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a r e sonance  s i g n a l  f o r  b o t h  n e u t r o n s  and p r o t o n s  ( i n  f lowing H20), we f ind  

u n / p p  = 0.68497935(17) 

Using a magne t i c  r e sonance  

(0.25 ppm). The neu t ron  magnet ic  moment can also be 

e x p r e s s e d  w i t h o u t  l o s s  of accu racy  i n  a v a r i e t y  o f  o t h e r  u n i t s .  
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1. I n t r o d u c t i o n  

The r e a l i z a t i o n  t h a t  t h e  n e u t r o n ,  a n e u t r a l  p a r t i c l e ,  p o s s e s s e s  a non-zero 

magnetic moment h a s  been of c o n s i d e r a b l e  importance i n  t h e  development  of 

n 

# 0 from compar isons  

n u c l e a r  and p a r t i c l e  p h y s i c s .  

had been made, t h e r e  w a s  a s t r o n g  i n d i c a t i o n  t h a t  p 

o f  t h e  p r o t o n  and d e u t e r o n  magnet ic  moments p and p I f  t h e  n e u t r o n  and  

p r o t o n  combine i n  a p u r e  3S 

Even b e f o r e  any e x p l i c i t  measurement of p 

n 

P D' 
s t a t e  t o  form t h e  deu te ron ,  one  would e x p e c t  1 

E a r l y  measurements of p and uD gave,  a c c o r d i n g  t o  t h i s  r e l a t i o n ,  
P 

UD = Pn + up.  

"n N = -1.8 LI where pN i s  t h e  n u c l e a r  magneton. 

According t o  Dirac Theory, which assumes s t r u c t u r e l e s s ,  s p i n  112 

= 0 and u = p N .  The anomolous moments are d e f i n e d  as  t h e  p a r t i c l e s ,  

d i f f e r e n c e s  between t h e  a c t u a l  moments and t h e  Dirac moments. The f i r s t  
'n P 

s e r i o u s  a t t e m p t  t o  e x p l a i n  t h e  anomolous moments of t h e  n u c l e o n s  w a s  made by 

F r g l i c h ,  Heitler and Kemer [ l ]  i n  1938. T h e i r  "meson exchange theo ry"  pre-  

d i c t e d  e q u a l  magni tudes and o p p o s i t e  s i g n s  f o r  t h e  anomolous p r o t o n  and n e u t r o n  

moments [ 2 ] .  The a c t u a l  magni tudes of  t h e  moments a r e  much more d i f f i c u l t  t o  

o b t a i n  u s i n g  t h i s  t h e o r y .  Though subsequen t ly  r e f i n e d  by many o t h e r s  [3 ]  

t h e  i n i t i a l  c o n c l u s i o n s  of F r o l i c h ,  Heitler and Kemer a d e q u a t e l y  suvmar- 

i z e d  t h e  s t a t e  of  t h e  t h e o r e t i c a l  unde r s t and ing  of t h e  n e u t r o n  magnet ic  moment 

u n t i l  t h e  i n t r o d u c t i o n  of t h e  qua rk  model. 

The f i r s t  e x p l i c i t  measurement of  t h e  n e u t r o n  magnet ic  moment w a s  made by 

Alverez  and Bloch [4 ]  i n  1940. Using R a b i ' s  magnet ic  r e sonance  t e c h n i q u e  w i t h  

a n e u t r o n  beam o b t a i n e d  by deu te ron  bombardment of B e ,  t h e y  o b t a i n e d  a v a l u e  

o f  l u n l  = 1 . 9 3  ? 0.02 uN. 

magnet ic  moment i s  o b t a i n a b l e  from a r e sonance  exper iment  u t i l i z i n g  a p u r e l y  

o s c i l l a t i n g  magnet ic  f i e l d  ( I n  1949 Rogers and Staub  [5] de te rmined  t h e  s i g n  

of  

been t h o u g h t ,  t h e  s i g n  was n e g a t i v e . )  

I n  g e n e r a l ,  no in fo rma t ion  about  t h e  s i g n  of a 

u s i n g  a resonance  t echn ique  t h a t  employed a r o t a t i n g  f i e l d .  As had 'n 
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The d i s c o v e r y  by Kel log ,  Fbbi ,  Ramsey and Zacha r i a s  161 t h a t  t h e  d e u t e r o n  

h a s  an  e l ec t r i c  quadropole  moment impl ied  t h a t  t h e  ground s ta te  of  t h e  

d e u t e r o n  cou ld  n o t ,  i n  f ac t ,  be  a c c u r a t e l y  d e s c r i b e d  by a p u r e  3S 

must have some admixture  of D s t a t e .  

s t a t e  b u t  1 

Thus t h e  a d d i t i v i t y  of n e u t r o n  and p r o t o n  

moments i n  t h e  d e u t e r o n  could  n o t  be