment i s  independent  of  the r e l a t i v e  sign of  the
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charges  invo lved ,  i . e .  the s igns  o f  a U  the e l e c t r i c  charges  can be 

r e v e r s e d  ( p o s i t i v e  charges  changed to n e g a t i v e ,  the neg a t iv e  charges  

changed to  p o s i t i v e ,  and magnetic moments r e v e r s e  s ign)  and the 

outcome of the exper iment should n o t  change.  Time r e v e r s a l  (T) 

in v a r i a n c e  s t a t e s  t h a t  i f  time ran backwards what i s  observed should 

a l s o  occur in n a t u r e ,  i . e . ,  i f  a l l  the t ' s  in a s e t  o f  e q u a t io n s  

d e s c r ib i n g  an exper iment were changed to  - t ' s ,  the r e s u l t i n g  s e t  of  

e q u a t io n s  should d e s c r ib e  a p o s s i b l e  exper im en t .

Unti l  the 1950 's  i t  was be l iev ed  t h a t  the four  known fo r c e s  were 

i n v a r i a n t  under the se  o p e r a t io n s ,  i . e . ,  they r e s p ec ted  these  

symmetries.  However, in 1957, Wu and co-workers observed the 

v i o l a t i o n  of  p a r i t y  and charge con juga t ion  by the weak fo rce  in the 

decay of  Co®0 . 1 With the demise of  p a r i t y  as a good symmetry, i t  was 

be l iev ed  t h a t  a combination of  more e lementa ry  symmetries was a 

symmetry. I t  was be l iev ed  t h a t  p a r i t y  in v e r s io n  fol lowed by charge 

con juga t ion  (CP) was a good symmetry. Cronin and F i t c h  observed  CP 

v i o l a t i o n  in the decay of  K ' s . 2

Since CP i s  no t  a good symmetry, i t  has been sugges ted  t h a t  CP 

combined with  time r e v e r s a l  (CPT) i s  a good symmetry. This  demands 

t h a t  T be broken in such a way t h a t  CPT no t  be broken.  E x p l i c i t  

v i o l a t i o n  of  T, where an exper iment s e t s  boundary c o n d i t i o n s  and then 

observes  forward and backward going r e a c t i o n s  proceeding a t  d i f f e r e n t  

r a t e s ,  has no t  been observed .  However, f u r t h e r  measurements and 

a n a l y s i s  on the K-meson system in dependen t ly  sugges t  both CP and T 

v i o l a t i o n .
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C u r re n t ly  t r a n s l a t i o n a l  and r o t a t i o n a l  i n v a r i a n c e  and CPT are 

b e l i e v e d  to  be good symmetries fo r  a l l  f o r c e s .  However, the au thor  

wishes  to  emphasize t h a t  th e se  symmetries a re  only thought to be good 

s in c e  no exper iment has shown o th e rw is e .  There i s  an atomic physics  

ex per im en t  under way a t  the U n iv e r s i t y  o f  Washington which has a high 

s e n s i t i v i t y  to  PT v i o l a t i o n . 3 I f  t h i s  exper iment i s  success fu l  in 

obse rv ing  PT v i o l a t i o n ,  i t  may shed l i g h t  on whether  CPT i s  a good 

symmetry. Table 1.2 l i s t s  the four  fo rces  and the symmetries they 

obey.

TABLE 1.2

Symmetry P r o p e r t i e s  of  the Known Forces

FORCE STRONG ELECTROMAGNETIC WEAK GRAVITATIONAL

Symmetry

Trans . X X X X

Rot. X X X X

Charge 
Con j .

X X N X

Pari  ty X X N X

Time
Reversal

X X ? X

Key: X symmetry r e s p e c t e d
N symmetry no t  re s p e c t e d
? symmetry c u r r e n t l y  assumed not  re s p e c t e d
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D. U n i f i c a t i o n  of  Forces

The s t an d a rd  model i s  a proposed theory t h a t  u n i f i e s  the weak and 

e l e c t r o m a g n e t i c  f o r c e s .  I t  p r e d i c t s  the e x i s t e n c e  of  the photon (y ) ,  

which media te s  the e l e c t ro m a g n e t i c  f o r c e ,  and th r e e  vec to r  bosons W+ , 

W ,  and Z°,  which mediate the weak f o r c e .  The s tan d a rd  model i s  a 

gauge theory  and i s  based on a s e r i e s  expansion in powers o f  a .  

Although the s tan d a rd  model was f i r s t  sugges ted in 1 9 6 7 I t  r ece ived  

l i t t l e  a t t e n t i o n  u n t i l  1971, when ' t  Hooft showed5 t h a t  the s e r i e s  

expans ion th eory  was reno rm a l iz ab le  (converged) to  a l l  o rd e r s  of  a .

The p a r i t y  non-conserv ing  Z° i s  p r e d i c t e d  to  couple to  quarks as 

well as  l e p t o n s .  P rev io u s ly  the only coupl ing o f  quarks  and lep tons  

was thought  to  be v ia  the p a r i t y  conserv ing  e l e c t ro m a g n e t i c  

i n t e r a c t i o n  photon.  This  means t h a t  the i n t e r a c t i o n s  in atomic 

systems a re  p r e d ic t e d  to  be a combination of  e l e c t r o m a g n e t i c  and weak 

i n t e r a c t i o n s ,  and t h r e f o r e ,  should not  r e s p e c t  p a r i t y .

The Z° was observed i n d i r e c t l y  in 1973 in muon-neutr ino e l e c t r o n  

s c a t t e r i n g , 6 and the e f f e c t s  of  i t  in severa l  atomic physics  

exper iments  from the mid 7 0 ' s to  p r e s e n t . 7  In 1983 the vec to r  bosons 

were produced a t  CERN. 8 The concensus i s  t h a t  the z e r o ' t h  o rde r  

p r e d i c t i o n s  of  the s tandard  model have been v e r i f i e d .  What remains i s  

the more a c c u r a t e  measurement of the W+ , W", and Z° masses ,  and more 

im p o r t a n t ly ,  measurement of the r a d i a t i v e  c o r r e c t i o n s .
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E. P a r i t y  V io la t io n  and the Hydrogen Atom

The s t a n d a rd  model p r e d i c t s  t h a t  the hydrogen atom should d i sp lay  

obse rvab le  e f f e c t s  due to  weak i n t e r a c t i o n s .  The purpose of  t h i s  

exper iment i s  to  measure p a r i t y  v i o l a t i n g  e f f e c t s  in the hydrogen 

atom, and,  consequen t ly ,  p rovide  conformation o f ,  or  deny the s tandard  

model .

The u l t i m a t e  accuracy of  t h i s  exper iment ,  and hence i t s  p o s s ib le  

c o n t r i b u t i o n ,  r e q u i r e s  unders tand ing  the r e l a t i o n s h i p  between the 

p r e d i c t i o n s  of  the s tandard  model and the measured q u a n t i t i e s . 9

To r e l a t e  the p r e d i c t i o n s  of  the s tandard  model to  exper im en ta l ly  

measured q u a n t i t i e s ,  some r e s u l t s  from Chapter  I I  a re  used.  Atomic 

p a r i t y  v i o l a t i o n  exper iments  measure a q u a n t i t y  p r o p o r t i o n a l  to 

the  p roduc t  of  the S s t a t e  and d e r i v a t i v e  of  the  P s t a t e  e l e c t r o n i c  

wave f u n c t i o n s  a t  the n u c l e u s ,  the q u a n t i t e s  of  i n t e r e s t  Cjp ,  or 

( i  = 1 , 2 , 3 ) ,  and some well known c o n s t a n t s .  The s tan d a rd  model 

p r e d i c t s  the C 's  f o r  e l e c t r o n - q u a r k  i n t e r a c t i o n s ,  no t  e l e c t ro n -n u c l e o n  

i n t e r a c t i o n s ,  i . e . ,  the measured C 's  a re  der ived  q u a n t i t i e s ,  not 

fundamental  ones .  T h e re fo re ,  i n t e r p r e t a t i o n  of  exper imenta l  r e s u l t s  

in vo lves  two sources  of  e r r o r .  One i s  the e r r o r  in the value of the 

atomic  wave f u n c t io n s  a t  the n u c l e u s .  This  e r r o r  i s  i n s i g n i f i c a n t  

when us ing  atomic hydrogen,  bu t  probably no t  l e s s  than 1 0 % fo r  any of 

the  heavy atom ex p e r im e n t s . 10  The second source  of  e r r o r  a f f e c t i n g  

even hydrogen i s  t h a t  in d e r iv i n g  the C 's  f o r  nucleons  from the C 's  

fo r  q ua rks ,  u n c e r t a i n t i e s  due to the s t rong  i n t e r a c t i o n  are  d i r e c t l y  

r e f l e c t e d  in the f i n a l  answer.
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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  between quarks and e l e c t r o n s  can 

be pa ram ete r ized  phenomenological ly a s ,

Hpvq = ^  I c|3|<lfV s e(ci»% “ + cXd%d) (1.11

+ + C2dTr„Tr5<i) + e ’% v qve (C 3uTr'r„YSu *  c 3d7 , „1,5d ) t

where the C ' s  a re  d im ens ion le ss  coupl ing  c o n s t a n t s .  N eg lec t ing  s t rong  

i n t e r a c t i o n s ,  the t r e e  leve l  C ' s  a r e ,

Clu  = R ( l - 2 v 0 ) / 6 ,

Cld  = R( v9- 2 ) / 6 ,

C2u = -Rvq/ 2 ,  ( 1 . 2 )

C2 d = RV9 / 2 ,

^3u = 

c 3d = °»

where v0 = 4 s 2 0 -  1 , s 2  = s i n 2 0 w = 1 -

R = (37.281 GeV/(Mvjse ) ) 2  s 1, Mw and a re  the  masses of  the W± and 

Z°,  r e s p e c t i v e l y .

The c a l c u l a t i o n  of  the r a d i a t i v e  c o r r e c t i o n s  to  the  C 's  i s  very 

complica ted  and i s  the s u b j e c t  of  Bryan Lynn's  t h e s i s . 11  

His assumpt ions in c lu d e :
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1) n e g l e c t i n g  a l l  Cabibbo-type mixings between g e n e ra t io n s  of  
quarks ,

2 ) n e g l e c t i n g  the  s t rong  i n t e r a c t i o n s  of  quarks ,

3) assuming th e r e  a re  only th r e e  g e n e ra t io n s  of  l i g h t  fe rmions ,

4) t a k in g  the l i m i t  of  q2 =0,

5) keeping only terms of  0(aGy ) ,

6 ) n e g l e c t i n g  a l l  bound s t a t e  e f f e c t s ;  the S m a t r ix  for  f r ee  
p a r t i c l e  q u a r k - e l e c t r o n  s c a t t e r i n g  i s  used (Bryan Lynn, and 
R.G. S t u a r t  are c u r r e n t l y  c a l c u l a t i n g  a l l  one-loop  r a d i a t i v e  
c o r r e c t i o n s  fo r  one e l e c t r o n  atoms us ing bound s t a t e  
methods).

Approximations 1 )-5)  r e s u l t  in an e r r o r  of  l e s s  than 0.01 in the value 

o f  CjU and C ^ .  The r e s u l t  o f  t h i s  c a l c u l a t i o n  i s  the s u r p r i s i n g l y  

simple c losed  form s o l u t i o n s  given by e q u a t io n s  7 and 8  o f  r e f .  9.

Using S i r l i n ' ,s 1 2  work, Lynn e l i m i n a t e s  the Mvj dependence in 

f avo r  of a much b e t t e r  known q u a n t i t y ,  the measured l i f e t i m e  of the 

muon ( t u ) .  I t  i s  then p o s s i b l e  to  w r i t e  the C 's  as  fu n c t io n s  of  only 

Mz and the Higgs mass (M^).  Using t y as  renormalized  inpu t  da ta  

r a t h e r  than r e s u l t s  in a 1% r ed u c t io n  in the va lues  of  a l l  the  C 's  

a t  the t r e e  l e v e l .

The C 's  f o r  the e l e c t r o n - q u a r k  p o t e n t i a l  and the 

e l e c t r o n - n u c l e o n  p o t e n t i a l  can now be r e l a t e d .  The e f f e c t i v e  

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

+ eYue ( C 2ppYyY5 p + C2nnYuY5n)

+ % v qve(C3p P V 5p + C3n % Y5n ) l ’

(1 .3 )



where p denotes  the proton and n the n eu t ro n .  Using s t rong  c h i r a l  

SU(3)xSU(3)13»il+ the  d e s i r e d  r e l a t i o n s h i p  i s ,

^ lp  = 2^ lu  + C]^

^ln = ^lu + 2^ld

c 2p * 9a / 9 v ( 2C2 u + c 2d^ "  2° ( c 2u + c 2d^

c 2n = 9a / 9 v ( c2 u + 2 c 2d* "  2° ( c 2u + c 2d*

c 3p = 9 a /9 v ( 2 C3u + c 3d* " 2 D^c 3u + c 3 d ^

c 3n a 9a / 9 v ( c 3 u + 2 c 3d^ "  2D (c3u + c 3d*

where 9a/ 9 v * 1.255±0.006 and D = 0.826±0.007 .

Tables  1.3 and 1.4 give C^p, Cin and C2 p,  C£n fo r  hydrogen and 

(Cip + Cjn ) f o r  deu ter ium as f u n c t io n s  of  and M^. The r a p id  

v a r i a t i o n  of  C£p in  the v i c i n i t y  of  the Z° mass, Mz = 95.2±2.5 GeV15i s  

caused by r a p id  v a r i a t i o n  o f  C2 U, C2 d» Table 1.5 g ives  the p e rc e n t  

c o r r e c t i o n s  to  the t r e e  va lue C 's  caused by the r a d i a t i v e  c o r r e c t i o n s .  

The pe rcen tages  a re  l a rg e  f o r  Cjp and C2 p because C^p and C2 p a re  

sup res sed  a t  the t r e e  l e v e l .

How a c c u ra t e  a re  the se  r e s u l t s ?  The e r r o r s  quoted in (1 .4 )  f o r  

9a/9V and D a re  °n ly  exper imenta l  e r r o r s .  D e r iv a t io n  of  the se  numbers 

from the data i s  based on c u r r e n t  t h e o r e t i c a l  unders tand ing  of  s t rong  

i n t e r a c t i o n s ,  g^/gy  i s  de r ived  by assuming only s t rong  SU(2) g lobal  

symmetry between p ro tons  and n e u t ro n s 13. This  i s  be l iev ed  a c c u r a t e  to 

b e t t e r  than 1 %, r e s u l t i n g  in l e s s  than 1 % e r r o r  in  the d e r i v a t io n  of  

9a/9V* Since (see equ.  (7) and (8 ) r e f .  9 ) ,
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Table 1.3

Cip and Cln

Mu
MZ H

1 0

Clp(H)

1 0 0 1 0 0 0 1 0

Cln(H)

1 0 0 1 0 0 0

c l p +cln

1 0 0

90.0 .0184 .0165 .0141 - .4 9 0 - .4 9 0 - .4 9 0 - .948
90.9 .0318 .0301 .0280 - .4 9 0 - .4 9 0 - .4 8 9 - .919
91.8 .0446 .0430 .0412 - .489 - .489 - .489 - .892
92.7 .0568 .0553 .0537 - .4 8 8 - .4 8 8 - .489 - . 8 6 6
93.6 .0684 .0671 .0656 - .488 - .4 8 8 - .488 - .842
94.4 .0795 .0782 .0770 - .487 - .487 - .488 - .818
95.3 .0900 .0889 .0879 - .486 - .4 8 7 - .487 - .796
96.2 . 1 0 0 .0991 .0983 - .486 - .4 8 6 - .487 - .774
97.1 . 1 1 0 .109 .108 - .485 - .4 8 6 - .487 - .754
98.0 .119 .118 .118 - .485 - .4 8 5 - .486 - .734

Table 1.4

C2p and C2n

M z
1 0

C2 p (H )

1 0 0 1 0 0 0 1 0

C2 n {H)

1 0 0 1 0 0 0

90.0 .0179 .0158 .0132 - .0146 -.0125 -.00998
90.9 .0341 .0321 .0298 -.0306 - .0286 - .0264
91.8 .0494 .0475 .0455 - .0457 - .0439 -.0420
92.7 .0639 .0622 .0605 -.0601 - .0 584 -.0568
93.6 .0777 .0762 .0747 -.0737 - .0722 - .0708
94.4 .0909 .0895 .0883 -.0867 - .0 854 -.0842
95.3 .103 . 1 0 2 . 1 0 1 - .0992 -.0979 - .0970
96.2 .115 .114 .114 - . 1 1 1 - . 1 1 0 - .109
97.1 .127 .126 .125 - . 1 2 2 - . 1 2 1 - . 1 2 1

98.0 .138 .137 .137 - .1 3 3 - .132 - .132
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Table 1.5

R a d ia t iv e  C o r re c t io n s  to S e le c te d  C ' s  as  a P e rcen t  
of  Tree Level Values

Mh = 100 GeV

C lp + C l n ( 2 H) C l p ( H ) C2 p (H) C i n ( H )

3.01 -58 .8 - 6 8 . 6 -1 .93
-  .099 -24 .7 -3 1 .6 -2 .07
-  3.05 7.62 -  5.32 -2 .19
-  5.85 38.4 23.9 -2 .32
-  8.52 67.6 51.7 -2 .43
- 1 1 . 1 95.6 78.2 -2 .54
-13 .5 1 2 2 . 104. -2 .65
-1 5 .8 148. 128. -2 .75
-18 .1 172. 151. -2 .85
- 2 0 . 2 196. 173. -2 .95

where the T means t r e e  l e v e l ,  and a l l  o th e r s  inc lude  f i r s t  o rder  

r a d i a t i v e  c o r r e c t i o n s .  The r e s u l t s  f o r  Cip , Cin , C3 p , C3 n , CT , and
j  2 p

C2n a r e  good t0

U n f o r tu n a t e ly ,  C^p and C ^ ,  the  f i r s t  o rd e r  r a d i a t i v e  c o r r e c t i o n s  

to  C2 p and C2 n , s u f f e r  from a t  l e a s t  th r e e  sources  of  s t rong  

i n t e r a c t i o n  u n c e r t a i n t y 16. 1) D er iva t ion  of  D from the experimenta l  

da ta  was based on c h i r a l  SU(3)xSU(3) symmetry which i s  good to  only 

10-30$. T h e re fo re ,  D could by o f f  by as much as 30$. 2) There could

be exchange of  W* and Z° between quarks w i th in  the nucleus  which 

i n t e r a c t i o n  i s  c a r r i e d  ou t  to  the e l e c t r o n s  by pho tons .  This  would 

e f f e c t  the va lues  of  C2 p and C2 n on ly .  3) C o l l i n s  e t . a l .  have shown 

t h a t  the a x i a l - v e c t o r  anomaly could change C2 U, C2 d» C3 U, and 0 3 4  by 

as much as 10$ . 1 7  Given the th ree  sources  of  s t rong  i n t e r a c t i o n
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u n c e r t a i n t y ,  the e r r o r  In the  c a l c u l a t i o n  of  Cgp and C2 n may be 

g r e a t e r  than 1 0 2 .

The C i ' s  do not  invo lve  any s i g n i f i c a n t  s t ro n g  i n t e r a c t i o n  

u n c e r t a i n t y  (see equ 1 . 4 ) .  Cip i s  suppressed a t  the t r e e  l e v e l ,  and 

due to  r a d i a t i v e  c o r r e c t i o n s  v a r i e s  r a p id l y  in the v i c i n i t y  of  the Z° 

mass (95.3  GeV) (see Tables  1.3 and 1 . 5 ) .  Cin i s  n o t  suppressed  a t  

the t r e e  le ve l  nor does i t  vary r a p id l y  near  the Z° mass. The s i z e  of  

the f i r s t  o rd e r  r a d i a t i v e  c o r r e c t i o n s  a t  95.3 GeV a r e  c jp  = 0.0489 

and C^n = 0 .0130.  Not u n t i l  i s  < 92.7 GeV does c jp  <= C*n . Since 

92.7  GeV i s  CERN's lower l i m i t  f o r  M^, igno r ing  a l l  exper imen tal  

conce rns ,  Cip may provide the  l a r g e s t  and most r e l i a b l e  measurement of  

the  f i r s t  o rde r  r a d i a t i v e  c o r r e c t i o n s .

However, given the impetus of  an exper imenta l  r e s u l t  ob ta ined  in 

hydrogen to  b e t t e r  than 1 0 %, some people b e l i e v e  t h a t  l a t t i c e  gauge 

t h e o r i e s  could be used to  do more a c c u ra t e  c a l c u l a t i o n s , 1 8  and some 

b e l i e v e  t h a t  such p r e d i c t i o n s  a re  p rem atu re . 1 9  Given a 10% (assuming 

only 1 0 %) u n c e r t a i n t y  in the  t h e o r e t i c a l  p r e d i c t i o n  of  C2 P and C2 n an 

exper im en ta l  answer good to  b e t t e r  than 1 0 % would s t i l l  improve the 

c u r r e n t  l i m i t s  on the Z° mass,  and prov ide the f i r s t  measurement of  

r a d i a t i v e  c o r r e c t i o n s  p r e d ic t e d  by the s tandard  model.
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CHAPTER II

THE DOING OF A PARITY EXPERIMENT

A. General Approach

Chapter  I s t a t e d  t h a t  the idea  of  p a r i t y  i s :  Does an exper iment 

and i t s  m i r ro r  image y i e l d  the same r e s u l t ?  In some s i t u a t i o n s  t h i s  

i s  no t  complete enough,  f o r  the m ir ro r  image of  some exper imenta l  

c o n f i g u r a t i o n s  can be ob ta ined  by a s p a t i a l  r o t a t i o n  of  the 

exper im en t ,  thus  t e s t i n g  only r o t a t i o n a l  i n v a r i a n c e .  The r e q u i r e d  

re f in e m e n t  i s  the concep t  of  handedness.  An o b j e c t  with  a handedness

i s  an o b j e c t  who's  m i r ro r  image i s  unique ,  i . e .  cannot  be ob ta ined  by

a s p a t i a l  r o t a t i o n  o f  the i n i t i a l  o b j e c t .  T h e r e f o re ,  to  t e s t  p a r i t y ,

an exper iment must have a handedness.

Inva r ia nce  under p a r i t y  in v e r s io n  can be t e s t e d  by performing two 

exp e r im en t s ,  perhaps by b u i l d in g  a machine with  a d i s t i n c t  handedness 

and i t s  m i r ro r  image.  I f  the r e s u l t s  d i f f e r ,  p a r i t y  i s  v i o l a t e d .

Since weak i n t e r a c t i o n  e f f e c t s  in atomic systems a re  so sm al l ,  t h i s  i s  

an im poss ib le  approach ,  s ince  i t  i s  im poss ib le  to  b u i l d  a second 

machine c lo se  enough to  the e x a c t  m i r ro r  image of  the f i r s t  machine to  

be ab le  to  see the e f f e c t s .  A p r a c t i c a l  approach i s  to b u i l d  one 

machine whose handedness can be r e v e r s e d .  The exper iment i s  then

16
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performed by p e r i o d i c a l l y  r e v e r s in g  the handedness and phase 

s e n s i t i v e l y  d e t e c t i n g  changes in the r e s u l t .

B. Hydrogen P a r i t y  Experiments

F igure  2.1 i s  a conceptual  block diagram of  a l l  hydrogen p a r i t y  

exper iments  being per formed . 1 Atomic hydrogen i s  p repared  in an 

i n i t i a l  s t a t e ,  passed through a handed i n t e r a c t i o n  reg ion  where i t  i s  

d r iven  to  a f i n a l  s t a t e ,  and then the popu la t ion  of  the f i n a l  s t a t e  i s  

d e t e c t e d .  All c u r r e n t  exper iments  use a hype r f ine  t r a n s i t i o n  in the

n=2 s t a t e .  I f  the t r a n s i t i o n  v i o l a t e s  p a r i t y ,  the f i n a l  s t a t e

p opu la t ion  w i l l  depend upon the handedness of  the i n t e r a c t i o n  r e g io n .  

I f  the handedness of  the i n t e r a c t i o n  reg ion  i s  p e r f e c t l y  r e v e r s e d ,  any 

change in the popu la t ion  of  the f i n a l  s t a t e  ( n e g le c t i n g  s t a t i s t i c s )  i s  

due to  p a r i t y  v i o l a t i o n ,  and no th ing  e l s e  need be known, in c lu d in g  the 

d e t a i l s  of  the i n t e r a c t i o n  r e g io n .  However, no r e v e r s a l  of  the 

handedness of  an i n t e r a c t i o n  reg ion  i s  e x a c t  as  a consequence of 

s y s t e m a t i c  e f f e c t s .  Although th e re  a r e  no p a r i t y  conserv ing  (PC) 

e f f e c t s  which behave l i k e  p a r i t y  nonconserving (PNC) e f f e c t s ,  in an 

exper im en t  where th e re  i s  a l i m i t e d  amount of  in fo rm at ion  a v a i l a b l e ,  

t h e r e  can be PC e f f e c t s  which mimic PNC e f f e c t s .  This  d i c t a t e s  a 

complete unders tand ing  of  a l l  e f f e c t s  t h a t  can mimic PNC e f f e c t s .

The p r o b a b i l i t y  to be in the f i n a l  s t a t e  in a l l  hydrogen p a r i t y  

exper iments  can be w r i t t e n  as

IA | 2  = | APC ± APNC | 2  = | ApC 12  ± 2Re(ApCApNC) + |APfj c i 2 ( 2 - 1 )
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where the ± sign depends upon the r e l a t i v e  handedness of  the 

i n t e r a c t i o n  re g io n .  Since the PNC ampl i tude Apfjc i s  very small with 

r e s p e c t  to  the PC ampl i tude  Ape, the IAp^Q| 2 term w i l l  be dropped. 

The phase ang le between Ape and Ap^c should be c lo se  to zero  to 

maximize the  s i z e  of  the i n t e r f e r e n c e  term. The observed r a t e  i s  

given by

where K i s  a c o n s t a n t .  A q u a n t i t y  independent  of  the o v e ra l l  r a t e  i s  

the asymmetry,

where 9 i s  the phase angle between Ape and Apfjc* Assuming only 

s t a t i s t i c a l  n o i s e ,  the s i g n a l - t o - n o i s e  r a t i o  fo r  an 

i n t e g r a t i o n  time T i s ,

= K|Apc ± ApN C | 2  s  RpC ± RpNc (2 . 2 )

2 1APMr|COS9
(2 .3 )

PNC e v e n t s  _ PNC

✓PC e ven t s  /f tpcT /R p(.T
(2 .4 )

The time r e q u i r e d  to  achieve  a given s i g n a l - t o - n o i s e  i s

I  = (S/N ) 2 (2 .5 )

The c u r r e n t  work c o n ta in s  more than s t a t i s t i c a l  n o i s e .  Due to 

cascade decay from h ighe r  ly in g  s t a t e s 2 (n ~ 1 0 - 1 2 ) and the very small



s i z e  of  |Ape 1• th e re  i s  a background (B), x t imes l a r g e r  than Rp^. In 

t h i s  c ase ,  eq u a t io n s  ( 2 . 2 ) - ( 2 . 5 )  become

(2 . 6 )

A = ^PNC __1_ _ A _1_
RpC 1 +x 0  1 +x

S/N = 1
o

/ (Rpc + B)T / 1 +x

(S/N) 2

T = -  (1+x)  = Tq (1+x )

where A0 , e t c .  a r e  the co rresponding  q u a n t i t i e s  w i thou t  the 

background.

C. Data C o l l e c t i o n  and Analys is  F ea tu re s

The PNC asymmetry due to  the r e v e r s a l  o f  an i n t e r a c t i o n  reg ion  

handedness ( f l i p )  i s  very sm al l ,  b u t  has the usefu l  f e a t u r e  t h a t  i t  

changes sign under a f l i p ,  hence i t  can be p h a s e - s e n s i t i v e l y  d e t e c t e d .  

Equation (2 .3 )  i s  the asymmetry between the two handednesses of  the 

i n t e r a c t i o n  r e g io n .  A ty p i c a l  exper iment co n ta in s  N independen t  

r e v e r s a l s  of  the i n t e r a c t i o n  reg ion  handedness.  Common methods 

inc lude  r e v e r s i n g  the d i r e c t i o n  of  an e l e c t r i c  or  magnetic f i e l d ,  or 

l a s e r  p o l a r i z a t i o n .  The N r e v e r s a l s  a r e  usefu l  f o r  reducing  unwanted 

e f f e c t s  when c o l l e c t i n g  and ana lyz ing  the d a t a .  This i s  i l l u s t r a t e d  

with  an example from a two f l i p  exper iment such as one invo lv ing  

r e v e r s a l s  of  e l e c t r i c  and magnetic f i e l d s .  Let
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R+ +  =  R p C +  R p fjc

R+“ = RPC -  RpfJC
(2 .7 )

R"+ ■ rpc '  rpnc

R”  = RPC + RpMC

where R++, e t c .  a re  the  observed r a t e s .  The fo l low ing  q u a n t i ty  

e x t r a c t s  the PNC r a t e  as a f r a c t i o n  of  the t o t a l  r a t e ,  i . e . ,  the 

asymmetry,

(R** + R ) -  (R~+ + R+~) = r PNC l7  ox
(R++ + R—) + (R-+ + R+J) Rpc *

G en e ra l i z in g  t h i s  to  an N f l i p  exper im en t ,

I K \ I KpM(' KPNr
i  j . .N = 0  = = (2 .9 )

i  7 ~ ~ z  2 NRpr r pc£ j î j . - N PC

i j . . N = 0

where r 0 0 ; . 0  = r - - . . -  and R11**1 = R++**+, i . e .  R1 1 0 1  = R++' + .

P r a c t i c a l l y  no f l i p  i s  p e r f e c t ,  Rp^ * RpQ. How these

im p e r f e c t io n s  a f f e c t  the asymmetry depends upon t h e i r  f u n c t io n a l

dependence on the p hys ica l  q u a n t i t i e s  invo lved .  Assume terms o f  the 
2 2form c f^ fg  appear in  the PC r a t e ,  where f j  and f 2  a r e  the magnitudes 

of  two f i e l d s ,  and c i s  a c o n s t a n t  independent  of  f i  and f 2 * For a 

two f l i p  exper iment l e t



where 5 i  and 6 2  accoun t  fo r  e r r o r s  in the f i e l d  r e v e r s a l s .  The 

asymmetry i s

Although p a r t  of  the c o n t r i b u t i o n  to  the  asymmetry i s  from im p e r fe c t  

r e v e r s a l s ,  only the p roduc t  of  the e r r o r s  i s  p r e s e n t .  Hence, the 

o r i g i n  o f  the r u l e  of  thumb, " to  do a 1 ppm exper iment with  th r e e  

f l i p s  r e q u i r e s  t h r e e  1% f l i p s . "

Although the p rev ious  method i s  the h e a r t  of  the da ta  

c o l l e c t i o n  p ro c e s s ,  the a u th o r  f e e l s  t h a t  both c o l l e c t i o n  and a n a l y s i s  

o f  da ta  deserve more a t t e n t i o n ,  b u t  has done l i t t l e  due to  time 

l i m i t a t i o n s .  Levy d i s c u s s e s  the a n a l o g - t o - d i g i t a l  convers ion  of  the 

d e t e c t i o n  reg ion  o u t p u t . 3 H a r r i s o n ,  e t  a l .  d i s c u s s  the random 

f l i p p i n g  o f  the f i e l d s  to suppress  spu r ious  no ise  s o u r c e s , 1* and 

e x t r a c t  c e r t a i n  s y s t e m a t i c s .

c f * f f  + 0(6)

S1S2 + RPNC 

f l f 2 RPC
(2 . 11)
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D. Michigan I n t e r a c t i o n  Region

The f i e l d s  o f  the i n t e r a c t i o n  reg ion  in the Michigan exper imen t 

a re  shown in  f i g u r e  2 .2 .  In p r i n c i p l e  i t  does no t  m a t te r  in what 

d i r e c t i o n  the atomic  beam t r a n s v e r s e s  the i n t e r a c t i o n

re g io n .  However, any component of  B p e r p e n d i c u l a r  to  the atom
> + 

v e l o c i t y  (v) r e s u l t s  in a motional  e l e c t r i c  f i e l d  (Em) in  the a tom 's
*

r e s t  frame.  Since Em r e s u l t s  in u n d e s i r a b l e  s y s t e m a t i c s  (see 

Chapter  I I I ) ,  v i s  made p a r a l l e l  to  B.

There a re  t h r e e  ways to  r e v e r s e  the handedness of  t h i s  f i e l d  

c o n f i g u r a t i o n ,  r e v e r s i n g  the d i r e c t i o n  of  the dc e l e c t r i c  f i e l d  E 

( E - f l i p ) ,  r e v e r s i n g  the d i r e c t i o n  of  the dc magnetic f i e l d  B ( B - f l i p ) ,  

o r  r e v e r s i n g  the d i r e c t i o n  of  the  component of  the 1.5 GHz r f  e l e c t r i c  

f i e l d  e p a r a l l e l  to  E (<f>-f!1p).

E. S t r u c t u r e  of  n= 2  Hydrogen

E . l  Magnetic F i e l d  Dependence

The magnet ic f i e l d  dependence of  the e i g e n s t a t e s  in the n=2 s h e l l  

o f  hydrogen i s  shown in f i g u r e  2 . 3 .  The e i g e n s t a t e s  a re  l a b e le d  us ing 

Lamb's n o t a t i o n 5 . The Greek and L a t in  l e t t e r s  l abe l  hyper f ine  

s t r u c t u r e  s t a t e s  and the s u b s c r i p t s  a re  mf = m-,- + mj, where i i s  

n u c l e a r  spin and j  i s  the t o t a l  e l e c t r o n i c  angu la r  momentum. Since 

the  t r a n s i t i o n  of  i n t e r e s t  i s  very weak, - 4  ppm, i t  i s  no t  p o s s i b l e  to 

do a c c u r a t e  c a l c u l a t i o n s  of  the t r a n s i t i o n  r a t e  w i th o u t  in c lu d in g  a l l  

16 hyper f ine  l e v e l s . 6 However, fo r  a f i r s t  approx im at ion ,  the j  = 3/2 

l e v e l s  may be ig n o red .  Wavefunctions fo r  the j  = 1/2 l e v e l s  are given 

in  Table 2 . 1 . 7 At the magnetic f i e l d  value of  i n t e r e s t ,  ~550 gauss,
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Table 2.1

Hydrogen E ig e n s ta te s  f o r  n=2, j = l / 2

i«+1> = |2S + -  + ->  
2 2

|cV = cos0c |2S + — 
s 2

-  i >  + s i n 0 c |2S -  I  + 1> 
2 s 2 2

x» o V = cos0<.|2S -  -  
s  2

+ i >  -  s i n 0 c |2S + -  -  ->  
2 s  2 2

= 12S -  I  -  I>  
2 2

= |2P + i  + —> 
2 2

• V = cos0p |2P + j -  i >  + s in 0 „ |2 P  -  -  +
2 p 2 2

" | f  > = cos0„|2P -  -  + -  s i n 0 D12P + -  -  ->
o P'  2 2 p 2 2

| f  ,> = |2P -  -  +
-1  2 2

9p -  Qs

COS0 = —  {x2 + 1 -  x / x 2 + 1 } ' 1 / 2  
/ 2

_ ( 9 j  + 9 i ) » 0 B

A

A = ze ro  f i e l d  h . f . s .  s p l i t t i n g

~ 3Cj(j+l ) ]  ~ &U+1) + s(s+l)
J ’ 2j(j+1)

IDa
gT -  - i  (5 .56)

1 "ip
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sinG ~ 1 / 2 0 , r e s u l t i n g  in the wavefunct ions  being a lmos t  pure mj 

s t a t e s .

E.2 S ta rk  Matr ix Elements

Since  e l e c t r i c  f i e l d s  ( s t a t i c  or  r f )  only mix s t a t e s  o f  oppos i te  

p a r i t y  ^ i n i t i a l  must d i f f e r  from Af-fna!* cannot  mix s t a t e s  of

o p p o s i t e  n u c l e a r  s p in ,  z f i e l d s  cannot  change mf, and x and y f i e l d s  

change mf by ±1 on ly .  R e levan t  S ta rk  matr ix  e lemen ts  a re  given in 

Table 2 . 2 . 8

Table 2.2

S ta rk  M atr ix  Elements fo r  n=2 , j = l / 2  ( u n i t s  of  / 3  ea0 . )

< e + 1z |a + > = +1 < f 0 x °4-> = COS0

< e + | x | a 0 > = s i n 0 <f0 Z a0 > = - s i n 20

< e + | x | 8 0 > = COS0 Z 30 > s - c o s 20

<e0 | x | a + > = s i n 0 <fo X 0-> = - s i  no

<e0 | z | « 0 >
= c o s 2 0 < f - X

AOO = COS0

<e0 | z | B 0 > = - s i 'n20 < f - X

AOca = - s i  no

<e0 |x |B _ > = COS0 < f - Z 3-> = -1

0  i s  the hyper f ine  angle de f ined  in Table 2 . 1 .

y m a t r ix  elements  a re  o b ta in ed  by m u l t ip ly in g  the x ma tr ix  
elements  by i .

M atr ix  elements  a re  in u n i t s  of  / I  ea0 .
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E.3 Weak Matr ix  Elements

Formula t ing  t h i s  p a r i t y  exper iment in as  genera l  a way as 

p o s s i b l e  means w r i t i n g  down a phenomenological  p a r i t y  nonconserving 

Hamil tonian which i s  independen t  of  any gauge model , 9

Q

HPVM = ^  J d3^ ? V 5 e{Cl p % P + Cl d % n)

+ % e ( C 2ppyuY5p + C2nnYijY5n)

+ I o yvqve (C 3p P V 5p + C3n " V 5n)J { 2 A Z )

Levy g ives  a complete l i s t  o f  weak ma tr ix  e lemen ts  in n=2 hydrogen and 

d eu te r ium . 1 0  C3  i s  due to  the e l e c t r o n  weak anomalous moment. I t  i s  

expec ted  to  be small with  r e s p e c t  to  the o th e r  terms and w i l l  be

dropped.  A n o n r e l a t i v i s t i c  red u c t io n  of  the  f i r s t  two terms and

e v a l u a t i o n  in the  j = l / 2  s t a t e s  of  hydrogen r e s u l t s  i n , 11

< n P i / o i n ^ l n S i l 0 > = i C . V f i '  S '1 / 2 1 1' 1/2  1 MjNj

w . „  ( 2 - 13)< n P l / 2 l H 2 l n S 1 / 2 >  =

where

7  = -----—  —  R . ( 0 ) R n fO) = 0.118Z Hz
n  8 .  " c n l  no n"

where Gp i s  the fermi c o n s t a n t  and Rno(0)  and Rn l ^  a r e  the S wave 

fu n c t io n  and f i r s t  d e r i v a t i v e  of  the P wave func t ion  a t  the o r i g i n ,
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r e s p e c t i v e l y .  The only non-van ish ing  ma tr ix  e lement of  i n t e r e s t  to 

the c u r r e n t  work i s

<e0 IHw|8 0> « -i7VC2Pcos20 (2 .14)

As shown in Table 1.4 the  value of  C2p i s  expec ted  to  be of  the o rder

0 . 1.

E.4 Hyperf ine  T r a n s i t i o n s  near  the B-e Crossing

Of the e i g h t  n=2, j = l / 2  magnetic s u b s t a t e s ,  fou r  are m e tas tab le  

(o+,  a 0 , 30 , 3-) and a re  assumed s t a b l e  fo r  t h i s  work. The o th e r  four

(e+,  e0 , f 0 , f«)  have l i f e t i m e s  of  1.6 ns cor responding  to 100 MHz

r a d i a t i v e  w id ths .  The a and 3 s t a t e s  a re  S s t a t e s  and have even 

p a r i t y ,  while the e and f  s t a t e s  a r e  P s t a t e s  and have odd p a r i t y .

Due to  p a r i t y  con se rv a t io n  i t  i s  im poss ib le to  d r iv e  an e l e c t r i c  

d ipo le  t r a n s i t i o n  from one S s t a t e  to  a n o t h e r .  One genera l  way to 

d r iv e  an S - to -S  t r a n s i t i o n  i s  to  apply a magnet ic f i e l d  of  about  

550 gauss and a DC e l e c t r i c  f i e l d  to  mix 3 and e s t a t e s .  The new 

e i g e n s t a t e s  no longer  have a d e f i n i t e  p a r i t y .  However, i f  the S tark  

f i e l d s  a re  s m a l l ,  the o rde r  of  a few Volt s /cm, i t  i s  p o s s i b l e  to  

i d e n t i f y  pe r tu rb e d  s t a t e s ,  30 '» 3 - '»  e + ' ,  e0 ‘ . The a s t a t e s  a r e  only 

very s l i g h t l y  p e r tu rb e d  due to  t h e i r  l a rg e  s e p a r a t i o n  from the e and f  

s t a t e s .  T r a n s i t i o n s  can then be dr iven  between a and 3 ' s t a t e s .  I f  a 

3'  s t a t e  co n ta in s  a f i n i t e  popu la t ion  when the S ta rk  f i e l d s  are 

removed, the 3 s t a t e s  w i l l  a l s o  con ta in  f i n i t e  p o p u la t io n s .

T h e re fo re ,  when the s ta t e m e n t  i s  made t h a t  the c u r r e n t  work d r iv e s  a 

to 3 t r a n s i t i o n s  i t  s i g n i f i e s  the above procedure .



30

In t h i s  work (see f i g .  2 . 1 ) ,  the source produces atoms in the a+ 

and a 0  s t a t e ,  which e n t e r  an i n t e r a c t i o n  reg ion where they are  dr iven  

to  $q or  3 - ,  and the  3 s t a t e  i s  then d e t e c te d  in the d e t e c t i o n  r e g io n .  

Three t r a n s i t i o n s  of  i n t e r e s t  a re  a+-30 » a0 - 8 -  and a0 - 3 0  ( see  Appendix 

A fo r  d e t a i l s ) .  The p r o b a b i l i t y  to  be in the f i n a l  s t a t e  i s  a few 

p e rc e n t  of  the i n i t i a l  s t a t e  fo r  the a+-e_and a 0 - 3_ t r a n s i t i o n s .  

However, optimal t r a n s i t i o n  r a t e s  f o r  ct0 “ 30  a re  the o rde r  of  4 ppm. 

Only the a0 - 3 0  t r a n s i t i o n  i s  s e n s i t i v e  to  the weak coup l ing .

This exper iment  uses a 550 gauss magnetic f i e l d  (B) to  ge t  the e

and 3  s t a t e s  to  c ross  (F ig .  2 . 3 ) .  B d e f in e s  the z a x i s .  A s t a t i c
■> "► 

e l e c t r i c  f i e l d  (E) of  2.2 v o l t s / cm  i s  a p p l i e d  p e r p e n d ic u la r  to  B

(d e f in i n g  x) mixing e+ w i th  30 - B0  1s a l s o  m1xecl W1’th  eo by the  weak

fo rce  forming |3q> = |30> + 5 s l e +> + 5wle o>* An r f - e l e c t r i c -  f i e l d
•> +

(e) of  4 .4  v o l t s / c m  a t  1.5 GHz i s  a p p l i e d  in the plane formed by E

and B a t  an angle <)> ( c u r r e n t l y  5°) to  B. e has two channels  to  d r ive

a t r a n s i t i o n  from a0  to  3 ' 0  (see f i g u r e  2 . 4 ) .  ex d r i v e s  one channel

from a0  t o  3 'o» where 3 ' 0  i s  formed by Ex mixing e+ and $0 . e z d r iv e s

the second channel  from a0  t o  3 ' 0 , where 3 ' 0  i s  formed by Hw mixing e 0

and 30 . T h e r e f o re ,  th e re  a re  two am pl i tudes  to be in the  f i n a l  s t a t e ,

one PC and PNC. These are  the two am pli tudes  in equa t ion  2 .1 .

The above i s  the popula r  i n t e r p r e t a t i o n  o f  t h i s  exper im en t ,  but

what t h i s  exper iment  r e a l l y  measures i s  no t  the amount of  | e 0> mixed

i n t o  | 3 0> by the weak f o r c e ,  bu t  the amount of  | e 0> mixed in t o  and in

phase with  |30>, r e g a r d l e s s  of  the o r i g i n .  T h e re fo re ,  what i s

measured i s  <S and no t  5^.  C a l l i n g  i t  6 ^ l s  a m a t t e r  of

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



31

/ 3 q

ApQ (E1)

Figure  2 .4

PNC

a 0 -S 0  T r a n s i t i o n
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E.5 D e t a i l s  o f  the P a r i t y  Nonconserving a 0~60 T r a n s i t i o n  

The au tho r  knows of  a t  l e a s t  four  d i f f e r e n t  d e r i v a t i o n s  of  the 

ctQ-0o t r a n s i t i o n  am p l i tude ,  one due to  R.W. Dunford12 us ing 

p e r t u r b a t i o n  theory  and a formalism due to  Lamb, a second one due to 

W.L. Will iams13 who so lves  the f o u r - l e v e l  problem by f a c t o r i n g  a 

f o u r th  o rde r  equa t ion  i n t o  two second o rd e r  e q u a t i o n s ,  a t h i r d  due to  

G. Drake and L. Levy11* num er ica l ly  i n t e g r a t i n g  the Schrod inger  

e q u a t io n ,  and a f o u r t h  due to  G. Drake15 which invo lves  so lv ing  fo r  

the  a 0- e 0 am pl i tude  f i r s t ,  then t r e a t i n g  the  <x0-e + -3 0 and a 0- e 0-&0 

am pli tudes  as p e r t u r b a t i o n s .  The l a t t e r  approach i s  c a l l e d  the d r iven  

3 - l e v e l  problem.

The numerical i n t e g r a t i o n  i s  by f a r  the  most a c c u r a t e .  However, 

to  gain i n s i g h t  i n t o  the  genera l  f e a t u r e s  of  the  problem, the  r e s u l t s  

of  the dr iven  3 - l e v e l  problem w i l l  be p r e s e n t e d .  The t r a n s i t i o n  

p r o b a b i l i t y  f o r  a 0 -3 0 i s  ( see  Appendix A),

, 2  _ B2 ( - 2 i ( e  + y ) t / z cos ( w' t ) + i ^ T + i e T )
|fv ------------------------: — ;--------- 7 i ( ' 1

4
-*■ -►

where B i s  dependent  upon E and e,  e i s  the  r f  induced width of  <x0 » Y 

i s  the s t a r k  induced width of  30 , and to' i s  the de tuning  from l i n e  

c e n t e r .  In the l i m i t  of  y = e t h i s  reduces  to

T2B2iYx s i n V x / g ^  (2>17)
'  2
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Although s im ple ,  t h i s  fo rm u la t ion  Inc ludes  the S ta rk  and r f  broadening 

of  the I n i t i a l  and f i n a l  s t a t e s ,  f i n i t e  t r a n s i t  time e f f e c t s ,  and oj'

i n c lu d e s  the r f  and s t a r k  s h i f t s .  The op t io n a l  t r a n s i t i o n  r a t e  a t  545
1 2 Gauss occurs  a t  E = 2 .2  v/cm, x = -  u see ,  and e = 4.4 v/cm, 1 =
3 o op t

3.6x10” ®.

The genera l  f e a t u r e s  o f  the t r a n s i t i o n  are  as fo l lo w s .  The 

problem i s  a f o u r - l e v e l  problem (o0 , 3 0 , e+ ,  e 0 ) and none o f  them can 

be ignored  even in a f i r s t  approx im at ion .  For optimal c o n d i t io n s  the 

f i n a l  d i s t r i b u t i o n  of  p o p u la t io n s  i s  ct0  = 1 /3 ,  e0  s  3.5  ppm, ground 

(IS) s t a t e  s 2 /3 .  The PNC r a t e  i s  so small (PNC = AxPC) i t  does not

e f f e c t  the PC r a t e  and w i l l  be ignored  fo r  the r e s t  of  the d i s c u s s io n .

The two predominant  channe ls  in t h i s  problem a re  a0 -*-e+-*-n = 1 and 

a0 ->-eo-n = 1. However, the PC r a t e  i s  a0 - e 0 ' ( ao-*-e+->-0 o ) ,  and i t  i s

im poss ib le  to  dr ive to  &0 ' w i th o u t  d r iv i n g  to  e + ' . Even worse than

t h i s  i s  t h a t  a 0 -»-e0+n = 1 i s  a much s t r o n g e r  t r a n s i t i o n  than e i t h e r  of 

the  f i r s t  two. When t r y i n g  to  popula te  e0 ' most atoms t r a n s i t i o n  to 

e 0  and,  hence, n=l .  What i s  good about  t h i s  i s  t h a t  most atoms go 

th rough the e0  s t a t e  and give the weak i n t e r a c t i o n  a chance to  d r ive  

them to $q, making the  asymmetry l a r g e r .

The ques t ion  a r i s e s  as to why leave the popula t ion  of  a0 =l /3?  To

comple te ly  depopula te  a0  would r e q u i r e  us ing more r f  power. Using

more r f  power means most of  the popula t ion  ending up in e0 * would be 

pu t  th e re  during  the beg inn ing  of  the i n t e r a c t i o n  t ime,  and s ince  0 O‘

has a S ta rk - induced  w id th ,  the i n i t i a l  popu la t ion  would have the r e s t

o f  the i n t e r a c t i o n  time to  decay to n= l .  I f  the r f  power i s  tu rned  

down too  much, not  enough popula t ion  ge t s  i n t o  3 0 ‘ . T h e re fo re ,  the
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compromise t h a t  i s  met i s  d r ive  hard enough to popula te  0 O' ,  bu t  not  

so hard t h a t  the popu la t ion  has most of  the i n t e r a c t i o n  time to  decay 

to  the ground s t a t e .

The asymmetry i s

47C?n
A = 5  3 ' lxl( i C2 p <2 - 18>

U A

The time r e q u i r e d  to  ach ieve  a given s i g n a l - t o - n o i s e  r a t i o  S/N i s

given by eq.  2 .5 .  For t h i s  exper iment Rpc = IB0 12 nS210  where n i s  the

d e t e c t o r  e f f i c i e n c y ,  Q the  d e t e c t o r  s o l i d  a n g l e ,  and I 0  the i n i t i a l  a 0  

i n t e n s i t y  in a to m s /sec .  For the c u r r e n t  exper imenta l  c o n f ig u r a t i o n  

n = 0 . 2 - 0 . 2 5 ,  0  -  3 /16 ,  and Levy claims  I 0  = 101 3  m e ta s ta b l e s  per

hyper f ine  component . 1 5  The i n t e g r a t i o n  time to  ach ieve  a S/N = 1 fo r

C2 p = 1 i s  approx im ate ly  13 hours .  The c u r r e n t  exper iment has high 

ly ing  s t a t e s  cascading  down r e s u l t i n g  in a background 3 t imes Rpo  

This le ng thens  13 hours to  51 hours .



E. 6  Role of  Damping

The Rpfjc term i s  p r o p o r t i o n a l  to  the  p s eu d o s ca la r  i n v a r i a n t  (see 

Chapter  I I I )  e*E e*B. The f a c t  t h a t  t h i s  term i s  a l s o  fo rmal ly  T-odd 

r a i s e d  the ques t ion  of  i t s  o b s e r v a b i l i t y .  T r a n s i t i o n s  which involve 

s t a t e s  t h a t  a re  damped (can decay v ia  photon emiss ion to  the ground 

s t a t e )  b u t  do n o t  invo lve  photon emiss ion themselves  r e s u l t  in the 

fo l low ing  c o n c l u s i o n s . 1 6  The e x i s t e n c e  of  a fo rm a l ly  T-odd term i s  

p o s s i b l e  only as a r e s u l t  o f  the induced damping o f  the 2 S i / 2  

s u b s t a t e s .  Such a term cannot be p r e s e n t  in the p r o b a b i l i t y  fo r  the 

atom to remain in the i n i t i a l  s t a t e  a 0 . I t  can occur  in the 

t r a n s i t i o n  p r o b a b i l i t y  to  the observed f in a l  s t a t e  e0 , i f  the i n i t i a l  

p o p u la t io n s  of  the a 0  and 8 0  a r e  d i f f e r e n t .  These p r o b a b i l i t i e s  do 

n o t  sum to  un i ty  even on resonance  where 8 0  1S the onTy s i g n i f i c a n t  

f i n a l  s t a t e .  P r o b a b i l i t y  balance  i s  ma in ta ined  by the e x i s t e n c e  of  a 

co r respond ing  T-odd term of  o p p o s i te  s ign in the sum over the o th e r  

f i n a l  s t a t e s .  In t h i s  case the o t h e r  f i n a l  s t a t e s  a re  in the 

r a d i a t i v e  s e c t o r .

The problems with  the T-odd p seudosca la r  a r i s e  when people 

i n c o r r e c t l y  c a l c u l a t e  r i g h t  and l e f t  e i g e n v e c t o r s  in p e r tu r b a t i o n  

th eo ry  with Wigner-Weisskopf approx im ation .  To do f i r s t  o rde r  

p e r t u r b a t i o n  theory  one proceeds as u s u a l .  For example,  the mixing of 

the 8 0  and e+ s t a t e s  in an e l e c t r i c  f i e l d  r e s u l t s  in the  r i g h t  

e i g e n v e c t o r ,
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The l e f t  e ig e n v e c to r  i s

V*
<«„! ■ <8 0 ! + <e+ l E .  E T  f r / T "  • ( 2 - 1 % )

' 8o e +

Mote t h a t  the denominator  was no t  complex-conjugated .  Whether the 

denominator  of  2.19b i s  complex-conjugated or  no t  l e ads  to 

ex p e r im e n ta l ly  observab le  e f f e c t s .  An exper iment proposed by 

Dunford17  and performed by Levy18  v e r i f i e s  the c o r r e c t n e s s  of  t h i s  

approach.  Bell  p laces  the mot iva t ion  fo r  the above p r e s c r i p t i o n  on a 

f i rm  t h e o r e t i c a l  b a s i s . 19
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CHAPTER I I I  

INHOMOGENEOUS ELECTRIC FIELD LINESHAPES

A. O ut l ine  of  the Approach Used to  Eva lua te  I n t e g r a l s  over the
Beam Cross Sect ion  fo r  the Inhomogeneous E l e c t r i c  f i e l d

This g ene ra t ion  of  the exper imen t forms the e l e c t r i c  f i e l d  in the

i n t e r a c t i o n  reg ion  by app ly ing  vo l t ages  to  two c l o s e l y  spaced carbon-  

coa ted  g la ss  semi c y l i n d e r s .  This  work n e g l e c t s  the end e f f e c t s  of  the 

t u b e s .  This  i s  be l i e v e d  to  be r e a s o n a b le ,  s ince  fo r  t h i s  type of  

boundary value problem the p e r t u r b a t i o n s  caused by f i n i t e  tube leng th  

decay e x p o n e n t i a l l y  to  ze ro  with  a decay c o n s t a n t  the o rder  of  the tube 

i n n e r  d iam ete r .  The r e s u l t i n g  e l e c t r i c  f i e l d  f o r  i n f i n i t e l y  long 

s e m icy l in d e r s  i s  given by Jackson 1 a s :

where V i s  the  d i f f e r e n c e  between the p o t e n t i a l s  a p p l i e d  to  the 

semi c y l i n d e r s ,  b i s  the semi c y l in d e r  inne r  r a d i u s ,  p = r / b  (where r ,  

the  r a d i a l  d i s t a n c e  from the c y l in d e r  a x i s ,  and b have u n i t s  of  

l e n g t h ) ,  and 9 i s  measured from a plane p e rp e n d i c u l a r  to  the plane 

th rough the gap. In C a r t e s i a n  co o rd in a te s  (3 .1 )  becomes,

( 1 - p 2 ) 2 + 4p2cos2 0

2V 1 { ( l + p 2 )cos0p -  ( 1 - p 2 ) s i n e e }  ,

(3 .1 )

2V {1  -  ( o 2- y 2 ) } x  + 2pyy  

17 b 1 + (a2+x2 )^ “ 2 ( a 2_x^)
( 3 . 2 )

38
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where a = ps in9  and x = pcos9.  This  e l e c t r i c  f i e l d  i s  p l o t t e d  in 

f i g u r e  3 .1 .

This  e l e c t r i c  f i e l d  has s i g n i f i c a n t  inhomogeneit ie s  a c ro s s  the 

beam. For a beam diamete r  one h a l f  the e l e c t r i c  f i e l d  e l e c t r o d e  

d ia m e te r ,  the  square of  the r a t i o  of  the maximum e l e c t r i c  f i e l d  to  the 

minimum e l e c t r i c  f i e l d ,  a t  maximum beam d iam ete r ,  i s  2 .7 .  This was 

expec ted  to  cause la rg e  changes in the l i n e s h ap e  compared to  the 

uniform e l e c t r i c  f i e l d  case .  This  i s  no t  the case .

The fo l low ing  o u t l i n e s  the procedure used to  perform i n t e g r a l s  

over the beam c ross  s e c t i o n  where the complica ted  e l e c t r i c  f i e l d  makes 

i t  d i f f i c u l t  to  do the i n t e g r a l s  in c losed  form.

We s t a r t  with  the l in e s h a p e  fu n c t io n  given in  Appendix A, equa t ion

(42) ,

| 6 ( » ' , t ) | 2  = e ‘ ( E + T ) t / 2  | c o s e . | 2 |  j t / 2  B e ( l r ' >t/2 d t | 2 .
- t / 2

(3 .3 )

Since the  v a r i a t i o n s  in the  dc e l e c t r i c  f i e l d  a re  l a r g e ,  y,  B, and oj' 

must be cons ide red  to  be f u n c t i o n s  of  Ex and Ey . Assuming B i s  not  a 

f u n c t io n  of  t ime,  i t  may be f a c t o r e d  o u t  of  the i n t e g r a l ,  and the 

i n t e g r a l  performed by e lementary  means. This  r e s u l t s  in the fo l lowing 

genera l  form fo r  the average over the beam,

i i po 2lT
i  I |B ( 2 dA = —  J pdp } de f (E x ,Ey ) (3 .4 )

A , p2 o o
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F igure  3 .1  E l e c t r i c  F i e l d  Due to  C lose ly  Spaced Semi c y l i n d e r s
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where f  i s  a complica ted  func t ion  of  Ex and Ey . This  i n t e g r a l  i s  

expanded in  a Tay lo r  s e r i e s  in two v a r i a b l e s ,  Ex and Ey , abou t  Ex = 

Ex (p-0)  = E0  and Ey = Ey (p*0) = 0,  r e s u l t i n g  i n ,

Expanding about  Ex = E0  and Ey = 0 r e s u l t s  in r a p id  s e r i e s  convergence 

f o r  two r e a s o n s .  F i r s t ,  the se  a re  the average  va lues  of  the  e l e c t r i c  

f i e l d s  over  a c i r c l e  cen te red  on p*0, the  e l e c t r o d e  c e n t e r .  Second, 

the  f i r s t  term in the expans ion ,  f (Eo , 0 ) ,  i s  the only nonzero term fo r  

the  homogeneous e l e c t r i c  f i e l d  c a s e ,  and the remaining terms are  only 

nonzero i f  the e l e c t r i c  f i e l d  co n ta in s  inhom ogene i t ie s .  Thus the 

s o lu t i o n  has a l i n e s h a p e  term due to  the average value of  the e l e c t r i c  

f i e l d  a c ro s s  the beam p lus  l in e s h ap e  terms due to  e l e c t r i c  f i e l d  

inhom ogene i t ie s .

Since the d e r i v a t i v e s  of  f  a r e  e v a lu a te d  a t  s p e c i f i c  va lues  of Ex 

and Ey they may be f a c t o r e d  ou t  of  the i n t e g r a l ,  l e av ing  only i n t e g r a l s  

over powers of  e l e c t r i c  f i e l d  inhomogeneit ie s  to be performed.  The 

dependence of  the  t r a n s i t i o n  r a t e  on a l l  the f i e l d s  i s  con ta ined  in the 

d e r i v a t i v e s .  T h e r e f o re ,  a s e p a ra t io n  of  the phys ica l  and the a l ignment 

v a r i a b l e s  i s  ach ieved .  Thus, the c a l c u l a t i o n  of the e n t i r e  l ineshape

l po 2*
- i -  J pdp J d0 {f(Eo ,O) + f -  (Eo , 0 ) ( E x-Eo ) + f -  (Eo ,0 ) (E y ) 
• p |  0 0  x y

+ f E E (Eo , 0 ) ( E x-Eo )(Ey ) + . . . }  
x y

(3 .5 )

where

e t c .
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as a func t ion  of  magnetic f i e l d ,  f o r  each term in ( 3 . 5 ) ,  r e q u i r e s  the 

e v a l u a t i o n  of  one i n t e g r a l  over  the e l e c t r i c  f i e l d ,  e v a l u a t i o n  of  an 

ex p re s s io n  which i s  only a f u n c t io n  of  magnetic and e l e c t r i c  f i e l d s ,  

bu t  no t  the a l ignm ent  v a r i a b l e s ,  and m u l t i p l i c a t i o n  o f  the two 

t o g e t h e r .

Ex and Ey a re  then expanded in a Taylor  s e r i e s  in p about  p=0 

r e s u l t i n g  i n ,

Ex = —  {-1 + p2cos(29)  -  p^cos(4e) +
TT b

Ev = —  {-p2 s in (2 6 )  + p^s in (40)  -  p6 s i n ( 6 0 ) + . . . }
J  Tib

(3 .6)

The r a d iu s  o f  convergence i s  p < 1. The r e s u l t i n g  in t e g ra n d  i s  a power

s e r i e s  in p o s i t i v e  i n t e g e r  powers of  p, t r i v i a l l y  i n t e g r a b l e .

All c a l c u l a t i o n s  in v o lv ing  the power s e r i e s  f o r  Ex and Ey a re  done

through t e n th  o rde r  in p.  However, the Taylor s e r i e s  of  f  in Ex and Ey

i s  very invo lved  s ince  the number of  terms in the  d e r i v a t i v e s  of  f

i n c r e a s e s  r a p i d l y  with  i n c r e a s i n g  o rd e r .

To handle the c o m p lex i t i e s  in the d e r i v a t i v e s  o f  f ,  the fo l lowing

approach was developed.  Let  f  = ffj/ fo* where f^ and fg a r e  the

numerator  and denominator ,  r e s p e c t i v e l y ,  of  f .  P a r t i a l  d e r i v a t i v e s  of

fjsj and fo w ith  r e s p e c t  to  Ex and Ey a re  then de r ived  and ev a lu a te d

num er ica l ly  a t  Ex = E0  and Ey = 0.  The q u o t i e n t  r u l e  i s  a p p l i e d  to
f Df Mx " ^Dx^N

ffj/fD in  a fonnal  s ense ,  i . e . ,  i f  f x i s  d e s i r e d ,  f x = ------      i s

formed. Then numerical va lues  fo r  fp ,  f ^ ,  fgx , and f^ x a r e  s u b s t i t u t e d  

i n t o  the formula fo r  f x . Th is  can be extended to  any o rde r  of  p a r t i a l
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d e r i v a t i v e  r e q u i r e d  fo r  the Taylor s e r i e s  expansion of  f ,  l i m i t e d  only 

by how complica ted  the  d e r i v a t i v e s  of  f^ a re  al lowed to  become.

B. Lineshapes fo r  the Ideal  Case

The id e a l  case i s  de f ined  as t h a t  of  no misa l ignments  of  the

f i e l d s  or  beam, and no beam d ive rge nce .  This i s  c a l l e d  the 

" a l l - a l i g n e d "  case .  F igure 3 .2  i s  a p l o t  of  the a0 - 3 0  t r a n s i t i o n  for  

the  a l l - a l i g n e d ,  uniform e l e c t r i c  f i e l d  case compared to  the e l e c t r i c  

f i e l d  produced by idea l  tubes in the  a l l - a l i g n e d  case .  The t r a n s i t i o n  

r a t e s  a r e  op timized  with r e s p e c t  to  the dc and r f  e l e c t r i c  f i e l d s .  The 

e f f e c t  o f  the inhomogenous e l e c t r i c  f i e l d  on the l in e s h ap e  i s  smal l .

To unders tand  t h i s  one must s tudy two f e a t u r e s  of  the s o lu t i o n  

- (equ.  3 . 5 ) .  Both o f  the se  f e a t u r e s  a re  conven ien t ly  s e p a r a t e d .

Table  3.1 g ives  the i n t e g r a l s  f o r  the a l l - a l i g n e d  case with  the 

ide a l  e l e c t r o d e s .  The i n t e g r a l s  a r e  of  the form,

T  K  [E. (p) " En ] n[Ev ( p ) ] mdA = j  j CAE ] n [AE ] m . (3 .7 )
A A X o y  A A A y

In the i n t e r v a l  [0 ,2 i r ] ,  aEx i s  even about  tt,  and AEy i s  odd about  w. 

T h e re fo re ,  any i n t e g r a l s  where m i s  odd must be ze ro .  Since aEx and 

AEy a re  the sum of harmonic fu n c t i o n s  in the i n t e r v a l  [ 0 , 2 n]  the 

i n t e g r a l s  in the n=0, m=l and n= l ,  m=0 cases  a re  ze ro .  However, fo r  

AEX, the  sum of the harmonic fu n c t io n s  i s  no t  harmonic. T h e re fo re ,  the
g

n=3, m=0 case i s  nonzero.  The pQ term fo r  the n=3, m=0 case  in Table 

3.1 occurs  as the p roduc t  of two 29-te rms and one 40- te rm.  Requi ring 

t h a t  the  9 p roduc ts  r e s u l t  in a dc term e x p la in s  the powers of  p in 

o th e r  terms a l s o ,  i . e . ,  in s qua r ing  (n=0 ,m=2 ) ,  the only dc terms are of
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Table 3.1
I n t e g r a l s  over E l e c t r i c  F ie ld  Inhomogeneit ies  

f o r  the All Aligned Case

I n t e g r a l s  a re  of  the form:

i  J [E (p)  -  E (p « 0 ) ]n [E (p) -  E (p=0 ) ] m dA 
A A y

n m I n t e g r a l  (Ex (p=0) = 2V/nb, Ey ( P=0) = 0)

0 0 1

0 1 0

0 2
r2V^2r 1 4 . 1  8 ^
y  ^  bo + w  »«)

0 3 0

0 4 r 2V^4r 3 8 i
°o)

1 0 0

1 1 0

1 2
(2V'>3( 1  8 >
y  TUS po)

1 3 0

2 0 (2V}2( 1 4 + i .  8) 
iib ° 1 0  o j

2 1 0

2 2
r 2V U r l  8 ^

3 0
r2V'|3r 3 8 n
^  ( ‘  i o  ^

3 1 0

4 0
f 2 V ' | 4 r 3 8^ 
I— J I—  P0 J irb 40 0
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2 4 2 8  4the  form ( s in  n0) . The pQ term i s  from p and the pQ term i s  from p .

S i m i l a r l y ,  the p resence  o f  a l l  o t h e r  terms can be unders tood.

U n fo r tu n a te ly ,  t h e r e  i s  no easy i n t e r p r e t a t i o n  of  the  d e r i v a t i v e s .  

F i r s t ,  they a re  fu n c t i o n s  of  a l l  t h r e e  f i e l d s  in the  problem. I f  both 

e l e c t r i c  f i e l d s  a re  f i x e d ,  to  op timize  the  t r a n s i t i o n  r a t e  f o r  example,  

t h e i r  dependence on the  magnet ic f i e l d  s t i l l  remains .  Although i t  i s  

p o s s i b l e  to  unders tand  the behav ior  of  the f i r s t  and maybe the second 

d e r i v a t i v e s ,  the  t h i r d  and f o u r th  d e r i v a t i v e s  con ta in  l i t t l e  phys ica l  

c o n t e n t .  F r e q u e n t l y ,  al though  no t  a lways ,  the  f i r s t  o rde r  i n t e g r a l s  

a r e  ze ro ,  c a n c e l in g  the e a s i e s t - t o - u n d e r s t a n d  d e r i v a t i v e .  F o r tu n a t e l y ,  

the  d e r i v a t i v e s  never g e t  l a rg e  enough so t h a t  when m u l t i p l i e d  by the 

small q u a n t i t y  (p0  = 1 / 2 )N, they cause any s i z e a b l e  e f f e c t  on the 

l i n e  shape .  With the  exce p t ion  of  the ze ro s  o f  the o r i g i n a l  l i n e  

shape,  the  d i f f e r e n c e s  caused by inhomogenous e l e c t r i c  f i e l d s  i s  a t  

most 2% o f  the o r i g i n a l  t r a n s i t i o n  r a t e .

C. E f f e c t s  of  Misal ignments  and Non-Ideal  E l e c t ro d e s

Extens ive  c a l c u l a t i o n s  acc oun t ing  f o r  the e f f e c t  o f  inhomogeneous 

e l e c t r i c  f i e l d s  in the fo l low ing  cases  has been completed: 1 ) x and y

o f f s e t  o f  beam with  r e s p e c t  to  e l e c t r o d e  a x i s ,  2 ) r o t a t i o n  of  beam and 

e l e c t r o d e s  with  r e s p e c t  to  Zeeman a x i s  in  the  xz and xy p lanes ,

3) r o t a t i o n  of  j u s t  the beam with  r e s p e c t  to  Zeeman a x i s  in the xz and 

xy p la n e s ,  4) r o t a t i o n  of  the  e l e c t r o d e  abou t  i t s  c y l in d e r  a x i s ,

5) r o t a t i o n  of  the  e l e c t r o d e s  and beam in the  xy plane and r o t a t i o n  of  

the e l e c t r o d e s  abou t  t h e i r  c y l in d e r  a x i s .  All cases  inc lude  the
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e f f e c t s  of  beam divergence  and a re  performed fo r  the a+ ~ $ 0  and a 0 “ 3 0  

t r a n s i t i o n s .  Case 1 i s  d i scussed  in Chapter  IV fo r  the a 0 “ S0  

t r a n s i t i o n s .  The o th e r  cases  are no t  de sc r ib e d  in  t h i s  work.

The d i s c u s s io n  of  the e l e c t r i c  f i e l d  e l e c t r o d e s  has assumed t h a t  

they a re  id e a l  semi c y l i n d e r s .  Any complete a n a l y s i s  of the e l e c t r o d e s  

must inc lude  a l l  o f  t h e i r  p o s s ib le  phys ica l  im p e r f e c t io n s .  Due to  time 

c o n s t r a i n t s  the au tho r  has no t  i n v e s t i g a t e d  the consequences of 

phys ica l  im p e r f e c t i o n s .  However, they are l i s t e d  here fo r  f u tu r e  

c o n s i d e r a t i o n .  The e l e c t r o d e  i n s id e  d iamete r  can va ry .  In p r i n c i p l e ,  

the axes of  the two sem icy l inde rs  should l i e  on the same l i n e .  In 

p r a c t i c e  they w i l l  be o f f s e t  in both the x and y d i r e c t i o n s  and r o t a t e d  

in the xz and yz p la n e s .  V a r ia t io n  of  the in n e r  d ia mete r ,  and both 

r o t a t i o n s  r e s u l t  in z a p p l i e d  e l e c t r i c  f i e l d s ,  a s e r io u s  c o n s id e ra t io n  

fo r  t h i s  exper iment .



CHAPTER IV

SYSTEMATICS

A. I n v a r i a n t  Ana lys is

The t r a n s i t i o n  r a t e  can be decomposed in t o  the sum o f  powers of  

s c a l a r  and p s eu d o s ca la r  terms composed of  the r e l e v a n t  phys ica l  

v a r i a b l e s . 1 The p o s s i b l e  terms in t h i s  decomposit ion a re  de r ived  by 

r e q u i r i n g  t h a t  any term appea r ing  be r o t a t i o n a l l y  i n v a r i a n t ,  hence the 

term i n v a r i a n t  a n a l y s i s .  Dukes, Kwong, and Lewis2 have completed an 

i n v a r i a n t  decomposit ion fo r  the p a r i t y  exper im en t .  The i r  a n a l y s i s

inc ludes  the dc e l e c t r i c  f i e l d  E, dc magnet ic f i e l d  B, ac r f  e l e c t r i c
+ ■* 

f i e l d  e ,  and ac r f  magnetic f i e l d  b. The r e s u l t s  a re  given in

Table 4 .1 .  There i s  more than one way to  do the  v ec to r  decomposit ion

o f  the r a t e ,  a l l  ways a r e  e q u i v a l e n t  of  cou rse .  The advantage of  the

decomposit ion used in Table 4.1 i s  t h a t  the f i e l d s  a re  s e p a ra t e d  in t o

the  more i n t u i t i v e  l o n g i t u d i n a l  (z) and t r a n s v e r s e  components ( x , y ) .
•>

The dependence of  the r a t e  on the magnitude of  B i s  con ta ined  in the 

c o e f f i c i e n t s .

I n v a r i a n t  a n a l y s i s  i s  use fu l  fo r  p la c in g  l i m i t s  on misa l ignments
-V

between the d e s i r e d  a p p l i e d  f i e l d s  E, B, and e ,  l i m i t s  on the a l low ab le

s i z e  of the undes i red  a p p l i e d  f i e l d  b, motional  e l e c t r i c  f i e l d s  due to

beam divergence or  misa l ignment o f . t h e  average beam v e l o c i t y  with the

Zeeman a x i s ,  and s t r a y  e l e c t r i c  f i e l d s .
48



49

I n v a r i a n t  a n a l y s i s  i s  used to  i d e n t i f y  unwanted p a r i t y  conserving 

(PC) i n t e r f e r e n c e  terms which r e v e r s e  sign under r e v e r s a l  of  the i n t e r 

a c t io n  reg ion  handedness,  as  does the wanted p a r i t y  nonconserving (PNC) 

term. For example,  assume the e l e c t r i c  f i e l d  E in  (4 .2 )  i s  the sum 

of an a p p l i e d  e l e c t r i c  f i e l d  in the  x d i r e c t i o n ,  E = E^x, aj^d a
■f

motional e l e c t r i c  f i e l d  due to  misa l ignment of  the magnetic f i e l d  B and 
-*■ -► x~

the beam v e l o c i t y  v in the yz p la n e ,  EM = EMx. I n s e r t i o n  i n t o  the Gj 

term r e s u l t s  in

(4 .6 )

I d e a l l y ,  the r e v e r s a l  of  E^ only  changes the r a t e  v ia  the PNC term J 2 . 

However, (4 .6 )  co n ta in s  an i n t e r f e r e n c e  term 2E^E^ which changes sign 

under r e v e r s a l  of  EA, thus  changing the r a t e .  The change in the r a t e  

due to GjE^Ej^ must be reduced s u f f i c i e n t l y  so as no t  to  mask the PNC 

term. By knowing the s i z e  of  the  i n v a r i a n t  c o e f f i c i e n t s ,  G i , . . . G g ,  i t  

i s  p o s s i b l e  to  determine  the a l low ab le  s i z e  of  E^, and the  accuracy 

with  which the  B and <j> r e v e r s a l s  must be performed.  By a n a l y s i s  of  a l l  

such terms i t  i s  p o s s ib le  to  s e t  l i m i t s  on the s i z e  of  a l l  

misa l ignments  and the r e q u i r e d  accuracy  of  the th ree  r e v e r s a l s .

Although Dunford3 d i s c u s s e s  an i n v a r i a n t  a n a l y s i s  of  the a0 ~B0  

t r a n s i t i o n  fo r  a p p l i e d  dc e l e c t r i c  f i e l d s ,  the c u r r e n t  g ene ra t ion  of 

exper iment does not  c o r r e l a t e  the  E and $ f l i p s  to the e x t e n t  he d id ,
■f

and t r a n s v e r s e  inhomogenei t ies  in E in t ro d u c e s  new a l ignment  

r e q u i rm e n t s .  T h e re fo re ,  the i n v a r i a n t  a n a l y s i s  fo r  a p p l i e d  dc e l e c t r i c  

f i e l d s  i s  r e p e a te d .
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The i n v a r i a n t  decomposit ion in Table 4.1 i s  no t  complete .  I t  i s  

only v a l id  to  lowes t  o rde r  in the f i e l d s .  I t  p r e d i c t s  | | ^  ~ | E | 2 | e | 2  

obvious ly  f a l s e ,  s ince  the o0 p0  t r a n s i t i o n  r a t e  peaks a t  JE| ~

2.5 V/cm, | e |  ~ 4 .5  V/cm. The decomposit ion i s  v a l id  only fo r  small
■f +

f i e l d s ,  |E ( ~ | e |  < 1 V/cm. This i s  im por tan t  s ince  t h i s  low es t  o rder  

i n v a r i a n t  a n a l y s i s  i s  used to  determine  r e q u i r e d  equipment performance .  

For example,  the |A^ | 2  r a t e  i s  25 t imes more s e n s i t i v e  to  a x motional  

e l e c t r i c  f i e l d  of  16 mV (1000 yrad  t i l t  o f  B) when |E| = 1 V/cm than 

when |E| * IEIoptimal -  V/cm.

B. C l a s s i f i c a t i o n  of  I n v a r i a n t s

Misal ignments in t h i s  exper iment can d iv ided  in t o  two genera l  

c l a s s e s :  one a r i s i n g  from misa l ignments  between f i e l d s ,  and one

a r i s i n g  from misa l ignments  of  the beam with  r e s p e c t  to  the f i e l d s .

There a re  a l s o  t h r e e  s u b c la s s e s  of  problems;  t i l t s ,  o f f s e t s ,  and 

d e v i a t i o n s  o f  the beam from c y l i n d r i c a l  symmetry. The beam can be 

o f f s e t ,  and /o r  t i l t e d  with  r e s p e c t  to  the i n t e r a c t i o n  r e g io n ,  and not  

c y l i n d r i c a l l y  symmetric.  The f i e l d s  can be t i l t e d  and o f f s e t  with  

r e s p e c t  to  each o t h e r .  The l a t t e r  c ond i t ion  may no t  be so obv ious ,  but  

the  p o s i t i o n  of  the e l e c t r o d e s  with  r e s p e c t  to  the c a v i ty  endcaps i s  

im por tan t  s ince  the e l e c t r o d e s  d i s t o r t  the microwave e l e c t r i c  f i e l d  

t h a t  d ive rge s  in the endcaps .  Also,  s ince  B i s  gene ra ted  with  a f i n i t e  

l e n g th  so le n o id ,  B d iv e rg e s ,  c r e a t i n g  r a d i a l  components of  magnetic 

f i e l d ,  r e s u l t i n g  in an atom t r a n s v e r s i n g  the i n t e r a c t i o n  reg ion 

ex p e r i en c in g  motional  e l e c t r i c  f i e l d s .  The fo l low ing  i s  an i n v a r i a n t
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a n a l y s i s  in c lu d in g  a l l  p o s s ib le  t i l t s  o f  the f i e l d s  with r e s p e c t  to  

each o th e r  and o f f s e t s  of  the beam with  r e s p e c t  to  E.

The r e s u l t s  o f  the l ine shape  theory  developed in Chapter  I I I  i s  

t h a t  the e f f e c t  of  the inhomogeneous e l e c t r i c  f i e l d  a re  im por tan t  when 

c o n s id e r in g  o f f s e t s  of  the beam with  r e s p e c t  to  the e l e c t r o d e  c e n t e r  

and the c y l i n d r i c a l  symmetry of  the beam. Determining the s i z e  of  the 

l a t t e r  two e f f e c t s  r e q u i r e s  a beam average be performed.  The fo l lowing  

i n v a r i a n t  a n a l y s i s  i s  performed by beam averag ing  ( 4 . 2 ) .  For terms 

n e g l e c t i n g  beam d ive rgence  the beam average i s  t r i v i a l .  Cases 

accoun t ing  fo r  i n t e r f e r e n c e  between the motional  e l e c t r i c  f i e l d  due to  

beam d ivergence  and the inhomogeneit ie s  in the  a p p l i e d  e l e c t r i c  f i e l d  

r e q u i r e  use of  the inhomogeneous e l e c t r i c  f i e l d  l ine shape  theo ry .

C. I n v a r i a n t  A na lys is  Neglec t ing  Beam Divergence

-►
E in (4 .2 )  i s  the  t o t a l  e l e c t r i c  f i e l d  exper i enced  by the atom. 

This  e l e c t r i c  f i e l d  a r i s e s  from th r e e  d i f f e r e n t  types  o f  sources ;  

the e l e c t r i c  f i e l d  from the e l e c t r o d e s ,  E^; the motional e l e c t r i c  f i e l d  

due to  misa l ignments  of  the average beam v e l o c i t y  with  the magnetic 

f i e l d ,  E^; and the e l e c t r i c  f i e l d  due to  s t r a y  s ou rces ,  E$. P o s s ib le  

sources  of  s t r a y  e l e c t r i c  f i e l d s  are nonconduct ive pa tches  on the 

e l e c t r i c  f i e l d  e l e c t r o d e s  c o l l e c t i n g  e l e c t r i c  cha rge ,  and the e l e c t r i c  

f i e l d  from o th e r  o r i g i n s  in the a p p a ra tu s  ( s -quench ,  d e t e c t i o n  r e g io n ,  

see Chapter  V), e n t e r i n g  the i n t e r a c t i o n  r e g io n .  This  a n a l y s i s  assumes 

a l l  f i e l d s  a re  c o n s t a n t  th roughout the i n t e r a c t i o n  r e g io n .  This  i s  

i n c o r r e c t  fo r  a l l  o f  the mentioned sources  of  E$, bu t  does prov ide 

i n s i g h t  in to  a l low ab le  l i m i t s .
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, n
S u b s t i t u t i o n  of  E = E^ + Ep/| + Eg i n t o  r e s u l t s  in 81 terms

fo r  the o0 - 3 0  t r a n s i t i o n .  Six of  these  terms f l i p  s ign under a l l  th ree  

r e v e r s a l s ,  24 terms f l i p  s ign under only two of  the r e v e r s a l s ,  and 41 

terms f l i p  s ign under only one o f  the r e v e r s a l s .  Th is  a n a l y s i s  

assumes t h a t  the d i f f e r e n t  r e v e r s a l s  cause E^ + -E^,  8  -► - 8 , and ex * 

- e x , ey -► - e y , and gz -*■ cz . This  approach i s  b e l i e v e d  to  be reasonab ly  

a c c u r a t e  fo r  a l l  b u t  the cy ca s e .  I t  i s  o v e r - g e n e r a l i z e d  s ince  Gy can 

be s e t  equal  to  ze ro  w i thou t  l o s s  of  g e n e r a l i t y .  However, once the <f> 

r e v e r s a l  i s  performed,  £y i s  no longer  zero in the o ld  c oo rd ina te  

system. Though p o s s i b l e  to  keep cy ze ro  by r o t a t i n g  the c oo rd ina te  

system, t h i s  may be more t r o u b l e  than i t  i s  worth ,  and i t  i s  

u n p h y s ic a l .  Regard less  of  how ey i s  def ined  befo re  the <f> r e v e r s a l ,  i t s  

value a f t e r w a r d s  i s  complete ly  u n p r e d i c t a b l e .

Table 4 .2  g ive s  a s e l e c t e d  s e t  of  misa l ignments  and r e v e r s a l  

a c c u r a c i e s .  Table 4.3 l i s t s  the l a r g e s t  sy s t e m a t i c s  us ing  the values  

in  t a b l e  4 . 2 .  The va lues  in t a b l e  4.2  a re  a d j u s t e d  so t h a t  the  l a r g e s t  

PC/PNC r a t i o s  in t a b l e  4.3  a re  c lo se  to u n i t y .

D. E f f e c t s  of  I n t e r f e r e n c e  Between Motional E l e c t r i c  F i e l d  from Beam 
Divergence and Inhomogeneous Applied E l e c t r i c  F ie ld s

I n t e r f e r e n c e  between the motional e l e c t r i c  f i e l d  due to  beam 

d iv e rgence  and the inhomogeneit ie s  in the  a p p l i e d  e l e c t r i c  f i e l d  of  the 

e l e c t r o d e s  r e s t r i c t s  the a l ignment  of  the beam with r e s p e c t  to the 

e l e c t r o d e  c e n t e r ,  and the c y l i n d r i c a l  symmetry of  the beams i n i t i a l  

s t a t e  p o p u la t io n .  Assuming the beam d ive rges  from a p o i n t  source in a 

uniform magnetic f i e l d ,  r e s u l t s  in a motional  e l e c t r i c  f i e l d ,
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^  = 300 ^  (-v«B ) * 0  ^  = Dp$ , (4 .7 )

where <50  i s  the maximum beam d i v e rg e n c e , 1* p0  i s  the beam d iam ete r ,  v
A +

and B a r e  p a r a l l e l  or  a n t i p a r a l l e l ,  B in gauss ,  and in vo l t s / cm .

Table 4 .4  l i s t s  those terms which can p o s s i b ly  r e s t r i c t  beam/ 

e l e c t r o d e  a l ignm ent  once a beam average i s  completed.  The f i r s t  and 

seven th  e n t r i e s  a re  of  the form Ea'^M* and can be sbown t 0  be 2ero 

i r r e s p e c t i v e  of  the form o f  E^. Averaging over the beam r e s u l t s  in

i  po 2 n +  +

— -  J pdp J dij> Ea *Em . (4 .8 )
irpo 0 0

S u b s t i t u t i n g  the e x p l i c i t  form of  EM = Dp$,

k p °  2 2ir a
— -  J p  dp / d<t) ea (4 .9 )
*Po 0 0

Note the  form of  the 4> i n t e g r a l ,

2 tt
J d  d<|> (4.10)-A o

Comparing (4 .10)  to  the r e s u l t  o f  app ly ing  S to k e 1s theorem to one of  

Maxwel l 's  e q u a t io n s  in the s t a t i c  case ,

/^(7xE)*nda = Jq E*dz  * 0 , (4 .11)

and choosing  d t  = p0 4> r e s u l t s  i n ,
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2 ir (Ji
p J E d<j> = 0 . (4.12)

0  0

Equation 4.12 i s  i d e n t i c a l  to  ( 4 . 1 0 ) ,  t h e r e f o r e ,  due to  the form of Ejyj

from a d iv e rg in g  beam, (4 .8 )  i s  ze ro  r e g a r d l e s s  of  the shape of  E

Equation 4.8 t e l l s  us t h a t  E^E ĵ = "^aEM* Since the se  terms are

r e q u i r e d  i n d i v i d u a l l y ,  t h i s  i s  a u se fu l  i n t e r n a l  cons i s tency  check.

Table 4 .4  c o n t a in s  only four  unique terms t h a t  must be e v a l u a t e d ,

E?E„ , E^E^ , E?eX , E^E^. E? i s  a l i n e a r  combination o f  the x and y AM A M * A M  A M A

f i e l d s  due to  the e l e c t r o d e s  being r o t a t e d  with r e s p e c t  to  the Zeeman

a x i s .  T h e re fo re ,  no th ing  new needs to be eva lu a te d  fo r  the E^ c a s e s .

The beam and e l e c t r o d e s  can be m isa l igned  in a combination of  the

x and y d i r e c t i o n s .  Since the  e f f e c t s  of  these  o f f s e t s  a re  small

(a l though  im por tan t )  they w i l l  be t r e a t e d  s e p a r a t e l y .  Figure 4.1 shows

both o f f s e t s  and the r e l e v a n t  i n t e g r a l s .  Using only the symmetries and

no t  the r e l a t i v e  magnitudes or  e x a c t  shape of  the motional and a p p l i e d

e l e c t r i c  f i e l d s ,  i t  i s  p o s s i b l e  to  determine  the  nonzero i n t e g r a l s .

The nonzero i n t e g r a l s  have been e v a l u a t e d  by approx imat ing the 
1 1 2  2

i n t e g r a n d  ° ( p  »*o,y cP * °* Tlle 1’n t e 9r a l s  fo r  x and V o f f s e t s  are 

given in  t a b l e s  4 .5  and 4.6 r e s p e c t i v e l y .  The terms of  i n t e r e s t  a r e ,
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F igure  4.
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I n t e r f e r e n c e  of  Motional E l e c t r i c  F i e l d  Due to  Beam 
Divergence and dc E l e c t r i c  F i e l d  Inhomogene it ies
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(4.13)

I FxFy = 2 1  2X x0 * 0 J l AlM bir po*o

y0 - 0 I Ey Ex  = 51 02xVM bir V o

, r-Xr-X _ DV 2
x0  = 0   ̂ J a  r  '  b l  po o

y0 * 0 i EyEy = 51 2V
AM blT o o

Requir ing  the e n t r i e s  in t a b l e  4 .4  be l e s s  than or equal  to  the PNC 

term r e s u l t s  i n ,

Xq < 1 . 5 6 x l 0 ' 4 

y0  < 1 . 6 5 x l0 " 3

The c u r r e n t  e l e c t r o d e s  have a 6  mm in n e r  r a d i u s ,  y i e l d i n g

bx0  = 9 .2 5 x l0 " 5 cm (36 pinch) 

by0  = 9 .9 x l0 " 4  cm (390 pinch)
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T a b le  4 .1

I n v a r i a n t  A na lys is  of  Rate to  Lowest Order in the F ie ld s

|AM | 2  = F ^ b x B ) 2  + F2 (b*B) 2 (equ. 4 .1 )

|A$ | 2 = G1 (exB)2 (ExB) 2  + G2 (exB*ExB) 2

-► A 9  *► A 9  A ^  >  A p

+ G3 (e*B) (E xB) + G4 (exB) (E*B)

(equ.  4 .2)

+ G5 ( e -B ) 2 (E-B ) 2  + G6 (c-B)(E-B)(exB-ExB)

+ G7 (e*B)(E*B)(exE'B) + Gg(exB*ExB)(exE’B)

(AmA* + cc) = H1 (e -B)(b-B)(E-B) + H2 (exB-bxB)(E-B)

+ H3 (exB*ExB)(b*B) + H4 (e*B)(bxB'IxB) (equ.  4 .3 )

+ Hg(exb*B)(E * B) + HgUxE-B)(b-B) + H7 (bxE-B)(e-B)

(A$Aj + cc)  = J 1 (exB)2 (E*B) + J ^ e - B ) ( exB)• (ExB)
(equ.  4 .4 )

+ J 3 U-B)(exE-B)  + J 4 ( e -B ) 2 (E-B)

+ c c  ̂ = + kg( es<b*B) + k3 (e*B)(b*B) (equ.  4 .5 )
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T a b le  4 .2

F ie l d  and I n v a r i a n t  C o e f f i c i e n t s  Values fo r  a o " 0 o a t  540 gauss

Angular
______________________Dependence1___________ Limit s  on Angular Value

*► A 
B = (5 40  gauss)z

| e |  = 1 . 0

ex = 0 . 0 8 7 1

ey = 0 . 0 0 1

ez = 0 . 9 9 6

Ej = 1 .0

E^ = 0 . 0 0 1 1 s iny  cosa Y < 1100 urad

E? = 0 .0 0 0 1  A cosy s i n a a  < 100 urad

E* = 0 .0 0 0 1 5  

E* = 0 . 0 1 1

s i n x

s i n x

x < 0 . 2 7  urad
( f o r  X = u / 2 ,  3 i r /2 )  

x < 185 urad  
( f o r  X = 0 ,  ir)

E^ = 0 . 0 0 1

E^ = 5 . 0 x l 0 ‘ 5

Accuracy of  E, B, and $ r e v e r s a l s  = 1%

Gx = 3.63 

G2  = 0.0383 
G3  = 0  

G4  = 0 

G5  = 8.56 

G6  = -9 .77  

G7  = -4 .1 4  

G8  = -0 .818

J 2V = - 6 . 8 3 x l 0 “ 7 ( J 2?  E*Be*E = 5 .9 x l0 - 8 )

1See fo o tn o te  4 f o r  angle d e f i n i t i o n .
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T a b le  4 .3

Im por tan t  I n v a r i a n t s  N eglec t ing  Beam Divergence

t . .  T Change Sign Under Value o f  PC I n v a r i a n t  Term
L i s t e d  Reversa l s  Value of  PNC I n v a r i a n t  Term

6 x z A M

Gc e e EJeX 
6  y z A M

G7 V z El ES

G7ey ezEAES

Gl 2 exEK

«i2 e j E M  1 x A M

G8 exEAES

G«eve,E?E* 
6  x z A S

G6 exCZEAES

G7 s x£zEAEA

Gl 2 exEAES

G6 exs zEAEA

t A [ E >
8  x A M

EB<f>

EB

E*

0.215

1.64

0.606

0.348

-1 .39

- 1 .02

-0 .113

1.05 

0.715 

0.157 

0.606

- 1 . 0 2

0.143

1.05

Only those terms where the r a t i o  o f  (PC in v a r i an t ) / (PN C  i n v a r i a n t )  i s  
g r e a t e r  than 1 / 1 0  a re  l i s t e d .
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T a b le  4 .4

I n v a r i a n t s  fo r  I n t e r f e r e n c e  Between Beam Divergence 
and E l e c t r i c  F i e l d  Inhomogeneit ies

2G1 < 4  +  Ey > (EJ EiS ♦  EAEM> 5 0 

2 G , e we . . ( E j E y  + E*E*)2 x y  A M 

2 G2 exEAXEMX 

2G2 £y EAEM 

G7 e x e z EAEM

G7 £y £ z EAEM

2G0 s  e,  (E*E* + E j E ^ )  = 0 8 x y  A M A M

t y ' x  * ey )(ESEM + EAES>



Table 4.5
I n t e g r a l s  f o r  the I n t e r f e r e n c e  of  Motional E l e c t r i c  F ie ld s  
Due to  Beam Divergence and E l e c t r i c  F i e l d  Inhomogeneit ies  

f o r  R e la t i v e  Displacements  in the X D irec t ion

0

0

0

1

1

0

1

0

1

I n t e g r a l s  a re  o f  the form:

E*(p=0) + E ^ (p ) ]n [E j (p )  -  Ey(p=0) + Ey(p ) ] mdA

I n te g ra l

1

0

(2V)2(I  p4 + 1 .  p8} + 1 02
nb o 10 po } 4

0

0

(2V}2( 1 4 + 1 .  8 } + 1 d2 
ub 6  o 10 o j 4

D = 300 {vg/c)B$0 / p 0

D mks v o l t s  due to  beam divergence

vb beam v e l o c i t y

c speed of  l i g h t

B magnetic f i e l d  value in gauss

$ 0  maximum angle in rads  t h a t  a c y l i n d r i c a l l y  symmetric 
beam d iv e rg in g  from a p o i n t  source makes with  the 
average  beam v e l o c i t y

x0  ( tube d isp lacement  along x a x i s ) / ( t u b e  in n e r  r a d iu s )
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T a b le  4 .6

I n t e g r a l s  f o r  the I n t e r f e r e n c e  of  Motional E l e c t r i c  F ie ld s  
Due to  Beam Divergence and E l e c t r i c  F ie ld  Inhomogene it ies  

f o r  R e la t iv e  Displacements  in the  Y D i re c t io n

I n t e g r a l s  a r e  of  the  form:

E*(p=0) + E ^ (p ) ]" [E y(p )  -  E*(p=0) + Ey(p ) ] mdA 

I n t e g r a l

lnrpA/ -Mi

m

0

0

0

1

2

0

1

1

0

f 2V,2r l  4 , 1  8 W  f2Vv  nw 2\  . 1 n2
y  (7  °o  + w  + t; ? K ' Dy° po) + 7  D

0

0

( 2V^2( 1 4 , 1 8 -v , ( 2V (̂ xn,. 2-» . 1 r.2
y  %  p° + U ° o )  + y t +DV o )  + ? D

y 0  ( tube  d isp lacement  along  y a x i s ) / ( t u b e  in n e r  r a d iu s )
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CHAPTER V 

APPARATUS

A. Apparatus Overview

Figure  5.1 i s  a genera l  block diagram of the exper imen tal  

a p p a r a tu s .  The source  produces a beam of hydrogen in the n= 2  s t a t e .

The beam i s  then co l l im a te d  and passes  through the beta  quench region 

where the f i n a l  ( 8 0 ) s t a t e  i s  depopula ted  by quenching in a dc e l e c t r i c  

f i e l d .  I t  then e n t e r s  the i n t e r a c t i o n  reg ion  where the atoms in the 

i n i t i a l  s t a t e  (a0 ) a r e  d r iven  to  the f i n a l  s t a t e  via a combination of  

dc magnetic ,  dc e l e c t r i c ,  and r f  e l e c t r i c  f i e l d s .  The dc magnetic 

f i e l d  i s  gene ra ted  by the s o l e n o i d ,  the dc e l e c t r i c  f i e l d  by the g l a s s  

e l e c t r o d e s ,  and the  r f  e l e c t r i c  f i e l d  by the i n t e r a c t i o n  c a v i t y .  The 

beam then passes  through a second microwave c a v i ty  where the remaining 

atoms in the  i n i t i a l  s t a t e  a re  removed by r f  quenching.  The f i n a l  

s t a t e  i s  then quenched by a dc e l e c t r i c  f i e l d ,  e m i t t i n g  10.2 eV Lyman- 

alpha  pho tons .  The photons are  d e t e c te d  by p h o to i o n iz a t io n  d e t e c t o r s ,  

whose c u r r e n t  o u tp u t  i s  measured by a da ta  a c q u i s i t i o n  system.

B. Source and C o l l im a t ion

The source i s  a duopla sm atron1 producing a beam of pro tons  a t  

500 eV which a re  then charge exchanged in a cesium vapor re g io n .  The 

charge exchange p rocess  produces severa l  sp e c ie s  o th e r  than n e u t ra l

64
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hydrogen.  Charged s p ec ie s  a re  removed from the beam by pass ing  i t  

through e l e c t r o s t a t i c  d e f l e c t i o n  p l a t e s ,  a f t e r  which the beam c o n s i s t s  

mainly of  n e u t r a l s ,  some of  which are atomic  hydrogen.  The cesium 

vapor p re s su re  i s  s e t  a t  1 .4xl0^^ /cm 2  f o r  optimum formation o f  hydrogen 

in the n= 2  l e v e l .

The beam i s  c o l l im a te d ,  assuming the source i s  d i f f u s e ,  with two 

c i r c u l a r  kn i fe  edge c o l l i m a t o r s ,  y i e l d i n g  a d iamete r  of  0.5 cm in the 

i n t e r a c t i o n  reg io n .  For the  purposes o f  c o l l i m a t i o n ,  the assumption of 

a d i f f u s e  source i s  the co n s e rv a t iv e  assumption .  The exper ience  of  

Levy2  i s  t h a t  the source i s  " e s s e n t i a l l y "  a p o i n t  source .

Beam divergence  i s  de termined in two ways. For a p o i n t  sou rce ,  

the  c o l l i m a t o r s  give a maximum divergence  of  1500 y rad s .  I t  i s  

measured by observ ing  the s t r e n g t h  of  the a+i~B0  t r a n s i t i o n  r a t e  when 

the only dc e l e c t r i c  f i e l d  i s  the motional  e l e c t r i c  f i e l d  due to  beam 

divergence  in a 520 gauss magnetic f i e l d .  For a p o in t  sou rce ,  the 

angle  of  divergence  i s  p ro p o r t i o n a l  to  the d i s t a n c e  the atom i s  from 

the beam a x i s .  Assuming the beam i s  c y l i n d r i c a l l y  symmetric and 

uni formly  d i s t r i b u t e d ,  t h i s  r e s u l t s  in a beam divergence  of  ??? rads .

The s t a b i l i t y  of  the beam i s  c h a r a c t e r i z e d  in th r e e  ways: 

d i r e c t i o n  of  the mean v e l o c i t y ,  s p a t i a l  d i s t r i b u t i o n  of  atoms in the 

beam c ross  s e c t i o n ,  and the  d i s t r i b u t i o n  in time of  the atoms pass ing  

through the d e t e c t i o n  r e g io n .  Techniques have n o t  been developed to 

unambiguously measure the f i r s t  two e f f e c t s .
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C. Beta Quench

The purpose of  the be ta  quench reg ion i s  to  depopula te  the f i n a l

( 0 O) s t a t e  observed in the exper iment .  Upon e n t e r i n g  the be ta  quench

reg ion  the m a jo r i t y  o f  the e x c i t e d  popula t ion  o f  the beam i s  in the

«+l» a o» ®o» an(* l e v e l s  of  the n=2 s h e l l .  Since the exper iment i s

performed a t  a magnet ic f i e l d  value near  the c ro s s in g  of  the 0 and e 

s t a t e s  i t  i s  p o s s i b l e  to  s e l e c t i v e l y  remove 0  s t a t e s  from the beam by 

app ly ing  a dc e l e c t r i c  f i e l d .  The dc e l e c t r i c  f i e l d  mixes the e s t a t e s  

with the 3  s t a t e s ,  caus ing  t h e i r  decay to the n=l s t a t e .  Since the a 

l e v e l s  a re  s e p a ra t e d  by approx im ate ly  1500 MHz from the 0 s t a t e s ,  only 

a small f r a c t i o n  of  the a s t a t e s  a re  l o s t .

The beta-quench  reg ion  c o n s i s t s  o f  two c lo s e l y - s p a c e d  

semi c y l i n d e r s  held a t  ±V (V = 15V f o r  a + i - 0 o , V = 30V fo r  a o- 0 o ) with 

r e s p e c t  to  machine ground.  The e x i t  end of  the semi c y l i n d e r s  i s  shaped 

to  y i e l d  a quadrupole f a l l - o f f  the  e l e c t r i c  f i e l d ,  th us  reducing  the 

s i z e  of  e l e c t r i c  f i e l d s  from the be ta  quench reg ion  e n t e r i n g  the 

i n t e r a c t i o n  re g io n .

D. I n t e r a c t i o n  Region

■V
The i n t e r a c t i o n  reg ion  co n ta in s  an r f  e l e c t r i c  f i e l d ,  e ,  o f  about  

4 V/cm a t  1500 MHz t i l t e d  a t  an angle <|> (5°) w ith  r e s p e c t  to  the Zeeman 

a x i s  ( f i g .  2 . 2 ) ,  and a dc e l e c t r i c  f i e l d ,  E, o f  about  2 V/cm 

p e rp e n d i c u l a r  to the Zeeman a x i s .  The r f  e l e c t r i c  f i e l d  i s  genera ted  

by o p e r a t i n g  a r i g h t  c i r c u l a r  c y l i n d r i c a l  microwave ca v i ty  in the TM0 1 0  

mode. In t h i s  mode the r f  e l e c t r i c  f i e l d  i s  p a r a l l e l  to  the c y l in d e r
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a x i s .  The beam passes  through the microwave c a v i ty  p a r a l l e l  to  the 

a x i s  of  the so le n o id  f i e l d .  The dc e l e c t r i c  f i e l d  i s  genera ted  by 

app ly ing  v o l t a g e s  ±V to a p a i r  of  c a rbon-coa ted  g l a s s  s e m i - c y l in d e r s ,  

whose a x i s  i s  p a r a l l e l  to  the magnetic f i e l d .

D.l  Microwave Cavity

The <j> r e v e r s a l  i s  performed by r o t a t i n g  the cav i ty  a x i s  180°

around the beam a x i s ,  f i g .  5 . 2 .  To ach ieve  a 1% <|> r e v e r s a l  the ca v i ty

must be a c c u r a t e l y  and r e p e a t a b ly  r o t a t e d  about  the beam a x i s .

Figure 5.3 shows the  a p p a ra tu s  used to  do t h i s .  A s t a t i o n a r y  r i n g  i s

lo c a te d  in a f i x e d  p o s i t i o n  with  r e s p e c t  to  the beam a x i s ,  f i g .  5 .3 a .

Machined i n t o  the face o f  t h i s  r in g  a re  th r e e  e q u a l ly  spaced grooves in 

which a re  held 1/4" sapph ire  ba l l  b e a r i n g s ,  f i g .  5 .3b .  The b a l l  

bea r ings  mate with  th r e e  eq u a l ly  spaced grooves in the 5° wedge, groove 

s e t  (a)  f i g .  5 . 3 c .  The 5° wedge holds the c a v i ty .  The c a v i ty  body i s  

a r i g h t  c i r c u l a r  c y l i n d e r  with mating end p l a t e s .  The end p l a t e s  a re  

c y l i n d r i c a l l y  symmetric and mate with  the end caps .  Holes a re  machined 

through the end caps a t  5° with  r e s p e c t  to  the ca v i ty  a x i s  to  al low fo r  

the passage o f  the beam. To perform the  $ r e v e r s a l  the 5° wedge and 

c a v i ty  a re  l i f t e d  o f f  the  b a l l  b e a r i n g s ,  r o t a t e d  180° about  the  beam 

a x i s ,  and s a t  back on the  b a l l  b ea r in g s  us ing  groove s e t  (b ) .  Using a 

combination o f  screws and gears  the <|> r e v e r s a l  can be performed under 

vacuum by m an ipu la t ing  two r o t a r y  feed th roughs .

The ca v i ty  r o t a t i o n  assembly was des igned to  meet the  f u tu r e  needs 

of  the exper im en t .  The s t a t i o n a r y  r i n g  and 5° wedge a re  l a rg e  enough 

to  ac c e p t  a c a v i ty  o p e ra t in g  a t  a f requency  low enough to  pe rm i t  the 

cxq-S o resonance to  occur  a t  510-515 gauss .  The s t a t i o n a r y  r i n g  i s
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l a rg e  enough to  a c c e p t  a c a v i ty  held by a 1 0 ° wedge. Since the cav i ty  

body and end p l a t e s  a r e  c y l i n d r i c a l l y  symmetric,  they can be used a t  

any ang le .

Requi r ing t h a t  the <j> r e v e r s a l  be performed with a p a r t i c u l a r

accuracy r e s t r i c t s  the e r r o r s  pe rm i t ted  in the components of  the r f
+ •¥ 

e l e c t r i c  f i e l d ,  e ,  when the d i r e c t i o n  of  e x  i s  r e v e r s e d .  I f  a 1%
■> A A

r e v e r s a l  (Chapter  IV) i s  to  be ach ieved ,  i n i t i a l l y ,  e  =  s x e x  +  e z e z ,  

and a f t e r  the r e v e r s a l  e '  = ~exex + e^Cy + e ^ z *  w*ie re  ^ex” e x ^ e x <

0.005,  and Gy/ez < 0 .01 .

To s a t i s f y  the £y req u i re m en t ,  two c o n d i t i o n s  must be met. F i r s t ,  

assuming the a x i s  about  which the ca v i ty  r o t a t e s  remains f i x e d ,  i t  must 

be r o t a t e d  180°±6.5°.  Secondly,  assuming the c a v i ty  r o t a t e s  180°,  bu t  

i t s  a x i s  t i l t s  o u t  o f  the i n i t i a l  x-z  p la n e ,  t h i s  t i l t  must not  be more 

than 0 .5 7 ° .  Both of  the se  requ irements  a re  t r i v i a l  to  meet.

T r a n s l a t i n g  the ex requ i rem en t  d i r e c t l y  i n t o  machining t o l e r a n c e s  

r e q u i r e s  p a r t s  machined to  b e t t e r  than 0.001 inch .  However, the ac tu a l  

r equ i rem en t  i s  n o t  the r e v e r s a l  o f  the c a v i ty  about  some imaginary 

a x i s ,  bu t  the r e v e r s a l  o f  ex about  the beam a x i s .  An a x i s  about  which 

e x changes only i t s  s i g n ,  can always be found.  This reason ing  ignores  

the components of  ex due to  the d ivergence of  e in the endcaps.  

R e s t r i c t i o n s  p laced on c a v i ty  t o l e r a n c e s  due to  t h i s  divergence  a re  

unknown.

D.2 E l e c t r i c  F i e l d  E lec t rode s

The e l e c t r o d e s  used to  apply the dc e l e c t r i c  f i e l d  a re  carbon 

coated  g la s s  s e m i - c y l in d e r s .  The s e m i - c y l in d e r s  a r e  carbon coated  both
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i n s id e  and o u t s i d e .  Typical  e nd - to -e nd  r e s i s t a n c e  of  a s e m i -c y l in d e r  

i s  about  50 Mft.

The s e m i -c y l in d e r s  a re  held a t  one end by a f i v e  a x i s  p o s i t i o n in g  

s t a g e .  The s tage  i s  a d j u s t a b l e  while the system i s  under vacuum via 

f i v e  f lange  mounted r o t a r y  feed th ro u g h s .  The e l e c t r o d e s  can be r o t a t e d  

about  t h e i r  c y l i n d r i c a l  a x i s ,  t r a n s l a t e d  along the x and y axes ,  and 

r o t a t e d  about  the c a v i ty  ce n t e r  in the  xz and yz p la n e s .  The 

p o s i t i o n i n g  s tage  was designed to  permi t  a r e s o l u t i o n  of  1 0 0  

m icro - inches  in t r a n s l a t i o n  and 50 m ic ro rad ians  in r o t a t i o n .

E. Magnetic F ie ld

The ap p a ra tu s  involved  in magne tic  f i e l d  gene ra t ion  comprises a 

s o le n o id ,  s o leno id  power supply,  so leno id  suppor t  system, and e a r t h -  

f i e l d  shim c o i l s .

The s o leno id  and power supply were c u s to m -b u i l t  by Alpha 

S c i e n t i f i c  of  Hayward, CA. The so leno id  has twelve l a y e r s  of  440 tu rn s  

o f  # 1 0  square copper w i re ,  with two moveable c y l in d r i c a l l y - s y m m e t r i c  

shims of  four  l a y e r s  of  62 tu rn s  of the same w ire .  The shims and 

s o leno id  a re  e l e c t r i c a l l y  connected in s e r i e s .  By a d j u s t i n g  the 

p o s i t i o n  of  the shims along the so leno id  a x i s ,  the shape of  the 

magnetic f i e l d  has been a d j u s t e d  so t h a t  the a x i a l  component changes by 

l e s s  than 2 0 0  ppm through the c e n t r a l  1 2  c e n t im e te r s  of the 

i n t e r a c t i o n  re g io n .  C u r r e n t l y ,  a lmost  no e f f o r t  has been put  in to  

minimizing ax i a l  component v a r i a t i o n .  I t  i s  expec ted  t h a t  s i g n i f i c a n t  

improvements can be made.
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The power supply i s  a v o l t a g e - c o n t r o l l e d  c u r r e n t  source .  I t  was 

des igned  to  the fo l low ing  s p e c i f i c a t i o n s ,  where a I = change in ou tp u t  

c u r r e n t :

Al/5°C change in ambient  t em pera tu re  < ±10 ppm 

Al/±10% change in l i n e  load < ±10 ppm 

A l / 1  second < ±10 ppm 

Al / 8  hours < ± 1 0 0  ppm

The power s u p p l y ' s  c u r r e n t  ou tp u t  i s  c o n t r o l l e d  by a magnetic f i e l d  

con t ro l  u n i t  us ing a d i g i t a l - t o - a n a l o g  c o n v e r t e r ,  and soon an NMR-based 

con t ro l  u n i t  w i l l  be i n s t a l l e d  (see Appendix C).

To keep the motional e l e c t r i c  f i e l d s  small enough so as n o t  to 

in t ro d u ce  u n d e s i r a b l e  s y s tem a t ic  e f f e c t s ,  i t  i s  necessa ry  to  a l i g n  the 

magnetic f i e l d  with  the average beam v e l o c i t y  to  one m ic ro rad ia n .

Since the  s o len o id  weighs approxim ate ly  1500 l b s ,  t h i s  was somewhat of  

a c h a l l e n g e .  The s e l e c t e d  system invo lves  hanging the  e n t i r e  s o leno id  

from two 0 . 0 5 0  inch by 4 . 0  inch phosphor bronze s t r i p s  which are  

a t t a c h e d  to  a f l o a t  submerged in  a tank of  automobile a n t i f r e e z e  

(mainly e th y le n e  g l y c o l ) ,  see f i g .  5 . 4 .  The phosphor bronze s t r i p s  

permi t  the s o leno id  to  be r o t a t e d  in the yz p la n e .  The n e u t ra l  

buoyancy of  the f l o a t  permi ts  r o t a t i o n  in the  xz plane and 

t r a n s l a t i o n s  a long the x, y,  and z axes .  R o ta t io n s  in the yz and xz 

p lanes  w i l l  be c o n t r o l l e d  by f i v e  micro - inch  r e s o l u t i o n  micrometers ,  

p e r m i t t i n g  r e s o l u t i o n  well beyond the r e q u i r e d  one m ic ro rad ia n .
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The e a r t h ' s  magnetic f i e l d  has components along the x, y ,  and z 

axes .  To perform the magnetic f i e l d  r e v e r s a l  w i thou t  a d j u s t i n g  the 

s o l e n o i d ' s  magnetic f i e l d  d i r e c t i o n ,  i t  i s  necessa ry  to  cancel  o u t  the 

x and y components of  the e a r t h ' s  f i e l d .  This  i s  done with  a s e t  of  

e a r t h  f i e l d  shim c o l l s .  They a re  two r e c t a n g u l a r  p a i r s  of  c o i l s  placed 

in  the xz and yz p lanes  on the o u t s id e  o f  the main so le n o id .  The 

homogeneity of  the se  c o i l s  th roughou t  the twelve c e n t im e te r s  of  the 

i n t e r a c t i o n  reg ion  i s  the o rde r  of  one m i l l i g a u s s .  The z component of  

the e a r t h ' s  magnetic f i e l d  i s  p a r a l l e l  to  the main magnetic f i e l d  and 

w i l l  be compensated fo r  by the NMR magnetic f i e l d  co n t ro l  u n i t .

F. Alpha Quench and Detec t ion

The a quench c a v i ty  fo l low s  the main t r a n s i t i o n  reg ion  by 3 cm and 

removes the i n i t i a l  a 0  s t a t e  befo re  the beam reaches  the d e t e c t o r s . 3 

The popu la t ion  o f  the a s t a t e s  i s  105  t imes  l a r g e r  than the g0  popula

t i o n  when the  beam e x i t s  the  main t r a n s i t i o n  r e g io n .  The atoms in 

the  B0  s t a t e s  a re  d e t e c t e d  by obse rv ing  the Lyman-a r a d i a t i o n  when they 

a re  quenched in a dc e l e c t r i c  f i e l d  near  the e-e c r o s s i n g .  Although 

the dc S ta rk  quenching r a t e  of  the a s t a t e  atoms i s  much sm al le r  (10"3 ) 

than t h a t  f o r  the 3 s t a t e  atoms a t  t h i s  magnetic f i e l d ,  the r a d i a t i o n  

from such quenching would complete ly  dominate the d e s i r e d  s i g n a l .  This 

problem i s  e l im i n a t e d  by removing a l a rg e  f r a c t i o n  of  the a  s t a t e  atoms 

by r e s o n a n t  a - f  quenching in a microwave c a v i ty  j u s t  p r i o r  to  the 

d e t e c t i o n  r e g io n .  The c a v i ty  a x i s  i s  p e r p e n d ic u la r  to  the magnetic 

f i e l d  a x i s .  The quenching e f f i c i e n c y  i s  very good, bu t  a small
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f r a c t i o n  of  the background remains r e l a t e d  to  t h i s  r eg ion :  i t s  o r ig i n

comes from m u l t ip l e  s c a t t e r i n g  of  the Lyman-a r a d i a t i o n  produced in the 

a  quench ca v i ty  i n t o  the  d e t e c t o r s .  Three l i g h t  b a f f l e s  between the 

c a v i ty  and the d e t e c t i o n  reg ion  have reduced t h i s  problem to  an 

acc e p ta b l e  l e v e l .  The atoms in the  3  s t a t e  a re  d e t e c te d  by app ly ing  a 

l o c a l i z e d  e l e c t r i c  f i e l d  to  s e l e c t i v e l y  quench them in the f i e l d  of  

view of  the Lyman-a d e t e c t o r s .  Because of  a Lyman-a r a d i a t i o n  

background a r i s i n g  from the decay of  the  high Rydberg s t a t e s  produced 

in the cesium charge exchange i t  has been d iscovered  t h a t  i f  the 

e l e c t r i c  f i e l d  l o c a l i z a t i o n  i s  very h igh ,  t h i s  background can be 

g r e a t l y  reduced.  The background i s  p ro p o r t i o n a l  to  the beam volume in 

s i g h t  of  the d e t e c t o r s  whereas the s ig n a l  i s  p ro p o r t i o n a l  to  the 

quenching e f f i c i e n c y .  A very high quenching e f f i c i e n c y  has been 

achieved  with  a quadrupole  f i e l d  c o n f i g u r a t i o n ,  to g e th e r  with  carbon 

f i lm s  to  improve the boundary c o n d i t i o n s .  Th is  e l e c t r i c  f i e l d  

c o n f ig u r a t i o n  has the same f e a t u r e s  as t h a t  used by Van Wijngaarden 

e t  a l . , 1* and i s  shown in  f i g u r e  5 .5 .  The e l e c t r i c  f i e l d  i s  t r a n s v e r s e  

to  the magnetic f i e l d  d i r e c t i o n  and i s  conf ined  to  a d i s t a n c e  o f  6  mm 

along  the beam d i r e c t i o n  by us ing shaped ceramic g l a s s  s u ppo r t s  f o r  the 

th in  carbon f i lm s  and the  fou r  quenching rods .  The square o f  the 

e l e c t r i c  f i e l d  sw i tches  from 10 to 90% o f  i t s  c e n t r a l  value in 1.5 mm.

The Lyman-a p h o to i o n iz a t io n  d e t e c t o r s  have been d esc r ibed  

e l se w h e re . 5 T h e i r  main f e a t u r e s  a r e  l a rg e  s o l i d  ang le ,  good quantum 

e f f i c i e n c y  (20 to  25%) and high gain (up to  104 ) .  The c u r r e n t  from the 

two p h o to i o n iz a t io n  d e t e c t o r s  i s  fed  to  a c u r r e n t  s e n s i t i v e  

p r e a m p l i f i e r  with  a maximum s e n s i t i v i t y  10® V/A.
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G. Neutral  Beam D etec to r

The beam ends i t s  t r a n s i t  of  the machine by h i t t i n g  a Faraday cup. 

The Faraday cup i s  u se fu l  fo r  de te rm in ing  i f  the source i s  p rov id ing  

n e u t r a l s  t h a t  a re  no t  a r r i v i n g  in  the  d e t e c t i o n  reg ion  as n= 2  

hydrogen.

H. Suppor t  System

The frame of  the machine was des igned  so t h a t  the i n t e r a c t i o n  

reg ion  could be moved independen t ly  of  the beam source and s o le n o id .

The two c o l l i m a t o r s  are a t t a c h e d  to  the source reg ion  of  the machine 

( f i g .  5 .1 )  and the source reg ion  i s  s e p a ra t e d  from the i n t e r a c t i o n  

reg ion  by a be l low s .  The vacuum chambers of  the source and i n t e r a c t i o n  

r eg io n s  a re  each a t t a c h e d  to t h e i r  own frames,  and the  frames are  

anchored  s o l i d l y  to  the f l o o r .  T h e r e f o re ,  i f  the vacuum chambers and 

frames were r i g i d  o b j e c t s ,  i t  would be p o s s ib le  to move the  i n t e r a c t i o n  

reg ion  w i th o u t  moving the beam d i r e c t i o n .  Although t h i s  i s  n o t  the 

case (nor was i t  expec ted  to be) due to  the  bel lows being very s t i f f ,  

i t  r e p r e s e n t s  a s i g n i f i c a n t  improvement over the p rev ious  g e n e r a t i o n .

I .  E l e c t r o n i c  In s t rum en ta t ion

F igure  5.6  i s  a block diagram of  the s o o n - t o - b e - i n s t a l l e d  da ta  

a c q u i s i t i o n  system. The computer i s  a Char les  River Data Universe 

68/05 which communicates with the fo l low ing  major i tems:  a g raph ic s  

t e rm in a l ,  p l o t t e r - p r i n t e r ,  and a u n i t  c a l l e d  the m i c r o c o n t r o l l e r .  The
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m i c r o c o n t r o l l e r ,  r f  power l e v e l e r ,  E - f i e l d  d i r e c t io n /m a g n i tu d e  u n i t ,  

programmable gain and ADC, and NMR u n i t  a re  c u s to m -b u i l t  d e v i c e s .  I t  

i s  p o s s ib le  fo r  e i t h e r  the computer or the m i c r o c o n t r o l l e r  to  con t ro l  

the  r f  power l e v e l ,  E - f i e l d  magnitude and d i r e c t i o n ,  the gain and 

a n a l o g - t o - d i g i t a l  convers ion of  the Lyman-a s i g n a l ,  and the value of  

the magnetic f i e l d  through the NMR u n i t .  T y p ic a l ly  the computer 

c o n t r o l s  the p r e v io u s ly  mentioned dev ices  when the system i s  being 

t e s t e d .  The m i c r o c o n t r o l l e r  c o n t r o l s  the dev ices  when ta k ing  da ta  and 

one i s  concerned about  the r e l a t i v e  t iming  o f  d i f f e r e n t  e v e n t s .  The 

m i c r o c o n t r o l l e r  can i s s u e  new commands to  any one device every  500 nsec 

(see Appendix B).

J .  Pumping

In f i g .  5.1 pumps PI and P2 a re  Varian (Model #VK-12A) cryopumps 

with  pumping speeds o f  approx im ate ly  1000 l i t e r s / s e c .  A f te r  the system 

has been pumped on f o r  two weeks, the  base p re s s u re  with  the  source 

va lved  o f f  i s  about  2x l0 " 8  t o r r .  With the source o p e ra t i n g  the 

p r e s s u re  i s  s l i g h t l y  h ig h e r .  P3 i s  an o rb - ion  pump d i f f e r e n t i a l l y  

pumping the source .
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CHAPTER VI 

DATA, PROBLEMS, AND FUTURE PLANS

A. In t ro d u c t io n

At the time of  t h i s  w r i t i n g  p r e l im in a ry  r e s u l t s  i n d i c a t i v e  of  

t r ends  have been observed .  These r e s u l t s  and a s s o c i a t e d  problems are  

p resen ted  in t h i s  ch a p te r .

B. C ur ren t  L imi t s  on the Understanding o f  Beam and F ie ld  Alignment 

Techniques

By us ing i n v a r i a n t  a n a l y s i s  i t  i s  p o s s i b l e  to  s e t  upper l i m i t s  on 

al lowed f i e l d  and beam misa l ignm ents .  The approach,  where a s e t  of  

misa l ignments  a re  assumed and i n v a r i a n t  a n a l y s i s  used to c a l c u l a t e  the 

r e s u l t i n g  asymmetry, i s  known as working backwards. In a c t u a l i t y ,  the 

exper im en te r  must work forward;  i . e . ,  an asymmetry i s  observed and 

f i e l d  and /o r  beam misa l ignments  de r iv e d .  For the  c u r r e n t  method of  

app ly ing  f i e l d s  to  the  i n t e r a c t i o n  reg ion  no one knows how to  work 

forward,  or even i f  i t  can be done in  p r i n c i p l e .  However, n o t  only has 

very l i t t l e  e f f o r t  been pu t  i n t o  f i g u r i n g  o u t  to  work forward ,  no one 

has shown i t  can n o t  be done e i t h e r .  What i s  know i s  t h a t  no t  a l l  

misa l ignments  d i s t o r t  the l i n e s h a p e s  in the  same way.

82
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C. q+-Bn T r a n s i t i o n

The E and B f l i p s  have been performed fo r  the  a+-B0  t r a n s i t i o n  

( f i n a l  s t a t e  popu la t ion  = 25% o f  i n i t i a l  s t a t e ) .  The <j> f l i p  has not  

been a t tem p ted ,  aw a i t ing  complet ion of  minor mechanical i t ems.  The 

a p p l i e d  e l e c t r i c  f i e l d  E i s  r eve r sed  by r e v e r s in g  the p o t e n t i a l s  

a p p l i e d  to  the g la s s  e l e c t r o d e s .  The B f l i p  i s  performed by r e v e r s in g  

the d i r e c t i o n  of  the c u r r e n t  in the s o le n o id .  Due to  the presence  of  

the e a r t h ' s  magnetic f i e l d  t h i s  does not  n e c e s s a r i l y  r e v e r s e  B a p p l i e d ,  

however the component of  Be a r th  p a r a l l e l  to  Ba pp-j1-eC( i s  only a few 

m i l l i g a u s s .  Assuming t h i s  c o n s t i t u t e s  a B f l i p  r e s u l t s  in the 

fo l low ing  asymmetries over a s e l e c t e d  range of  o p e r a t i n g  c o n d i t io n s :

E f l i p :  +3.1% -4.0%

B f l i p :  +1.0% -5.1%

<f> f l i p :  unused

F igure  6.1 i s  an example of  a ^ a p p l l e d  f l i p *

D. otn-Bn T r a n s i t i o n

Due to  the small s i z e  of  the a 0 -B0  t r a n s i t i o n  (4 ppm of  the 

i n i t i a l  s t a t e )  the s i g n a l - t o - n o i s e  i s  very poor and t h e r e f o r e  no f l i p s  

have been a t t e m p te d ,  the e f f o r t s  being p u t  i n t o  s i g n a l - t o - n o i s e

improvement.  F igure  6.2 i s  an example the a 0-Bo t r a n s i t i o n .  The top

t r a c e  shows a 0 -S0  t r a n s i t i o n .  The top t r a c e  shows a 0 - 8 o ( c e n t e r ) ,  two 

al lowed deuter ium t r a n s i t i o n s  ( e d g e s ) ,  and a+~B- ( r i g h t  edge ,  a l s o ) .

The bottom t r a c e ,  only ct0 - 8 0 » was taken l a t e r ,  showing an improvement in
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the s i g n a l - t o - n o i s e .  Even l a t e r  t r a c e s  (no t  shown) have b e t t e r  

s i g n a l - t o - n o i s e  and show no evidence  of  Ramsy p a t t e r n s ,  i n d i c a t i n g  

minimal z e l e c t r i c  f i e l d s  due to  e l e c t r o d e  end e f f e c t s .

E. Futu re  Plans

Near term p lans  inc lude  complet ing the magnetic f i e l d  con t ro l  

u n i t ,  data  a c q u i s i t i o n  system,  and $ f l i p .  I n t e r f e r e n c e  of  motional 

e l e c t r i c  f i e l d s  with  the E and B f l i p s  and how to  work forward must be 

s tu d i e d .  In the long term a "cold  source"  o f  atomic  hydrogen w i l l  be 

i n s t a l l e d  with a beam v e l o c i t y  ~ l /2 4 0  of  the  c u r r e n t  beam v e l o c i t y .  

This  makes the exper im ent  240 t imes e a s i e r  to  do in terms o f  the 

p h y s ic s .  However, the  magnetic f i e l d  homogeneity requ irements  are 

probably 240 t imes g r e a t e r .
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F ig u re  6 . 1 .  a+- 0o ^ a p p l ie d  F l i p



86

V m  /  V ' J ^ 1' \L w i W '

F ig u r e  6 . 2 .  a 0 -B 0 T r a n s i t i o n
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Appendix A

G enera l ized  Version of  Gordon Drake/L auren t  Levy 
Driven Three Level Problem1

A. Driven 3 l e v e l  -  s t r o n g  resonances

The goal here i s  to  so lve  the dr iven  3 - l e v e l  problem fo r  both the 

s t ro n g  (a+i - 8 0 , a 0 - 8 - i )  and a 0 - 8 0  r e s o n a n c e s . 2  Table 1 p r e s e n t s  four 

t r a n s i t i o n s  in hydrogen t h a t  a re  of  i n t e r e s t  in t h i s  work. Assuming 

the  resonances  involve only 3 l e v e l s  i s  a good approx im at ion .  For 

a + - 3 -  and a0 - 8 -  t r a n s i t i o n s  only one channel e x i s t s  i n t o  the f in a l  

s t a t e  ( ig n o r in g  a l l  s t a t e s  exce p t  a ,  8 , and e ) .  For a+-p 0  t h e r e  are 

two channe ls ,  but  both le gs  of  the second channel a re  

h y p e r f in e - s u p p r e s s e d ,  y i e l d i n g  a t r a n s i t i o n  r a t e  even sm a l le r  than 

a o” 8 o* The a o"6o t r a n s i t i o n  i s  a 4 le ve l  t r a n s i t i o n ,  bu t  g r e a t  l eng ths  

a r e  taken not  to  apply  a dc e l e c t r i c  f i e l d  in the z - d i r e c t i o n  between 

e 0  and 8 0 .

A . l  dc S ta rk  t r a n s f o r m a t io n s  

For the  s t ro n g  re sonances

|“  a '  “ | I”  cosQi s i n e i  0  “ | [“ a ~ |

| e '  | = | - s i n e i  cos«)> s i n 0 2  | | e | (A .l )

l_ 6' _l l_ 0 -sin02 COS02 _J |_  8 _J

where

o o o <e|Hs|a> <B|H$|e>
sin^<j> = sin^Qi + s i n ^ 0 2  , s i n 0 i   -----------------  , s i n 0 2  =

Ee -Ea - i r / 2  Eg-Ee + i r / 2

a ,  e ,  8 a re  the Zeeman e i g e n s t a t e s  between 500 to 600 gauss ,  and a ' ,  

e ' ,  8 ' a r e  the e i g e n s t a t e s  a f t e r  a d d i t i o n  of  the dc S ta rk  f i e l d s .
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Since s in 9 j  ~ 0,  (A . l )  becomes

a ' I" 1 o o I I a |
| e* | = | 0  co s 0 2  s i n 0 2  I I  e I

|_ 0' J  l_ 0 "si n02 cos02 _| |_ 0 _|

A.2.  Time dependence

The equa t ion  o f  motion in the S ta rk  b a s i s  i s 3

• * i  r u 1 D 1 1 tv u  = [Hr f  -  i 2 ~]u

where u' i s  a column matr ix  and and D' a re  square m a t r ice s .

I
iA t  -iA t

Hr f  = e P’ 1 Hr f  Pe

and D ' /2  i s  the imaginary p a r t  o f  P” * H$ P = A1 and H$ = H2  + e

I”  Ea <a|Hs |e> 0 " |

Hs = | <e|Hs |a> Ee -  i r / 2  <&|Hs |e> |

l_  0  <e|Hs | 0 > Eg J

Assuming < a | | e >  ~ 0 s ince  they have l a rg e  energy denominators ,  

(A.5) becomes

I”  Ea 0  0  - |
Hs = | 0 Ee -  i r / 2  E | .

1 . 0  E Eg J

where E = <3|Hs |e> .  The e ig e n v a lu e s  o f  equa t ion  (A.6 ) a re

| E | 2 [ ( e -E ) + i r / 2 ]
Ea  , (Ee  -  i r / 2 ) +  V - ' ■?-----------  '

(Ef}“ Ee ) + r  /4

| E | 2 C( Ee -Ee ) + i r / 2 ]
E g ------------------*------- j -----------

(Ee—Eg) + r/4

(A.2)

(A.3) 

Here

(A.4)

(A.5) 

equat ion

(A.6 ) 

(A.7)
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T here fore

ID*/2 =

0

0 - i r / 2  + i r / 2  |E2 |

(Ee -E0 ) 2  + r 2 /4  

0

0

i r / 2  |e2 |
, 2 , 2

Let  y = lEl2r
(Eg-Ee ) 2  + r 2 /4)  

3  s t a t e .  Also

(Ee -Es ) c + r  /4  

which i s  the dc S ta rk  induced width o f  the

-a

0

0

0

ie2 i < W
(Ee -E g ) 2  + r 2/4  

0 E3 +

0

0

(Ee -E e ) 2  + r 2/4

Let  u =
l E | 2 (Ee -E g ) 

(Ee -E 0 ) 2  + r 2/4
. Then equa t ion  A.9 becomes

(A.9)

I
V

” Ea 0 0  ”
M  i

Ea 0
I

0

= 0 Ee +u 0 = 0 Ee 0

0 0 Eg-u 0 0
1

E6 _

(A.10)

Equation (A.2) which gives  P_ 1  ( to  w i th in  a phase f a c t o r )  has an 

in v e rs e  P given by the t r anspose  of  P ' 1 . The in v e rs e  i s  good to  a t  

l e a s t  0 ( 9 2 ) .

0 R 0 R _ <
Hr f  = f R 0 T ) cos (cot) , where T ]  “

0 T 0 T " <8

Hr f
Hr f

e>
e>
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Let
, _i “ lA_t

Hr f  = e P Hr f P e

1
7

RcosQ e

RcosQ e

-RsinQ e

i ( E e ' Ea+ M,t

i (E_-E’+ (o)t
p ct

i ( E ' HE* • a e

0

0

u ) t  k e ' - e '
-Rs ine e a  p

0

0

-  U))t

(A.11)

where a l l  terms o f f - r e s o n a n c e  by about  1500 MHz have been ignored .  

L e t t i n g
1 -  I I

6 = E -E +«cor  e a

R1 = RcosQ 

equa t ion  (A.11) becomes

I I I
A = E -E +•<!) r  0  a

V' = -Rsine ,

V f  = 7

- iS  t
0 R’ e r V* e

i s ' t
R' e r  0 0

i a ' t
V' e r  0 0

(A.12)

Using eq u a t io n s  (A.3 ) ,  (A.8 ) ,  and (A.12) ,  the equa t ion  of  motion 

becomes

l  •

• *a '

• ,
e ' ”

0 '

R' e

V' e

1
7

i s ' t
1 - i

iA^.t

R' e

0

- i s  t 1\  r  e r

0

- i y / 2

■a

e '

1

“ 
1

( A . 13)
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Absorb the • i n t o  R' and V1. In the a '  equa t ion  the R' term i s  much 

l a r g e r  than the  V' te rm, and i t  should be given the assumpt ions .  

Equat ion  (A.13) reduces  to

i _1Ct
i a'  = ^ R '  e r  e '

i e '  = I  R' e r  -  i ( r + r ) e *  (A.14)T

i i A ' t  .
i S '  = \  V' e r  a ’ -  3'

D rake ' s  s o l u t i o n  to the d r iven  tw o- leve l  problem r e s u l t s  in the 

fo i low ing

a ' = A e - i ( « ,+D>t /2  + Be"1 U ' “ D ) t /2  (A>15)

e '  = e~r  t / 2 [ £ e + i (5  +D)t/2  + pgi(<S - D ) t / 2 ]  (A.16)

where

D = [ 5 ' 2  + R' 2 ] 1 / 2

. _ C ( « ' - D ) a ' ( 0 )  + R’e ' ( O ) ]  „ _ (6 '+ D ) a ' ( 0 )  + R 'e ' (O )----------------- 2 U-------------------  B -----------------^ -------------------

r  _ ( 6 '+ D ) e ' ( 0 )  -  R’a ' ( O )  r  _ ( - 6 '+ D ) e ' ( 0 )  + R 'a ' (O )
ZV r ZU

r '  = r - y  .

The i n i t i a l  c o n d i t io n s  a ' ( 0 ) = 1,  e ' ( 0 ) = 0  w i l l  be used.  Solv ing  fo r

3 ' by us ing  the s o lu t i o n  fo r  a '  r e s u l t s  i n ,

-  Xt -  Xt t  v . i (A* -  iX ) t
3 ' ( t ) = e  £ 3(0) -  i e  2  j f e 2  a ' d t  (A .17)

0  2
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Expanding equa t ion  (A.16) r e s u l t s  in

A = ° + ° t &

S u b s t i t u t i n g  equa t ion  (A.18) i n t o  (A.17) y i e l d s

-Xt "Xt t v . i (a - iX - j -  + ? ) t
3(t) = tt  e 8 ( 0 ) -ie J 7~ e dt

0 c

Expanding 6 ' -D in the  argument of  the exponen t ia l  o f  equa t ion  (A. 

powers of  R11 S ' ,

6 1-D = 6 ' -  [ 6 1 2 + R '2 ] i / 2

.  1 R - * .  1 R , 2 ( s r +
= 5 -  5 - 7 7 1  J —  r -------

6 5/  + r /4

Noting t h a t  y / r  «  1 and 0  << 1,

I R ' 2 5j. 1 R2 cos2 e (S r +u)
s* =

*  s i 2  + r ' 2/ 4  *  ( 6  +u ) 2  + ( r - y ) 2/4

1  1 r 2  1 r 2
3 i - 5- £  + T - 5 —  U s  s + t - T T -  U s  s 4 r Z/4 4 r 2/4 4 r 2/4

• 1 R1 2 r 1 _ 1 R2 cos2 9 ( r - v )  1 R2r  _ r
"T1 7 7 7 ^ "T • ^ 7 7 7 5 ? = T ̂ 7771 -

(A.18)

(A.19) 

19) in

(A.20)

(A.21) 

(A.22)
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Let u '  = Ar  + s -  u and e ' ( 0 )  = 0,  then (A.19) reads

' ¥  t
e ’ ( t )  = £ J —  e 1u> t  e ( Y _ s , t / 2  d t  (A.23)

1 0  2

The t r a n s fo rm a t io n  back to  the Zeeman b a s i s  fo r  the s t rong  resonance 

i s

3 = 3 'c o s (0 2 )  + e ' s i n ( 0 2 )  (A.24)

The e '  term can be dropped,  as  shown below. From equa t ion  (A.16) we 

have

e '  = e - r ' t / 2 ( ^  e 1 ( 5 ' + D ) t / 2  + ^  e i ( 6 ' - D ) t / 2 j  (A 25)

The second term damps o u t  l i k e  e - 1 , 1 * / 2  l e av in g

e - h e 1 ^5 ' +D+i r l ) t / 2  (A#26)

Expanding and r e o r d e r i n g  the argument of  the exponen t ia l  equat ion  

(A.26) becomes

e 1 a e i ( 5 r + u + s ) t  e « e t / 2  {A>27)

Equation (A.27) i s  in resonance when 5r +u+s = 0 and 0 * i s  in resonance 

when a)' = Ar +s-u  = 0 . 6 r  and Ar  a r e  the two l a r g e s t  terms and are out  

o f  resonance  by about  the s e p a r a t i o n  from the So"e o c r o s s i n g ,  about  

10 MHz fo r  the maximum s e n s i t i v i t y  o p e r a t i n g  p o in t .  T h e re fo re ,  The e '  

c o n t r i b u t i o n  w i l l  be dropped.
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B. Driven 3-Level a 0 -B0

The im por tan t  d i f f e r e n c e  between the a o- 0o resonance and the 

s t ro n g  resonances  and prev ious  work with  motional  DC e l e c t r i c  f i e l d s  i s  

t h a t  the re  a re  two p a r i t y  conserv ing  channe ls  i n t o  the e 0  s t a t e .

a
e+*
0 ' s

1
0

 

* 
1

COS(j>l
• s in e j

0
- s in 0 4

sinQj
cos <|>2

■sin0 2
0

0

s i n ©2
COS<j>3

- s i n 0 3

s i n ©4
0

s i n 0 3
cos <(>4

a
e+
B
e rt

where

s i n 2 <t>i * s i n 2 0 i  + s i n 2 0 4  
•  •

•  •

<l>4

The approximate s i z e  of  the above ma tr ix  e lemen ts  i s ,  

s i n 0 j  ~ 

s i n 0 2  ~ 

s i n 0 3  ~ 

s i n 0 4  ~

<a0 |xy |e+> (xy)sin© ( x y ) l / 2 0 xy
Ea0 -Ee++ i r / 2 1500 1500 30,000

<B0 | x y | e +> (x y )c o s 0 EL ~ EL
EfS0 -Ee+ + i r / 2 i 50 50 50

<&olz le o> z s i n 2 0 z 1 / 1 0 z
E3 o-Ee++ i r / 2 i 50 50 500

<a0 | z | e+ > zcos 2 0 z z
E« + i r / 2<*n 1500 1500 1500

(A.28)

(A.29)

(A.30) 

(A.31) 

(A.32) 

(A.33)

I f  z = O.lxy,  which i s  l a r g e r  than p o s s i b l e  with  g l a s s  tu bes ,  then by 

a f a c t o r  g r e a t e r  than 1 0 0 , s i n 0 2  i s  the only r e l e v a n t  matr ix  element 

f o r  the S ta rk  to  Zeeman t r a n s f o r m a t io n .  However, s ince  the e f f e c t  of  z 

e l e c t r i c  f i e l d s  i s  a l s o  d e s i r e d ,  0 3  s h a l l  be r e t a i n e d .  P"* fo r  a 0 ~B0  

becomes
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p- 1  =

~  1 0 0 0 “
0 COS02 s i n 02 0
0 - s i n 02 COS03 s i n 03
0 0 - s i n 03 c o s 03 _

(A .34 )

Since the <8 0 | z | e 0> m a tr ix  element fo r  a c t u a l  z w i l l  be smal l ,  i t s  

e f f e c t  on the energy l e v e l s  w i l l  be ig n o red ,  hence

• I -  A 1
a 0 -B0  ” s t r o n g  r e s .

Ignor ing  o f f - r e s o n a n c e  terms,  Hr f  in the Zeeman b a s i s  i s

where

Let

1r f  =
”  0 M 0 R

= M 0 0 0 C O S (a jt )

0 0 0 0

R 0 0 0

R = <e0 | z | o 0>

M = < e + |x y |a 0> .

R'

T'

«r

Xr

Rcos0 3  * R 

-Msin0 2  + Rs in ©3

= E. E + *a) 
“ o

Ea -  E + *oj e+ a 0

V' * Msin©2

V' + Rs in 0 3

Ar * E„ -  E + *0) 
r  0 O «

(A.35)

(A.36)

V f
i A ' t  , - i A ' t

e r  P Hr f  Pe

1
2

0 Mcos©2 e
i x ; t

T x ; t
Mcos02 e - i r ' / 2

T' e
i A ' t

R' e
i s ’ t

0

0

T' e
- i A i t

(A.37)

R' e
- i s  i t

0 0

0 0

0 0
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Therefore  the equa t ion  of  motion becomes,

K

K

K

(A.38)

0
IxAt

Mcos0 2  e
■ i A ' t  

T' e r
- I f i i t  

R' e r ao

1
1 xr tMcos9 2  e - i r ' / 2 0 0 K

2 i A ' t  
T' e r 0 - y / 2 0 *0

i5* t  
R' e r 0 0 - i r ' / 2 _ e ; _

We s h a l l  e l i m i n a t e  e |  from the equa t ion  o f  motion.  The reasons  fo r  

t h i s  a r e :

1) I t  i s  coupled to  a^ ,  1/20 as s t r o n g ly  as e 0

2) I t  always has a small popu la t ion  because of  i t s  l a rg e  

r a d i a t i v e  wid th .

Applying t h i s  r e d u c t i o n ,  equa t ion  (A.38) becomes

0
0 r  / 4 r ‘

Y~
R*

%

K
= V

T - y / 2 0

_ K _ R'
7T~ 0 - i r ’ / 2

_ e ; _

( A .3 9 )

This i s  i d e n t i c a l  to  the s t ro n g  resonance equa t ion  (A.13) i f  T' i s  

s u b s t i t u t e d  fo r  V ' .  When Ez=0, T '=V ' ,  o the rw ise  T' i s  a func t ion  of  

both the xy and z e l e c t r i c  f i e l d s .
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C. General So lu t ion

This s e c t i o n  co n ta in s  one s o lu t i o n  to the 3 and 4 le ve l  resonances  

and shows how they can be s p e c i a l i z e d  to  each case .  Only the two 

s t ro n g  resonances  and a 0 - 8 0  a r e  used.  The genera l  form for  the 

eq u a t io n  of  motion i s

- i<S' t - i A i t

4 1 S

0

i s ' t  
A e r

A e r  B e  r  

-  i ( r - T ) 0

1a

e '

8 ' i A ' t  
B e r 0  - i y / 2

e ‘

(A.40)

The s o lu t i o n  to  the d i f f e r e n t i a l  equa t ion  f o r  the popu la t ion  of the 8 

s t a t e  i s

B i t )  ■ - c o s ( e 2 ) j B e 1 ” ' 1  e <Y-e)t /2  d t  .
1 0

(A.41)

In a l l  t h r e e  cases  s i n 0 2  i s  p r o p o r t i o n a l  to  the x+y dc S ta rk  matrix  

elemen t between the p - s t a t e  and 8  s t a t e .  Changing the l i m i t s  of  the 

above i n t e g r a l  to  ± t / 2 ,

S ( t / 2 )  =
- c o s ( e 2 ) e

U ' r / 2  -  |-(T+e )T/ 2

} n  B e ’V t  e , Y ' £ , t / 2  d t  . 
- t / 2

(A.42)

The above i s  comple te ly  g e n e r a l ,  and by s u b s t i t u t i o n  of  the a p p r o p r i a t e  

v a r i a b l e s  from Table 2 y i e l d s  Sf-jnal f ° r  anY the 3 t r a n s i t i o n s .

Since the se  d i f f e r e n t i a l  eq u a t io n s  were solved  us ing many 

approx im ations  a q u es t io n  remains as to  how good the s o lu t i o n s  a r e .
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Recal l  t h a t  the a -e  am pl i tudes  were so lved  fo r  f i r s t ,  then the 0  

am pl i tude .  I f  the s o lu t i o n  i s  to  remain v a l id  the ampli tude in the 0 

s t a t e  must remain small with  r e s p e c t  to  the a am pl i tude .  In the case 

of  the s t rong  re sonances  t h i s  means no t  depopu la t ing  the i n i t i a l  a 

s t a t e  too much.

The d i f f e r e n t i a l  eq u a t io n s  were solved  assuming B , y ,e ,  and u>' were 

c o n s ta n t s  as  a fu n c t io n  of  time fo r  a given atom. This  depends on the 

path an atom fo l lows  through the i n t e r a c t i o n  re g io n .  This  w i l l  be the 

case fo r  beam t i l t s  and d ive rgence ,  bu t  no t  f o r  o f f s e t s .  T he re fo re ,  

us ing  the above s o lu t i o n  to  d e s c r ib e  o f f s e t  cases  i s  expec ted  to give 

b e t t e r  r e s u l t s  than t i l t e d  and d iv e rg in g  c a s e s .

This might  a l s o  be the reason why Levy l i n e s h ap e  theory  works 

b e t t e r  in the y-e=0 case .  Not only i s  th e re  averag ing  along the beam, 

but  perhaps averag ing  over approx im ations  made i s  s o lv ing  the 

d i f f e r e n t i a l  e q u a t i o n s .  Since the average  a c ro s s  the beam i s  done in 

f i n i t e  d i s t a n c e s ,  0 (x ) i s  conver ted  to  0 ( 2 ) .  Note t h a t  t  i s  no t  

measured in seconds ,  t  always occurs  with  m a tr ix  e lements  measured in 

MHz,

<MHz >t w ith  t  in  2n y s e c  

or <MHz>2tt 10“ 6 t ' w ith  t ’ in  s e c

l e t
t '  -  z0/ r

Zg = i n t e r a c t i o n  reg ion  leng th  (cm)
V = beam v e l o c i t y  (cm/sec)

or

<MHz>t + <MHz>2tt 10" 6  z0 /V = <MHz> z0 /V 

V = 2Tr/106 V'
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With the fo l low ing  change of  v a r i a b l e ,

zo + _ z .—  . t  “ — • d _
V V V

T  = —  , t  = -  , d t  = — dz (A.43)i i  *  i t  '  i i

equa t ion  (A.42) becomes,

iw 'z  /2V “ T ( r H O z 0 /2V
,  - c o s ( e  ) e zo /zv e 2  +z0/ 2V ,• « , /v  t w m

=  I_____________________________ |  °  e z/V e (Y' e)z/2V dz
2V iV Z0 /2V

(A.44)
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o+-80:

a0"8- :

°o"8o:

Notes:

Table A . l :  P o s s ib le  T r a n s i t i o n s

( i )
z

“+

xy
( s in 8 )

(cose)
xy

So

z
(s in2e)

R * < a+ |z |e+>

E -  <e+|x+1y|80>

( 1)
z

xy
( s in e )

e+ (0 )

8-

xy
(cose)

R » <a+ |x+iy |e0> 

E = <e0 |x+1y|s->

(sin e)
xy

°o

(cos2e)

( 0 )

8-

xy
(cose)

R -  <a0 |x+1y|e0> 

E -  <e0 |x+ iy |8->

( s in e )
xy

(cos26)

e+
(cose)

xy

So

(-sin2e)

R ■ <e0 |z |a 0>

M ■ <e+ |x+iy |a0> 

E -  <e+|x+1y|B0> 

Ez -  <e0 |z |B 0>

(1) Items in  parantheses are the hyperflne suppression.
(2) The xyz is  the d irec tio n  of the f ie ld  ( r f  o r DC) driv ing

the tra n s i t io n  with 5 -  B0z.
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Table A.2

Summary o f  Terms Used in  the  Lineshape Theory

________________-  B0 ° o  ~ 8 - ___________________________ ° o  ~ B0__________

a 3 o+ a 3 a0 a 3 a0
e 3 e+ e ■ e 0 e 3 e +
8 - 8„ 8 3 8- 8 3 B0

A *  j-R ' *  *

B »  j K 1 *  \V
R ' 3  R c o s82 a  R *  *
V 3 -Rs1n82 * T' 3 *Msin02 + Rsin03

<80 |Hs+y|e+> <8-|H*+y|e0> <B0 IH| +y|e+>
sin8?    sJn0p 3 -----------------------   —  sInBp --------------------------

2 E9()-E e +  + i r / 2  2  E3. - E e o  + I r / 2  2 E0 o -E e +  + i r / 2

<8q l^s êo>s in 03
EB0 -Ee0 + i r /2

«' 3 6'r

• / I  ea0sin2oEz

^  E0o-Eeo + ir / 2  

i r ' / 2  *  *
a ’ -  a;  -  i r ' / 2 * *

6} .  3  « r  +  U *  *

3 E l -  E ' + *u 3  E ' -  E ' +  .01 3 E -  E + • «e+ a+ e0 ag e+ o0
5 3 £ „  -  E +  •<•> S 3  E„ ~  E +  * u  6 _  3  E -  E +  *<îr e+ a+ r e0 oq r e+ a0

Aj. 3 Ar -  u *  *
3 E l -  E ' + • «  3  E l -  E ' +  -uS0  <*+ 8 -  a 0

A «  E -  E + *4) A 3  Eft -  E + . «r 80 a+ r 8- <*n
E ' 3  E E* 3  Ea+ a+ “o “o
e; + ■ Ee+ + u %  -  Ee0 + u
e ; 0 - eb0 ■ u eb.

S
B0 E* + *u 

“ 0
h. 3 E - E + 'in

p Bo “ 0
t '

?0
■ E

“ 0
e; +

■
Ee+

u

E8o
s

EBo ’
u

*The same as the column to the l e f t  o f th is  one.



103

Table A.2 ( c o n t in u e d )

“+ - B0 a„ -  0 -

R -  <«+|H^f |e+> 

-  e2< a + |z |e +>

■ e2 /7  ea0

E -  <e+ |H *+ y |e 0>

<e+ |H jj|0o>+<e+ |Hy |0o> 

/ T  ea0cosO(Ex+1Ey)

r '  ■ r~ r  

lE2 l r
(E -E  fTTJl ®+ Po

-  _ 1 R2 r 
6 “ t  "2 ' 2 '

4 6  ̂ + r / 4

6* ■ a r  + s -  u

(Ee - h  m 2i 
+ 0

V V ^  

,  «2«p
s T ^ T 7 ^

R a |eg>

/ T  ea0cos2Qe2

E -  <eo |H j+ y |0_>

-  <e0 |H j|p_>+<e0 | H j |0->  

*  / J  ea0coso(Ex+1Ey)

• IE2 1r
( e„ - e .  r  + r / 4■0-

(Ee “Eg ) |E 2 | 

(e ..

R * <e0 |H*f |a 0 >

» ez<e0 |z |a 0>

■ /T  eaocos20e z

E -  <e+ |l l * + y |s 0>

-  <e+1H£ 10o>+<e+1 ll<J 180>

= /3 e a ocos0Ex+ i/T e a ocosoEy 

M -  <e+ |H *f |a 0>+<e+ |Hyf |a 0>

-  ex<e+ |x |o 0>+Ey<e+ | y | a 0>

■ /3 ea0cosoex+1/3ea0sinoey

★

  iSilr

‘W *  + r ‘ / 4

*The same as the column to  the l e f t  o f th is  one.
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R e fe re n c e s  f o r  A ppendix A

1. This  appendix c o n ta in s  noth ing  o r i g i n a l  by the au thor  and i s  
p resen ted^m ere ly  as a convenience to the r e a d e r .  Unpublished.  
Laurent  Levy d i s s e r t a t i o n ,  p . 143, U n iv e r s i t y  of  Michigan (1982).  
Gordon Drake,  U n iv e r s i t y  of  Windsor,  Windsor, Canada. P r iv a t e  
communi c a t i o n .

2.  Throughout t h i s  appendix the fo l low ing  a b b r e v i a t i o n s  are used:

a + 1  = a +  , 
a - 1  = a -  ,
2 + 1  = 2 + ,
8 - 1  = B- .

3. Unpubl ished.  Lauren t  Levy, PhD T h e s i s ,  U n iv e r s i t y  of  Michigan 
(1982) 147. Note t h a t  I have absorbed  the • i n t o  the d e f i n i t i o n  of  
the m a tr ix  e lem en t s .
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APPENDIX B 

M ic r o c o n t r o l l e r

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

General purpose micro-  or  minicomputers  a re  commonly used to 

co n t ro l  exper im en t s .  In a t y p i c a l  exper iment the computer may be used 

to  c on t ro l  the d u ra t io n  of  an even t  by p rov id ing  a b ina ry  pu lse  of  

known wid th .  Usually the  computer software w i l l  change a b i t  in an 

o u tp u t  p o r t  from low to  h igh ,  execute  a number of i n s t r u c t i o n s  in a 

loop ,  then change the b i t  from high to  low. Thus,  the computer clock 

frequency and the number of  i n s t r u c t i o n s  in the loop determine the 

width of  the co n t ro l  p u l s e .  There a r e  seve ra l  problems with  t h i s  

method.  O r d in a r i l y  the  width of  the computer word (8 , 16 or  32 b i t s  

f o r  most genera l  purpose computers)  l i m i t s  the number of  dev ices  t h a t  

can be c o n t r o l l e d  s im u l tane ous ly  (w i th in  nanoseconds) .  Many computers 

have dynamic memory, caus ing  the time r e q u i r e d  to  execu te  an 

i n s t r u c t i o n  loop to  va ry .  When us ing  a genera l  purpose computer not  

s p e c i f i c a l l y  des igned  fo r  experimenta l  c o n t r o l ,  the s o p h i s t i c a t i o n  of  

the software  and hardware may be a problem. For example,  an I/O 

p ro c e s s o r  between the u se r  program and the I/O p o r t  w i l l  d e s t roy  the 

one - to -one  correspondence between r e a l  time and the number of 

i n s t r u c t i o n s  exec u ted .  The u s e r ' s  program may t ime o u t  p e r i o d i c a l l y  

when a m u l t i u s e r  and /o r  m u l t i t a s k in g  o p e ra t in g  system runs programs in 

the background. S o p h i s t i c a t e d  o p e ra t i n g  systems may make w r i t i n g  

dev ice  d r i v e r s  time consuming.  Another problem i s  t h a t  commonly 

a v a i l a b l e  micro /min icomputers  r e q u i r e  vary ing le n g th s  of  time to
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execu te  d i f f e r e n t  i n s t r u c t i o n s ,  making i t  d i f f i c u l t  to  determine the 

amount of  time r e q u i r e d  to execu te  a complex sequence o f  e v e n t s .

A s o lu t i o n  to  the se  problems would be a machine t h a t  has an 

a r b i t r a r i l y  long word l e n g t h ,  and f o r  which a l l  i n s t r u c t i o n s ,  even the 

case of  a branch taken or  n o t  t a k en ,  r e q u i r e  the same amount of  time to 

e x e c u te .  In t h i s  paper we d e s c r ib e  a machine t h a t  has ,  in a d d i t io n  to 

the se  f e a t u r e s ,  d i r e c t l y  ad d re s s a b le  I/O p o r t s ,  no I/O p ro c e s s o r ,  no 

dynamic memory, and no background p ro c e s s e s .

B. Comparison to  a General Purpose Computer

Like a genera l  purpose computer ,  the m i c r o c o n t r o l l e r  has memory 1n 

which i n s t r u c t i o n s  and da ta  a re  s t o r e d ,  a con t ro l  u n i t  to  decode and 

execu te  i n s t r u c t i o n s ,  an a r i t h m e t i c  and l o g i c  u n i t  (ALU), and I/O 

c a p a b i l i t y .

For sequenc ing and con t ro l  a p p l i c a t i o n s  the m i c r o c o n t r o l l e r  has 

sev e ra l  f e a t u r e s  which make i t  more a t t r a c t i v e  than a genera l  purpose 

computer.  Since a l l  i n s t r u c t i o n s  r e q u i r e  the  same amount of  time 

(500 ns) to  e x e c u te ,  i t  i s  r e l a t i v e l y  simple to  w r i t e  programs t h a t  use 

f ix e d  time i n t e r v a l s  to  co n t ro l  l a b o ra to r y  a p p a r a tu s .  Writ ing da ta  to 

an I/O p o r t  can be done s i g n i f i c a n t l y  f a s t e r  with the m i c r o c o n t r o l l e r  

than with most e i g h t  b i t  m ic roprocesso rs  and somewhat f a s t e r  than with 

most s i x t e e n  b i t  m ic ro p ro ces s o r s .  During every 500 ns i n s t r u c t i o n  

cycle  16 b i t s  of  da ta  can be t r a n s f e r r e d  to  an I/O p o r t .

The d isadvan tage  of  the m i c r o c o n t r o l l e r  des ign d e s c r ib e d  here i s  

t h a t  the u s e r  must program the device a t  the  microprogram l e v e l .  I t
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must be loaded and c o n t r o l l e d  by a genera l  purpose computer ( h e r e a f t e r  

r e f e r r e d  to as the c o n t ro l  computer) ,  and i t  i s  no t  commercial ly 

a v a i l a b l e .

C. Block Diagram D e s c r ip t io n

The major components of  the m i c r o c o n t r o l l e r  a re  shown in f i g .  B . l .  

The upper l e f t  hand co rner  of  the f i g u r e  c o n ta in s  the cont ro l  s e c t i o n  

of  the m i c r o c o n t r o l l e r .  I t  c o n t ro l s  a l l  s e c t i o n s  of  the 

m i c r o c o n t r o l l e r  e x ce p t  the e x t e r n a l  c o n t ro l  s e c t i o n .  I n s t r u c t i o n s  and 

da ta  are s to r e d  in the microprogram memory. The microsequencer f e t c h e s  

i n s t r u c t i o n s  from microprogram memory and decodes and execu tes  them.

The microsequencer can branch on i t s  own i n t e r n a l  c o n d i t io n s  o r  on 

co n d i t io n s  o b ta in ed  from the ALU. The s ix t e e n  b i t  da ta  bus ( c e n t e r  of  

f i g u r e )  i s  used to  t r a n s f e r  da ta  between components of  the 

m i c r o c o n t r o l l e r .  The number of  b i t s  in the da ta  bus does not  l i m i t  the 

number of  dev ices  the  m i c r o c o n t r o l l e r  can c o n t r o l .  This  p o in t  w i l l  be 

d i scu ssed  in s e c t i o n  VI.

The memory i s  a s i x t e e n  b i t  by 4k (k=1024) words s t a t i c  r e a d / w r i t e  

memory. All da ta  t r a n s f e r s  to  and from memory occur  on the da ta  bus .

The ALU i s  a gene ra l  purpose u n i t  with  seventeen  in t e r n a l  

r e g i s t e r s  of s ix t e e n  b i t s  each .  The u n i t  can perform 

a d d i t i o n s / s u b t r a c t i o n s ,  inc re m en ts /dec rem en ts ,  s h i f t s ,  and lo g i c a l  

o p e ra t i o n s  w ith  da ta  con ta ined  in i t s  r e g i s t e r s  or on the data  bus.

The ALU i s  use fu l  f o r  da ta  r e d u c t io n  or s igna l  i n t e g r a t i o n  when data 

must be compressed befo re  being s e n t  to  the co n t ro l  computer.
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MICROSEQUENCER

MICROPROGRAM
MEMORY

FIFO
EXTERNAL
CONTROL

ALU
MEMORY 

16 BITS/2K 

WORDS

FROM TO TO REAL
COMPUTER C P U  WORLD

F igure  B . l  M i c r o c o n t r o l l e r  -  General Block Diagram
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The I/O s e c t i o n  i s  used to  i n p u t / o u t p u t  da ta  to  the r e a l  world 

when speed i s  n o t  im por tan t .  The o u tp u t  s e c t i o n  simply passes  da ta  to 

e x t e r n a l  dev ices  through a s e r i e s  o f  l a t c h e s .  Microprogram memory,

ALU, memory, and e x t e r n a l  c o n t ro l  can a l l  t r a n s f e r  da ta  to the  ou tp u t

s e c t i o n .  The i n p u t  s e c t i o n  c o n s i s t s  o f  t r i s t a t e  b u f f e r s  through which 

memory, ALU, FIFO, and the o u tp u t  s e c t i o n  can access  d a t a .

The e x t e r n a l  con t ro l  s e c t i o n  en ab le s  the  con t ro l  computer to

communicate with  and con t ro l  the m i c r o c o n t r o l l e r .  Two UART's, l a t c h e s ,  

b u f f e r s ,  and d e m u l t i p le x e r s  al low data  and i n s t r u c t i o n s  from the 

c o n t ro l  computer to  be t r a n s m i t t e d  to  the m i c r o c o n t r o l l e r .  One UART i s  

con f igu red  f o r  b i d i r e c t i o n a l  da ta  t r a n s f e r  a l low ing  da ta  ga thered  by 

the m i c r o c o n t r o l l e r  to  be s e n t  to  the c o n t ro l  computer .  The co n ten ts  

of  the microprogram memory and memory can a l s o  be s e n t  to  the co n t ro l  

computer ,  p e r m i t t i n g  them to  be v e r i f i e d  a f t e r  load ing .

D. D e ta i l e d  C i r c u i t  D e s c r ip t io n

The m i c r o c o n t r o l l e r  i s  based on Advanced M icrodev ices '  2900 s e r i e s  

m i c r o c o n t r o l l e r  p ro d u c t s .  The c o n t ro l  s e c t i o n  of  the m i c r o c o n t r o l l e r  

i s  a f i v e  phase c lock ,  a twelve b i t  microprogram sequencer (AM2910), a 

microprogram add res s  l a t c h ,  microprogram memory and e x t e r n a l  con t ro l  

l o g i c  (see f i g .  B .2 ) .

D . l .  Five Phase Clock

A f i v e  phase clock (see f i g .  B.3 f o r  pulse  sequence) c o n t r o l s  the 

exec u t ion  of  a l l  m i c r o c o n t r o l l e r  f u n c t i o n s .  The f i v e  phase clock runs 

co n t inuous ly  once s t a r t e d  by the c on t ro l  computer .
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D.2.  Microsequencer and Microprogram Memory

The Am2910 i s  an add res s  sequencer  t h a t  c o n t r o l s  the o rde r  of 

e xec u t ion  of  i n s t r u c t i o n s  s to r e d  in microprogram memory. I t  has the 

c a p a b i l i t y  to  s e q u e n t i a l l y  acc es s  the microprogram memory or 

c o n d i t i o n a l l y  branch to any m i c r o i n s t r u c t i o n  in i t s  4096 word range 

( c u r r e n t l y  th e re  a r e  only 2048 words of  microprogram memory). An 

i n t e r n a l  s tack  al lows su b ro u t in e s  to  be nes ted  f ive  deep,  and an 

i n t e r n a l  coun te r  prov ides  loop count  con t ro l  with  a c ap a c i ty  of  4096.

Before the end of  every m i c r o i n s t r u c t i o n  cycle the Am2910 o u tpu t s  

the address  of  the next  m i c r o i n s t r u c t i o n .  At the beginning  o f  the next  

m i c r o i n s t r u c t i o n  cycle t h i s  add res s  i s  l a t c h e d  in the  m i c r o in s t r u c t io n  

add res s  l a t c h .  About 175 ns l a t e r  the s e l e c t e d  56 b i t  word appears  a t  

the o u tp u t  of  microprogram memory. During the remaining 325 ns of  the 

i n s t r u c t i o n  cycle the Am2910 s e l e c t s  the nex t  microword add res s  using 

i t s  i n s t r u c t i o n ,  e x t e r n a l  c o n d i t i o n s  supp l ied  on i t s  c ond i t ion  code 

i n p u t ,  and i n t e r n a l  c o n d i t i o n s  such as i t s  c u r r e n t  a d d r e s s .  The new 

ad d re s s  i s  aga in la t c h e d  a t  beginning  of  the nex t  m i c r o i n s t r u c t i o n  

cycle  ( the  r i s i n g  edge of  T4 ) .  Four b i t s  of  the 56 b i t  microword are  

used to  con t ro l  the  Am2910. Six b i t s  con t ro l  the o r i g i n  and d e s t i n a t i o n  

of  da ta  t r a n s f e r s  and t h i r t y  c on t ro l  the ALU. The remaining s ix te en  

b i t s  can be enab led  onto the  da ta  bus. Thus,  they a re  a v a i l a b l e  to  any 

device t h a t  can be w r i t t e n  to .
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D.3.  Data Bus

The da ta  bus 1s used to  t r a n s f e r  da ta  from one s e c t io n  to  a n o t h e r .  

See f i g .  B.4.  Three b i t s  o f  the microword provide the i n p u t  to  a 3 - t o -  

8  l i n e  decoder ( the  o u tp u t  enab le  decoder)  which i s  enab led  dur ing  T2  + 

T3  + T4 . These o u tpu t s  a r e  used to  enable  d i f f e r e n t  dev ices  onto 

the da ta  bus.  Three o th e r  b i t s  a re  used to  provide the i n p u t s  to  a 

w r i t e - e n a b le  decoder .  The w r i t e - e n a b l e  decoder i s  enab led  dur ing  T2  + 

T3 . The r i s i n g  edge of  i t s  a c t i v e  low o u tp u t  i s  used to clock  the 

c o n te n t s  of  the  da ta  bus i n t o  d i f f e r e n t  s e c t i o n s  of  the m ic ro c o n t ro l 

l e r .  Microprogram memory, memory, ALU, in p u t  b u f f e r s ,  and the e x t e r n a l  

co n t ro l  s e c t i o n  can a l l  o u tp u t  d a t a .  Devices to  which da ta  can be 

w r i t t e n  a re  the memory ad d re s s  l a t c h ,  memory, ALU, FIFO, and o u tp u t  

b u f f e r s .  All da ta  t r a n s f e r s  occur  dur ing  a s i n g l e  m i c r o i n s t r u c t i o n  

cy c l e .  Programming the m i c r o c o n t r o l l e r  c o n s i s t s  of  s p e c i fy i n g  the 

o r i g i n  and d e s t i n a t i o n ,  of  da ta  t r a n s f e r s  (and the l o c a t i o n  of  each 

m i c r o i n s t r u c t i o n ) .  For example,  the  m i c r o c o n t r o l l e r  can be programmed 

to  o u tp u t  da ta  con ta ined  in microprogram memory to one o f  the ou tpu t  

b u f f e r s .  A more complex a p p l i c a t i o n  might  comprise load ing  an address  

in an ALU r e g i s t e r ,  inc rem en t ing  i t ,  load ing  t h a t  value i n t o  the memory 

ad d re s s  l a t c h  and w r i t i n g  t h a t  memory word to  an o u tp u t  b u f f e r .  

Repea ting  t h i s  passes  a long t a b l e  of  da ta  to  e x t e r n a l  d e v i c e s .

D.4.  Memory

The add res s  of  the memory lo c a t i o n  to  be read from ( w r i t t e n  to)  i s  

loaded in t o  the memory add res s  l a t c h .  The memory i s  then ou tp u t  

enab led  (w r i t e  e n a b l e d ) .  Memory i s  c u r r e n t l y  16 b i t s  by 4k words.  I t
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MICROPROGRAM-------------------------------------.------------------------------------------------ .
MEMORY OUTPUT ------------------------------- 1 >—

VAUD DATA ENABLED ONTO DATA BUS
DURING THIS TIME

/ ------------------------------------- A ------------------------------------ s

OUTPUT ENABLE I----------------------------------------------1
DECODER, ENABLED --------------------------------- 1

DATA BUS LATCHED

WRITE ENABLE I------------------------------ 1
DECODER, ENABLED ----------------------------------  -------------------

F ig u re  B .4  Buss T im in g  C y c le
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was des igned to  be expandable to 64k words with  no m od i f ica t io n  to i t s  

con t ro l  l o g i c .

D.5.  ALU

The ALU c o n s i s t s  of  fou r  4 b i t  ALU s l i c e s  (Am2901)f a s t a t u s  and 

s h i f t  co n t ro l  u n i t  (Am2904), and a h igh-speed  look-ahead  carry  

g e n e ra to r  (Am2902). The Am2901 c o n ta in s  17 i n t e r n a l  r e g i s t e r s  and 

performs a r i t h m e t i c  o p e r a t i o n s ,  l o g i c  f u n c t i o n s ,  and a v a r i e t y  of  

s h i f t s .  The Am2904 performs m isc e l l aneous  fu n c t i o n s  t h a t  a id  the ALUs 

with the g e n e ra t io n  of  the c a r r y - i n  s igna l  to  the Am2901s and s to rage  

and t e s t i n g  of  Am2901 s t a t u s  f l a g s .  The Am2902 prov ides  look-ahead 

c a r ry  g en e ra t io n  f o r  the Am2901s, r e s u l t i n g  in  s h o r t e r  t imes fo r  

- a r i t h m e t i c  o p e r a t i o n s .

0 . 6 .  Ex te rna l  Control

The c o n t ro l  computer uses t h r e e  e i g h t  b i t  buses to con t ro l  the 

m i c r o c o n t r o l l e r .  One ( c o n t ro l  bus) i s  used to  t r a n s m i t  i n s t r u c t i o n s  to 

the  m i c r o c o n t r o l l e r ,  and the o th e r  two are  used to  t r a n s m i t  and read 

da ta  (d a ta  r e t u r n  b u s ) .  The c o n t ro l  bus d r iv e s  a 5 - to -2 4  l i n e  decoder 

which p rov ides  clock s i g n a l s  to  v a r io u s  co n t ro l  r e g i s t e r s  in the 

m i c r o c o n t r o l l e r  and t r i s t a t e  enab le  s i g n a l s  to  b u f f e r s  which can be 

enabled  onto the da ta  r e t u r n  bus. By load ing  the m i c r o c o n t r o l l e r  

con t ro l  r e g i s t e r s ,  the co n t ro l  computer can s t a r t ,  s to p ,  advance the 

m i c r o c o n t r o l l e r  clock phase ,  and load and v e r i f y  the  microprogram 

memory and memory. The con t ro l  computer can execu te  a l l  data  t r a n s f e r s



116

w ith in  the m i c r o c o n t r o l l e r  t h a t  a re  p o s s i b l e  under Am2910 c o n t ro l  a 

s i n g l e  phase a t  a t ime.

E. Software Support

We have w r i t t e n  seve ra l  programs in C to  suppor t  the  microcon

t r o l l e r ,  i n c lu d in g  a c ro s s  a s s em b le r ,  m i c r o c o n t r o l l e r  c o n t ro l  package,  

and sev e ra l  t e s t  programs.  The con t ro l  package can l o a d / v e r i f y  the 

memory and microprogram memory, s t a r t ,  s t o p ,  s i n g le  phase s t e p ,  and 

s i n g l e  i n s t r u c t i o n  s t a r t ,  s t o p ,  and advance the m i c r o c o n t r o l l e r .  The 

t e s t  programs a re  capable  of  moni to r ing  s t a t u s  b i t s  in the  ALU and 

FIFO, and t e s t i n g  e i t h e r  the  microprogram memory or  memory with  user  

s e l e c t a b l e  da ta  p a t t e r n s .

F. P o s s ib le  System C o n f ig u ra t io n s

Without  m o d i f i c a t io n  to  e x i s t i n g  c i r c u i t  diagrams i t  would be 

p o s s i b l e  to  b u i l d  a minimal system c o n s i s t i n g  o f  the m icrosequencer ,  

microprogram ad d res s  l a t c h ,  microprogram memory and a s s o c i a t e d  b u f f e r s ,  

and the  e x t e r n a l  c on t ro l  s e c t i o n .  This  would f r e e  36 b i t s  of  micro

program memory t h a t  could be d e l e t e d  or  used to c o n t ro l  o t h e r  d ev ice s .  

Any or a l l  o f  the fo l low ing  could be added one a t  a time to  the minimal 

c o n f i g u r a t i o n :  ALU, FIFO, memory, and I/O b u f f e r s .  Few m o d i f i c a t io n s

would be r e q u i r e d  to  add more microprogram memory or  more I/O l a t c h e s .  

Addi t ion  of  more microprogram memory b i t s  would al low d i r e c t  con t ro l  of  

dev ices  in the l a b o r a t o r y .  Software fo r  m i c r o c o n t r o l l e r  suppor t  should
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work on any machine t h a t  compiles C. Use of  the software  on d i f f e r e n t  

co n t ro l  computers may r e q u i r e  s l i g h t  m od i f ica t io n  of  two r o u t i n e s  which 

communicate with the con t ro l  computer I/O p o r t s .



APPENDIX C 

Magnetic F i e l d  Control  Uni t

A. In t ro d u c t io n

A magnetic f i e l d  con t ro l  u n i t  was des igned ,  b u i l t ,  and t e s t e d  to 

r e g u l a t e  the magnetic f i e l d  in our exper iment .  I t  was des igned  to 

meet the fo l low ing  req u i re m en ts :

1) 500-610 gauss o p e r a t in g  range;

2) r e s o l u t i o n  e l / 4 0  gauss ,  frequency s y n t h e s i z e r  dependent;

3) a b s o lu t e  value of  magnet ic f i e l d  no t  r e q u i r e d ,  r e l a t i v e  va lues  
s u f f i c i e n t ;

4) s t a b i l i t y  over  time (24 hours)  and tempera ture  ( IK),  aB/B < 10"5

5) can r e v e r s e  f i e l d  to  1 p a r t  in 10s ;

6 ) does no t  d i s t u r b  B f i e l d  in the i n t e r a c t i o n  r e g i o n ,  i . e .  cannot
modulate loc a l  B f i e l d  (f requency  modulat ion of  the  r f  source
i s  u sed ) ;

7) computer c o n t r o l l e d ,  r e q u i r i n g  a minimum o f  u se r  i n t e r a c t i o n ;

8 ) can s tep  B f i e l d  from value to  value under computer c o n t ro l :
Two s tepp ing  modes:

a .  no MNR feedback ,  s tep  time 100 m i l l i s e c o n d s
b.  NMR feedback ,  s tep  time 800 m i l l i s e c o n d s ;

9) B f i e l d  s tepp ing  synch ron izab le  with  E f l i p  and ADC convers ions
to  w i th in  nanoseconds;

1 0 ) above numbers of  1 0 ± 5  a r e  good enough f o r  the f a s t  beam,
a t t e n t i o n  i s  pa id  to  requ i rem en ts  f o r  slow beam r e q u i r i n g  1 0 ±7.

B. Block Diagram D es c r ip t i o n

The magnetic f i e l d  co n t ro l  u n i t  i s  composed o f  fou r  s e c t i o n s  

( f i g .  C . l ) ;  an NMR-reference feedback loop used to  lock an NMR 

a b s o rp t io n  dip to  a r e f e r e n c e  f requency ,  a second feedback loop to
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keep a r f - t u n e d  tank locked to the r e f e r e n c e  f requency ,  a high 

r e s o l u t i o n  DAC to s t e p  the magnetic f i e l d  w i th o u t  r e f e r e n c e  to  an NMR 

s i g n a l ,  and s e l f - t e s t  e l e c t r o n i c s .

B . l  NMR S t a b i l i z a t i o n  Loop

The magnet ic f i e l d  i s  s t a b i l i z e d  by lock ing  an NMR a bso rp t ion  dip 

to  a r e f e r e n c e  frequency genera ted  by a frequency  s y n t h e s i z e r .  The 

f requency s y n t h e s i z e r ,  o p e ra t in g  a t  f requency  u>r f 0 , and s in u s o i d a l l y  

f requency modulated a t  f r e q u e n c y ^ ,  a p p l i e s  a v o l t ag e  V to  a r f  

b r idge  c o n s i s t i n g  of  a p a r a l l e l  LC tank tuned to wr f 0in s e n e s  wl’t  ̂ a 

small c a p a c i t o r ,  C ' . The i n t e r i o r  of  the i n d u c to r  co n ta in s  a water  

sample doped with  CUSO4 . When the magnetic f i e l d  value i s  such t h a t  

the proton re sonance ,  ui^, i s  near  wr f 0 » energy from the  r f  magnetic 

f i e l d  genera ted  by the  i n d u c to r  i s  absorbed in the  water  as  the uir f  

passes  through the pro ton resonance  f requency .  This  lowers the 

impedance of  the tuned ta n k ,  caus ing the vo l t age  a c ro s s  the tank ,  V0 , 

to  d e c re a se .  V0  i s  am p l i f i e d  with a high-impedance low-noise  

a m p l i f i e r ,  and a f t e r  envelope d e t e c t i o n ,  y i e l d s  the f a m i l i a r  NMR 

a b s o rp t io n  d ip .  The f i r s t  F o u r ie r  harmonic i s  e x t r a c t e d  from the 

ab s o rp t io n  d ip ,  producing the f a m i l i a r  d i s p e r s i v e  l in e s h ap e  shown a t  

the  o u tp u t  of the  d e t e c t i o n  c i r c u i t r y  in  f i g .  C . l .  This  F our ie r  

harmonic i s  then used as the e r r o r  s igna l  to  an i n t e g r a t o r  whose 

ou tp u t  c o n t r o l s  the c u r r e n t  in the s o l e n o i d ,  thus  c o r r e c t i n g  

d e v i a t i o n s  of  the proton resonance from the frequency s y n t h e s i z e r ' s  

o u tp u t .  By making small (< .1%/sec) changes in the  r e f e r e n c e
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f requency ,  the magnet ic f i e l d  may be s tepped through a d e s i r e d  

sequence of  v a l u e s .

B.2 Tuned-Tank Balance C i r c u i t r y

The tune d - tank  ba lance  c i r c u i t r y  a u t o m a t i c a l l y  keeps the peak of  

the  tuned- tank  resonance  locked to the c e n t e r  of  the r f  modulat ion 

range .  This  i s  accomplished by modula t ing  the  tanks  r e s o n a n t  

frequency around the r e f e r e n c e  frequency by small amounts and 

d e t e c t i n g  any d i f f e r e n c e s  between the average  v a lu e s .  The d i f f e r e n c e  

i s  then used as  an e r r o r  s igna l  to  o c r r e c t  the b ia s  vo l tage  of  a 

v a r i - c a p  diode g e n e ra t in g  p a r t  of  the tu ned - tank  c a p a c i t a n c e ,  thus  

keeping the tu n e d - t a n k  ce n t e re d  on the  r e f e r e n c e  f requency .

B.3 Rapid Sequencing of  the Magnetic F i e l d

The magnetic f i e l d  can be r a p i d l y  stepped  from p o i n t  to  p o i n t  by 

pu l s in g  the power supply co n t ro l  i n p u t  with  s p e c i f i c  p a t t e r n s .  This 

i s  accomplished by removing the NMR r e f e r e n c e d  p o r t i o n  fromthe co n t ro l  

loop and j u s t  us ing  the DACs.

B.4 T e s t  C a p a b i l i t y

The magnet ic f i e l d  co n t ro l  u n i t  has the c a p a b i l i t y  to  moni tor  a l l  

i n t e r n a l  v a r i a b l e s  t h a t  must be moni tored  to  ensure  s y s tem a t ic  f r e e  

o p e ra t io n  (see s e c t i o n  D), and those  used to  optimize  performance .
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C. D e ta i l e d  Block Diagram D e s c r ip t io n

The frequency s y n t h e s i z e r ,  a l l  DAC's, and a l l  ana log  swi tches  a re  

sof tware  programmable (see f i g u r e  C .2 ) .

C . l  NMR S t a b i l i z a t i o n  Loop

The system frequency r e f e r e n c e  i s  a 10 MHz c r y s t a l  clock .  I t  i s  

d iv ided  by 1 0  f o r  use by the f requency  s y n t h e s i z e r  and by 1 0  ̂ to 

g enera te  100 Hz (w^). The 100 Hz square wave i s  f i l t e r e d  by a high Q 

f i l t e r  with  a bandpass o f  about  1 Hz, i t s  ampli tude  c o n t r o l l e d  with  a 

m u l t ip l y in g  e i g h t  b i t  DAC, then used to  frequency  modulate the 

frequency s y n t h e s i z e r .  I t  was necessa ry  to  use a frequency der ived  

from the s y n t h e s i z e r ' s  r e f e r e n c e  fo r  the f requency modulat ion .  The 

( d i g i t a l  feedback loop) f requency  s y n t h e s i z e r s  d iv ide  i t s  1 MHz 

r e f e r e n c e  and i t s  o u tp u t  frequency  down to  100 Hz fo r  comparison.

This g e n e ra te s  s idebands  a t  ± 1 0 0  Hz on the o u tp u t  frequency t h a t  b ea t  

w ith  the d e s i r e d  f requency modulat ion caus ing  the d e t e c t e d  NMR s igna l  

to  o s c i l l a t e  a t  the  d i f f e r e n c e  f requency .  The second use of  the 

100 Hz i s  e x t r a c t i o n  of  the f i r s t  and t h i r d  harmonics from the NMR 

s i g n a l .  The 100 Hz i s  t r a n s m i t t e d  to  the analog  s e c t io n  via an 

o p t i c a l  i s o l a t o r .  The square wave o u tp u t  of  the o p t i c a l  i s o l a t o r  i s  

bandpass f i l t e r e d  a t  100 and 300 Hz by a c t i v e  f i l t e r s  with  Q's  of  

about  100. The 100 and 300 Hz s i g n a l s  a r e  then m u l t i p l i e d  t o g e th e r  

with the  o u tp u t  of  the  envelope  d e t e c t o r ,  thus  e x t r a c t i n g  the f i r s t  

and t h i r d  harmonics of  the NMR s i g n a l .

The o u tp u t  of  the  frequency s y n t h e s i z e r  i s  a TTL-compatible 

square wave capable  of  d r iv i n g  50 ohms. I t s  ampli tude i s  c o n t r o l l e d



123

O

aea

o

z

UiX
m

£u,i“§
*  —Sujo '0**

oooo

-IKl—io
r - lh o

Uu
V )CO

Q tf)

cc

o

o
a .

o

Fi
gu

re
 

C.
2 

M
ag

ne
ti

c 
Fi

el
d 

C
on

tr
ol

 
U

ni
t 

- 
D

et
ai

le
d 

Bl
oc

k 
D

ia
gr

am



124

by an r f  a t t e n u a t o r  whose con t ro l  c u r r e n t  i s  s e t  by an e i g h t  b i t  DAC. 

The r f  i s  then o p t i c a l l y  i s o l a t e d  onto the r f  tank .  The tanks  Q of  60 

s e l e c t  the wr f Qharmonic o f  the square  wave.

All o f  the change in  the tank vo l tage  due to  NMR a b s o rp t io n  

occurs  a c ro s s  the preamp i n p u t  i f  the tank i s  dr iven  with  a c u r r e n t  

source .  In p r a c t i c e  the tank i s  in s e r i e s  with  a small c a p a c i t o r  C*. 

Making Zq > »  Z ^ ^  approxim ates  t h i s  c o n d i t i o n .

The vo l t age  a c ro s s  the ta n k ,  V0 , i s  am p l i f i e d  by a f a c t o r  of  12 

with  a high-impedance low-noise  FET p r e a m p l i f i e r . 3 The p r e a m p l i f i e r  

no ise  i s  s i g n i f i c a n t l y  lower than the  tu ned- tank  Johnson n o i s e .  A f te r  

the  p r e a m p l i f i e r ,  V0  i s  am p l i f i e d  by a f a c t o r  of  f iv e  and envelope 

d e t e c t e d  us ing diode r e c t i f i c a t i o n .  Envelope d e t e c t i o n  r e s u l t s  in the 

same s i g n a l - t o - n o i s e  as  synchronous d e t e c t i o n , 1* s ince  the 

s i g n a l - t o - n o i s e  i s  l a r g e .  The d e t e c t e d  s igna l  i s  then a m p l i f i e d  and 

low-pass  f i l t e r e d  a t  1 KHz y i e l d i n g  the NMR a bso rp t ion  d ip .  The f i r s t  

and t h i r d  F o u r ie r  harmonics a r e  e x t r a c t e d  from the a b s o rp t io n  d ip .

The f i r s t  harmonic i s  used an i n t e g r a t o r ' s  e r r o r  s i g n a l ,  the o u tp u t  of  

which i s  summed with  the  o u tp u t  o f  two 12 b i t  DACs. The sum o f  these  

t h r e e  v o l t ag es  i s  used to  co n t ro l  the c u r r e n t  in the s o le n o id .

To achieve s t a b i l e  o p e r a t i o n ,  the i n t e g r a t o r ' s  gain i s  «  1, 

r e s u l t i n g  in  the i n t e g r a t o r  being unable to  con t ro l  the s o leno id  

c u r r e n t  th roughou t  a f i v e  gauss range (a t y p i c a l  scan r a n g e ) .  

T h e re fo re ,  as  the magnetic f i e l d  i s  scanned,  the DACs o u tpu t s  are 

a d j u s t e d .  Both DACs have a v o l t age  range of  zero to  ten v o l t s .  The 

course  DAC has a gain of  one,  and the f i n e  DAC has a gain «  1. The
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sum of  the two form a DAC with  a r e s o l u t i o n  of  19.5 s t r a i g h t  b inary  

b i t s .  To change the  magnetic f i e l d  only the coarse DACs ou tp u t  i s  

a d j u s t e d .  The f i n e  DAC i s  only r e q u i r e d  f o r  f a s t  s tepp ing  of  the 

magnet ic f i e l d .

C.2 Tuned-Tank Balance C i r c u i t r y

To ach ieve  maximum s i g n a l - t o - n o i s e ,  i t  i s  necessary  to  keep the

r f  b r idges  r e s o n a n t  f requency ,  ioq0 ,  the  same as t h a t  of  the proton 

r e s o n a n c e . 1 This  i s  achieved  by assuming i s  the same as <*»rf0  and 

lock ing  wQQto  wr f Q . 2 Th is  i l l u s t r a t e d  by assuming ur f 0  i s  a c o n s t a n t .  

The t o t a l  tank c a p a c i t a n c e ,  C, i s  p a r t i a l l y  genera ted  by a v a r i - c a p  

d iode ,  thus  p e r m i t t i n g  e l e c t r o n i c  co n t ro l  o f  the tank re so n an t  

f requency .  wq0i s  modulated symmetr ica l ly  around wr f 0  a t  frequency uiq 

by modulat ing C around the c a p a c i t an ce  r e q u i r e d  f o r  tank resonance a t  

“ rfo* C 1S modulated by summing a small  ac vo l tage  of  frequency wq

with  the dc vo l t age  r e q u i r e d  to  ach ieve  tank resonance  a t  u)r f 0 * I f

f o r  some reason  <oq0  i s  no t  c e n t e red  on <ur f 0 » V0  w i l l  con ta in  ampli tude 

modulat ion a t  uiq. A f te r  envelope d e t e c t i o n  ( f i g .  C .2 ) ,  any harmonics 

a t  a>c a r e  p h a s e - s e n s i t i v e l y  d e t e c t e d .  The o u tp u t  of  the phase 

s e n s i t i v e  d e t e c t o r  i s  a d i s p e r s i v e  l i n e s h a p e  in the q u a n t i t y  u)Q0 -<or f 0 . 

I t  i s  used as  an e r r o r  s igna l  to the  i n p u t  o f  an i n t e g r a t o r  whose 

o u tp u t  i s  used to  apply Vg^c t 0  the v a r i - c a p  d iode .  Since the tuned 

tank ba lance  c i r c u i t r y  c o r r e c t s  d i f f e r e n c e s  between wq0  and uir f Q the

tuned  tank w i l l  a u t o m a t i c a l l y  fol low changes in the r e fe re n c e  

f requency .  Thus,  a u t o m a t i c a l l y  fo l low ing  the s tepp ing  of  the magnetic 

f i e l d .
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The s igna l  t h a t  modulates the v a r i - c a p  diode in the tuned tank a t  

u)0 i s  genera ted  by a s i n g l e  chip waveform g e n e r a to r ,  u c ' s  ampli tude 

i s  c o n t r o l l e d  by an e i g h t  b i t  m u l t i p l y in g  DAC. The s in e  wave ou tpu t  

of  the wave form g e n e ra to r  i s  used to  phase s e n s i t i v e l y  d e t e c t  the wc 

component of  the envelope d e t e c t e d  o u tp u t  of  the tank .  The d e t e c te d  

we component i s  the e r r o r  s igna l  f o r  the i n t e g r a t o r  which d i r e c t l y  

d r iv e s  the v a r i - c a p  diode in the tuned tank .  For d i a g n o s t i c  purposes ,  

the  i n t e g r a t o r  can be switched ou t  and an e i g h t  b i t  DAC switched in .

C.3 Rapid Sequencing of  the Magnetic F ie ld

For some da ta  g a t h e r in g  modes i t  i s  only necessary  to spend 100 

m i l l i s e c o n d s  a t  a given magnetic f i e l d  va lue .  Thus i t  i s  d e s i r a b l e  to 

be ab le  to  r a p i d l y  sequence the magnet ic f i e l d .  Doing t h i s  using NMR 

s t a b i l i z a t i o n  r e q u i r e s  a minimum of  800 m i l l i s e c o n d s  per  f i e l d  p o in t  

f o r  two r e a s o n s .  F i r s t ,  the f requency s y n t h e s i z e r  r e q u i r e s  450 

m i l l i s e c o n d s  to  s e t t l e  to  w i th in  ten p e r c e n t  of  i t s  f i n a l  va lue .  

Second, the s o le n o id  power supply i s  a v o l t a g e - c o n t r o l l e d  c u r r e n t  

source in p a r a l l e l  with  a 0.003 f a r a d  c a p a c i t o r ,  d r iv i n g  a load  of  2.5 

h e n r ie s  in s e r i e s  with  21.5 ohms. The c u r r e n t  source responds  in l e s s  

than one m i l l i s e c o n d  to  a r e q u e s t  f o r  a s t e p  func t ion  change in the 

o u tp u t  c u r r e n t .  800 m i l l i s e c o n d s  e l a p s e s  before  96 p e rc e n t  of  the 

c u r r e n t  i s  f lowing through the s o l e n o i d ,  and no t  onto the c a p a c i t o r .  

This  problem i s  overcome with  the fo l low ing  techn ique .

Changing the c u r r e n t  in an i n d u c to r  in s t a n t a n e o u s ly  r e q u i r e s  a 

d e l t a  func t ion  of  vo l t age  a p p l i e d  to  i t ,  f i g .  C.3.  To s tep  the 

so leno id  c u r r e n t  q u ic k ly ,  a high r e s o l u t i o n  DAC d r iv e s  the power
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supply co n t ro l  i n p u t  so t h a t  the v o l t age  ac ro s s  the so leno id

approx imates a d e l t a  fu n c t io n  as c l o s e l y  as p o s s i b l e .  To change the

so leno id  c u r r e n t  by A l ,  the con t ro l  i n p u t  i s  overdr iven  81 a I fo r  10 

m i l l i s e c o n d s  ( f i g .  C3 .2 ) ,  caus ing  the vo l t age  a c ro s s  the s o leno id  to  

ramp up ( c u r r e n t  source d r iv i n g  a c a p a c i t o r )  well beyond i t s  f i n a l  

va lue .  The c u r r e n t  i s  then underdr iven  by 71 a I  f o r  10 m i l l i s e c o n d s  

r e s u l t i n g  in  the vo l tage  ramping down to  i t s  f i n a l  va lue ,  and the

c u r r e n t  in the  s o leno id  being w i th in  ten p e rce n t  of  i t s  f i n a l  va lue .

By c a l i b r a t i n g  the DAC with  NMR, the  magnetic f i e l d  can be moved 

r a p i d l y  with  the DAC, while  s t a b i l i z i n g  the f i e l d  a t  i t s  new value 

with  NMR. Since the p r e s e n t  f requency  s y n th e s i z e r  r e q u i r e s  800  

m i l l i s e c o n d s  to  s e t t l e ,  i t  would have to  be r e p la c e d  to do t h i s .

C.4 T es t  C a p a b i l i t y

The magnet ic f i e l d  con t ro l  u n i t  has the c a p a b i l i t y  to  moni tor  a l l

i n t e r n a l  v a r i a b l e s  r e q u i r e d  to  ensure  s y s t e m a t i c - f r e e  o p e ra t io n  (see

S ec t ion  D), and those  used to  op timize  performance .

The fo l low ing  v o l t a g e s  can be moni tored with  a sample-and-ho ld

and 12 b i t  ADC:

Tuned-tank resonance j u s t  a f t e r  d e t e c t i o n  
Tuned-tank lock ing  loop m u l t i p l i e r  ou tp u t  o f f s e t  
Tuned-tank lock ing  loop i n t e g r a t o r  ou tpu t  
NMR a b s o rp t io n  dip
NMR 1 s t  harmonic m u l t i p l i e r  o u tp u t  o f f s e t  
NMR 3rd harmonic m u l t i p l i e r  o u tp u t  o f f s e t  
NMR loop i n t e g r a t o r  o u tp u t
10 Hz low pass f i l t e r  of  d e t e c t e d  1 s t  and 3rd harmonic 
Coarse DAC ou tp u t
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D. Performance Analys is

D.l  A n a ly t ica l  D es c r ip t i o n  of  NMR and LRC Resonant C i r c u i t

This  s e c t i o n  d e s c r ib e s  and compare the NMR a b so rp t ion  dip and LRC 

tuned- tank  resonance  ( h e r e a f t e r  c a l l e d  the Q c u r v e ) .  A na ly t ica l  

e x p re s s io n s  fo r  the F o u r i e r  harmonics of  both curves a re  known. 5 *6 

Throughout t h i s  work a l l  Loren tz ian -shaped  fu n c t io n s  a re  assumed 

o f  u n i t  h e i g h t ,  independent  of w id th .  The NMR a b s o rp t io n  dip i s  

assumed to  be L o re n tz ia n .  I t  can be shown t h a t  an LRC tuned- tank  

approx imates  a L oren tz ian  when 1/Q.2  << 1 and (m0 -a))/oi0  << 1, both 

e a s i l y  s a t i s f i e d  in t h i s  sytem. Table C . l  d e f in e s  symbols.

D . l ( a )  F o u r ie r  expansion of  modulated Loren tz ian  l i n e  shapes 

A Loren tz ian  l i n e  shape has the form:

G(x) = l / ( l + x 2) . (D.l)

Sinuso ida l  modulat ion of  x,  r e p l a c e s  x by x + m cosuit,  where

and
m = u)m/a>i/2 , 

aii / 2  = width a t  h a l f  maximum , 

oim = peak- to -peak  s ine  wave modulation .

(D.2)

Expanding (D .l )  in  a F o u r ie r  s e r i e s  of  the genera l  form:

S ( x , t )  = I Sn (x) cos (nn t )  
n= 0

(D .3 )
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Table C . l  

F requen t ly  Used Symbols

0) : average value of r f

: frequency of  the f requency  modulat ion of  ojr f  

: minimum/maximum i n s t a n t a n e o u s  va lues  of  r f  

: average va lue of the  tuned tank resonance (T2 R) 

: FWHM of LCR T2R

%

0)
r ^min/max

X
Aojq

^min /max

“ C

yomin/max
U)N

AojM

min/max in s t a n t a n e o u s  value  of  T2R a t  frequency n due 
to  tuned tank fo l low ing  u r f  because of au tomat ic  tank 
ba lanc ing

f requency  of  the ampli tude  modulation of  the v a r i - c a p  
by the TTB system

min/max in s ta n ta n e o u s  va lue of  T2R a t  frequency oiC 

f requency  of  NMR resonance  

FWHM of  NMR resonance

x q  =  ( " r f o -  "  “ Q 0 ) / A u q  

XN = (“ r f  "

m.
“̂ rfmav “ r f m-|n ).  1 r f max

r f  2 A 0>r

_ 1 ^Qfynax ^Q^mi n ^
AU)r

m,QC 2 A uv

N 2 A to.
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where,

s„(x) = i  i .  ■ /  »<A- .l * > l + - J 2ji / 2  -  ( ; - 1x» n ♦ c . c .  , (0 .3b)
2 "  [ ( l - 1 x ) 2  +  m 2 ] l / 2

£ q  ~  1  t  £ f i  -  2  ( n * * l | 2 | c « t )  *

For n=l ,

S ( x ) _ ( 2 ) 1 / 2  x[(M2 +4x2 ) 1 / 2  + M] 1 / 2  ~ [(M2 +4x2 ) 1 / 2  -  M] 1 / 2

m (M2  + 4X2 ) 1 / 2  (D.3c)

where,

M = 1 -  x2  + m2  .

For m «  1,

S i (x )  * -2xm/( l+x 2 ) 2  + O(m^) ,

approxim at ing  the  f i r s t  d e r i v a t i v e .

Numerical o p t im iz a t io n  of  ( x) as  a f u n c t io n  of  m, to  y i e l d  the

l a r g e s t  value f o r  small x,  r e s u l t s  in m = 0 .71±0 .01 .  I t  i s  suspec ted

t h a t  i f  an a n a l y t i c a l  ex p re s s io n  were found,  i t  would be m = 1 / / 2 .

This  y i e l d s  an id e a l  peak- to -peak  modulat ion  ampli tude o f ,

mo p t  = » l / 2 ^  (0 .4 )

For m = mo p t , and x sm a l l ,  numerical  c a l c u l a t i o n  y i e l d s

S j lx )  = 0.76x (D.5)

The e x p r e s s io n s  p resen ted  here can be used to  d e s c r ib e  the shape

of  the NMR a b s o rp t io n  dip and the  Q curve .
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D .l (b )  D e s c r ip t i o n  of  LRC r e s o n a n t  c i r c u i t

The NMR c o i l  and the c a p a c i t o r  in p a r a l l e l  with  i t  a r e  modeled as 

an id e a l  i n d u c t o r ,  L, in s e r i e s  with  an id e a l  r e s i s t o r ,  R, both of 

which are  in  p a r a l l e l  with  an id e a l  c a p a c i t o r ,  C. The impedance,  | Z | ,  

o f  the c i r c u i t  near  resonance ,  assuming Q »  1, where 

Q = o)0 L/R and co0  = 1/ /UT, i s :

|Z |  = ------------     (D.6 )
C(R/o)L)2 + (oiC -  1 / U L ) ) 2] 1/Z

Assuming 1/Q2  and (u0  -u))/to0  «  1, equ.  D. 6  can be rea r ranged  to 

y i e l d :

Q/(Co>0 )

1 +  2Q2 ( ( oj0  -  u ) ) / w 0 ) 2
|ZI s  ----------   2------------   (D.7)

This  i s  a L o ren tz ian  with  x = / ?  Q(to0 —co)/u>0 - 

D . l ( c )  NMR Lineshape

Assuming r e l a x a t i o n  e f f e c t s  can be ig n o red ,  the NMR a b s o rp t io n  dip 

can be approximated as  a L o r e n t z i a n . 6 How c l o s e l y  the a c t u a l  resonance 

can be approximated by a L oren tz ian  i s  unknown a t  t h i s  t ime,  however, 

the  fo l lowing  a n a l y s i s  assumes the NMR s igna l  i s  L o ren tz ia n .

D.2 Noise and Signal  S t r e n g th s

A l i m i t a t i o n  to  the accuracy with  which the magnetic f i e l d  can be 

measured i s  the a v a i l a b l e  s i g n a l - t o - n o i s e .  A fundamental l i m i t a t i o n  of
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the  c u r r e n t  approach i s  the  Johnson noise  of  the i n d u c t o r .  A p r a c t i c a l  

l i m i t a t i o n  i s  the no ise  induced by e l e c t r o n i c  components.  This  s ec t ion  

d i s c u s s e s  the  a v a i l a b l e  s igna l  s i z e  and r e l e v a n t  no ise  sources .

0 . 2 ( a )  Johnson n o ise  of  the co i l

Assuming the R in  the tune d - tank  g e n e ra te s  Johnson noise  given by 

Vn = /TFTRaF  the no ise  v o l t age  seen by the preamp i s

In a p ro p e r ly  des igned c i r c u i t  t h i s  should be the only n o i s e ,  and,  

hence ,  i s  the l i m i t i n g  f a c t o r  in the  s i g n a l - t o - n o i s e  r a t i o .

D. 2 ( b) NMR a b s o rp t io n  dip s igna l  s i z e  

I t  can be shown t h a t  the s ig n a l  s i z e  i s

where k' i s  a c o n s t a n t .  (Where does t h i s  come from????) This r e s u l t s  

in the fo l lowing  s i g n a l - t o - n o i s e  r a t i o ,

vrms = vnQ » /^FTZaF (D.8 )

where,

k = Boltzman 's  c o n s t a n t  = 1 .38x l0“ 23 Joule /K ,

T = c i r c u i t  te m pera tu re  in  #K ,

Z = tank impedence ( a t  resonance Z * QLoj0  = RQ2 ) ,

Af * o b s e rv a t io n  bandwidth in Hz .

vs = k ' Q ( ^ L ) 1 / 2 (D.9)

(D.10)
(4 k T Z A f)1 /2
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D.2(c)  Noise in t roduced  through tu ned- tank  balance c i r c u i t r y  
TTT5CT---------------------  ----------------------------------

The tune d - tanks  v a r i - c a p  diode i s  c o n t r o l l e d  by a p p l i c a t i o n  of  a 

v o l t a g e .  This  i n t ro d u c e s  no ise  i n t o  the tuned tank a t  a l l  

f r e q u e n c i e s .  The n o ise  i s  a p o t e n t i a l  problem in th r e e  frequency 

ranges ;  a t  the NMR frequency ,  a t  the v a r i - c a p  modulation frequency ,  

and a t  the  r f  modulat ion f requency .  The no ise  a t  a l l  o f  these  

f r e q u e n c i e s  i s  s u f f i c i e n t l y  small so as  n o t  to  be a problem.

0 .3  Sys tematic s

This s e c t i o n  deve lops  a mathematical  model fo r  the  NMR s ignal  

p lu s  the  Q-curve a f t e r  envelope d e t e c t i o n .  I d e a l l y  t h i s  s igna l  would 

be an NMR ab s o rp t io n  dip  which i s  a s ine  wave modulated,  n o n s a tu r a t e d ,  

L o ren tz ia n .  However, the r e f e r e n c e  f requency  (o>r f 0 ) i s  a frequency 

modulated a t  harmonics o f  ojq in  a d d i t i o n  to  cujj, Q-curve harmonics are 

mixed with those of  the NMR a b s o rp t io n  d ip ,  and th e re  a re  dc o f f s e t  

v o l t a g e s  in the  con t ro l  loops lock ing  the NMR a b s o rp t io n  dip to u>r f 0  

which must be c o n s id e re d .

D.3(a)  D e s c r ip t io n  of  d e t e c t e d  Q-curve and NMR s ignal

The model used fo r  a genera l  d e s c r i p t i o n  of  the NMR and Q curve 

a f t e r  envelope d e t e c t i o n  i s  shown in f i g u r e  C.4.  The mot iva t ion  for  

t h i s  model i s  s t a t e d  very n i c e ly  by Andrews , 8 pg.  33,  "This e q u a l i t y

o f  vo lt age  i s  no c o in c id e n c e ,  s ince  i t  merely ex p re s s e s  the f a c t  t h a t

a b s o rp t io n  in any system a t  a given frequency may be s imula ted  by

r e p l a c i n g  the ab s o rb e r  with an o s c i l l a t o r  of  the same f requency ,  but

of  o p pos i te  p h a s e . . . .  However , . . . such  o s c i l l a t o r s  a r e  not  a f i c t i o n ,
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Figure  C.4 NMR Tuned Tank Model
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bu t  a re  a c t u a l l y  p r e s e n t  in the form of the fo rced  p recess ion  of  the 

r e s u l t a n t  magnet ic moment about  H0 . . . . o n e  may cont inue to  observe 

n u c l e a r  in d u c t io n  of  the  f r e e l y  p r e c e s s in g  magnetic moment a f t e r  the

r ad io f re q u en cy  f i e l d  has been switched  o f f . "  Using s u p e r p o s i t i o n  t h i s

model r e s u l t s  i n ,

VTota l  = Vr f  “ “  "  + VNMR R J z • (D .H a)
(Zc , + ZT) K + L

where Zj  i s  the impedance of  the tu ned - tank  (equ. 0 . 1 ) ,  and Zc' and Zl 

a r e  the impedances of  C' and L r e s p e c t i v e l y .  Before t h i s  exp res s ion  

i s  F o u r ie r  an a ly zed ,  seve ra l  s i m p l i f i c a t i o n s  a re  made. Both 

denominators of  D . l l a  a re  a lmost  pure imaginary .  T he re fo re ,  when 

c a l c u l a t i n g  |V j |  the magnitude of  the sum i s  approximate ly  equal  to  

the  sum o f  the  magni tudes .  This r e s u l t s  in the fo l low ing ,

|VT I .  Vr f
ZT + V ZT

d c . + zT > NMR R + ZL
(D . l l b )

Replac ing  Zc ' + Zj w ith  Zc » ( | Z c * | / | Z y |  s  20) r e s u l t s  in  an e r r o r  of 

1/20 in  the s i z e  of  Vr f .  Replace R + Zl by Zl r e s u l t i n g  in an e r r o r  

of  l e s s  than one p a r t  in a hundred.  Replace the u dependence in Zq' 

and Z l  by cdq0 ,  causing  an e r r o r  of  about  one p a r t  in ten thousand 

assuming u i s  i n s t a n t a n e o u s ly  frequency modulated with a width  of 

200 Hz. (The a c tu a l  frequency spectrum of the f requency-  and 

am pli tude-modula ted  s i g n a l s  from the tuned- tank  have n o t  been worked
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o u t .  However, e x p e r im e n ta l ly  t h i s  approximat ion i s  known to be very 

good.)  This  r e s u l t s  in the fo l low ing :

I V  5  Vr f z C'
+ VNMR ZL,

(D.12)

where 1q < q = ZC'(co0 ) and ZLq = ZLU 0 ) .

Approximating Zj  and V ^ r  by Loren tz ian  l i n e s h a p e s  r e s u l t s  in ,

Zj  = Zj
1 + X

2  • VNMR " VNMR
1 + Xf

(D.13)

'T ‘ "N

Equation D.13 assumes idea l  models fo r  the tuned tank and ab s o rp t io n  

d ip .  Th is  i s  expec ted  to  be a good approximat ion fo r  the tuned tank 

s ince  i t  i s  ope ra ted  c lo s e  to  i t s  peak and modulated over such a small 

f r a c t i o n  of  i t s  w id th .  However, the a b s o rp t io n  dip i s  modulated 

r a p i d l y  over most of  i t s  w id th ,  caus ing  d i s t o r t i o n .  D ev ia t ions  from 

id e a l  l i n e s h a p e s  i s  accounted  fo r  by adding an e r r o r  term to  Zj  and 

VNMR* With the above s u b s t i t u t i o n s ,  equa t ion  (D.12) becomes

VT 5 V f zc:
[ 1

l+x:

NMR

Vrf

C 0

zl , 1+XN (D.14)

where Ej and a r e  the e r r o r  terms fo r  the tank resonance curve and 

the  NMR curve ,  r e s p e c t i v e l y .

To g e t  an idea  of  how l a rg e  some of the above terms a r e ,  note

t h a t ,
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X = C°r f o ~ %  B 2.3xlQ^Hzxl0ppm _ 1Q-3 

Auiq 60kHz

2 2 T h e re fo re ,  1/(1+Xy) can be expanded in powers of  XT. Since
i 2

VNMR/Vr f ,  XT , and Ej a re  a l l  «  1, a l l  p roduc ts  of  them in equ.  D.14,  

a r e  dropped,  r e s u l t i n g  in the equa t ion  fo r  the d e t e c t e d  vo l tage  which 

i s  F o u r ie r  ana lyzed ,

V -  V |Z j l  r 1 t- r | VNMR 1Zco'  f 1 E 1
t  = rf Tz7 1 [— 2 T TzTT [— 2>Z < V  1 + X f  V r f  | Z L o l  1 + X Z ( D .  3 . 5 )

Although a l l  the e r r o r s  in equ.  0.15 could be lumped i n t o  one e r r o r  

te rm ,  b e t t e r  unde rs tand ing  of  the  system r e s u l t s  by keeping the e r r o r  

terms s e p a r a t e .  Ej can be measured w i th o u t  the NMR s igna l  p r e s e n t ,  

and then E^ measured by s u b t r a c t i o n  with  both s i g n a l s  p r e s e n t .

D.3(b) Harmonic d i s t o r t i o n

Closed form s o l u t i o n s  fo r  the F o u r ie r  spectrum o f  1/ (1  + x^) 

where x = x0  + mcos(o)t),  were d i s c u s s e d  in s e c t i o n  D . l ( a ) .  The a c tu a l  

system has x = x0  '+ mcos(<umt )  + £ m'cosCu^t + 4>^), where the  primes 

r e p r e s e n t  ex t ra n eo u s  frequency  modula t ion ,  most l i k e l y  a t  u =. 

2o),3(d, . . .  and <J>̂ i s  some phase a n g le .  Two sources  of  t h i s  a re  non- 

l i n e a r i t i e s  in the  f requency s y n t h e s i z e r  response  to  i t s  frequency 

modulat ion  v o l t a g e ,  and the frequency modulat ion vo l t age  c o n ta in in g  

h ighe r  o rde r  harmonics.  These harmonics can appear a t  u)m by being 

mixed with u)m by the n o n l i n e a r i t i e s  of  the Loren tz ian  l i n e s h a p e .  The 

occurance of  unwanted harmonics i s  c a l l e d  harmonic d i s t o r t i o n .
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The NMR a bso rp t ion  dip has been ana lyzed ,  assuming no tuned- tank  

background,  fo r  the  e f f e c t  o f  2 w and 3w harmonic d i s t o r t i o n  a t  oi and 

3w. A na ly t ica l  c a l c u l a t i o n  shows t h a t  only one e r r o r  i s  im por tan t ,  

u '  = 2 o) and m' = 0 . 0 1 m r e s u l t s  in the ze ro  c r o s s in g  of  the u and 3w 

d e t e c t e d  channe ls  s h i f t i n g  abou t  2  ppm.

This a n a l y s i s  n o t  been done fo r  the tune d - tank  background, but  

the  e f f e c t s  would be very small due to the l a r g e r  width of  the 

tune d - tank  resonance ,  about  60 kHz vs.  200 Hz fo r  the  NMR s i g n a l .

D.3(c)  DC o f f s e t s  a t  the  m u l t i p l i e r  o u tp u t  and the i n t e g r a t o r  
i n p u t

The m u l t i p l i e r  o u tp u t  o f f s e t  vo lt age  (Vmoo) and the i n t e g r a t o r  

i n p u t  o f f s e t  vo l t age  ( V ^ q ) causes  s y s tem a t ic  s h i f t s  of  the magnetic 

f i e l d  p o in t  being s t a b i l i z e d .  These v o l t a g e s  occur  1n the NMR 

s t a b i l i z a t i o n  loop and the tuned tank balance  c i r c u i t .  The general  

c i r c u i t  d e s c r i p t i o n  used fo r  both loops i s  i l l u s t r a t e d  in f i g u r e  C.5.  

a i  i s  the s i z e  o f  the f i r s t  harmonic a t  e i t h e r  a>m or  u>o given by (see 

t a b l e  C . l ) ,

a ,  = J 2 —  0.76xS (D.16)
1 op t

where:

mopt  » the  optimal modulation ampli tude
m , the  a c t u a l  modulat ion am pl i tude ,  m < mopt  

x , o f f s e t  o f  l i n e  ce n t e r  
S , peak s igna l  h e ig h t
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ENVELOPE
DETECTION

F igure  C.5a Feedback Loop fo r  Tuned Tank Balance

ENVELOPE
DETECTION

POWER
SUPPLY

F igu re  C.5b Feedback Loop fo r  NMR Signal

r - l _  ^
H fm v moo Viio

10kH2

= 100H2

'z ( ^ i n t e g r a t o r )

Figure  C.5c G en e ra l i z e d  Feedback Loop fo r  NMR and Tuned Tank 
Balance ,  Inc lu d in g  O f f s e t  Voltages
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The dc component of  the m u l t i p l i e r  o u tp u t  i s  GKai, p lus  the m u l t i p l i e r  

o u tp u t  o f f s e t  v o l t a g e .  This  vo l t age  i s  summed with the i n t e g r a t o r s  

in p u t  o f f s e t  v o l t a g e ,  y i e l d i n g

t
Vi = 1 (GKaX + Vmoo + Vi 1 o ) d t  (D.17)

—00

The con t ro l  loop s teady s t a t e  response  r e s u l t s  in the id e a l  i n t e g r a t o r  

in p u t  vo l t age  being ze ro .  This  causes  a i  to  be s t a b i l i z e d  a t  a value 

c o r r e c t i n g  f o r  the o f f s e t  vo l t ages

a i s s  " -<vmoo + V i io> /GK . (D.18)

This locks  the  feedback loop to  a l o c a t i o n  o f f s e t  from the zero 

c r o s s in g  o f  the f i r s t  F o u r i e r  harmonic,  r e s u l t i n g  in an Xer r o r  o f ,

X. .  - _ J _  i -  (V"” ° * V.»9 .). (0.19)
e m 0 .76  GK S

( i )  O f f s e t  v o l t ag es  in the NMR s t a b i l i z a t i o n  loop

Changes in the  o f f s e t  v o l t a g e s  in the NMR s t a b i l i z a t i o n  loop w i l l  

s h i f t  the value of  the magnetic f i e l d  by an amount given by equ.  D.19. 

See t a b l e  C.2 fo r  pe rm i t t ed  s i z e s  of  o f f s e t  v o l t a g e s .

( i i )  O f f s e t  v o l t ag es  in the tu ned - tank  balance c i r c u i t

O f f s e t  v o l t ag es  in the tu ned - tank  balance  c i r c u i t  (TTB)

i n d i r e c t l y  e f f e c t s  the magnetic f i e l d  value because Q-curve harmonics 

a re  d e t e c t e d  along with  the NMR harmonics.  Non-zero o f f s e t  vo l tages

in the TTB loop o f f s e t  the Q-curve from the middle of the r f
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Table C.2

P r a c t i c a l  Numbers fo r  NMR S t a b i l i z a t i o n  Loop

Des ired  B f i e l d  s t a b i l i t y / ° C 1 0  ppm 0 . 1  ppm

^moo 100 uV/°C *

^i i o 5 y V/°C ★

mN = mo p t 1 / / ? *

S,NMR s igna l  he igh t 50 n V *

Assumed l inew id th 200 Hz *

Allowed Ax/°C 0 . 1 0 . 0 0 1

Required GK 105 1 .05x l04

*Same as column to l e f t .

modulat ion  range ,  caus ing  the f i r s t  harmonic of  the Q-curve to be 

d e t e c t e d  in the NMR loop along with the NMR s i g n a l .  To keep the 

i n t e g r a t o r ' s  i n p u t  ze ro ,  the NMR loop o f f s e t s  the NMR resonance  in the 

o p p o s i t e  d i r e c t i o n  caus ing  the magnetic f i e l d  to s h i f t .  Th is  e f f e c t  

can be made a r b i t r a r i l y  small by a d j u s t i n g  the ga ins  in the TTB loop.

Keeping the TTB o f f s e t  v o l t a g e s  small enough to  remove 

u n d e s i r a b l e  s h i f t s  in the magnetic f i e l d  r e q u i r e s ,

± _  a < 1 -  a 1M < x..,. (D.20)
dp lQa dP IN NEmax

where
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P = any paramete r  t h a t  e f f e c t s  aiQ or a ^ ,  the case being 
ana lyzed  i s  o f f s e t  vo l t ages

a lQn = a j  in  NMR loop a t  ft due to  Q-curve no t  cen te red  on r f  
modu la t ion ,  i . e .  Xq * 0

a lN = a l  NMR 1°°P a t  n due to  NMR curve no t  cen te red  on 
r f  m odula t ion ,  i . e .  * 0

xNEmax = the maximum e r r o r  al lowed in the NMR loop 

Reca ll  t h a t

mM
a 1K1 = 0. 76X. . SM (0 .21)IN m N Nop t

alQfl ■ °-76V q (0-22)

a lQuC ’  ° - 7 6 V q  1D-23)

Observing t h a t  mqq can be made l a r g e r  than mqfi and,  hence,  a iq^q  > 

a lQn» tflen ^  a lQuC 1S s i g n a l - t o - n o i s e  l i m i t e d ,  a iq n w i l l  be even 

s m a l l e r .  Knowing ihqq and an al lowed  upper l i m i t  fo r  a iq n ,

xn = a m o ^ 2 £ i —  -----  {D*24)Q IQn %  o . 76Sq

S u b s t i t u t i n g  D.24 i n t o  0.25 thus  s e t s  a l i m i t  on the a l low ab le  a ^ q ^  

occ u r r in g  in the TTB loop.

a i n r = ^ a ino (D.25)IQuiC itJq̂  1QS1

Using D.25 a l i m i t  on (GK)q r e s u l t s ,
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V + V..moo 1 io

( 6 K)n > V  * > 1 1 2
g IQojC

v moo
a  I Q ojC Cg k T

V V m V V . .
= m00 * 110 = mo°  + 110 =

m  “ m  a. . .

or

mQC 
mQn 1Qn

< g k > q  > ^ ( g k ) n

~  (GK)m 
QC N

(GK) |s| i s  given in  t a b l e  C.2.
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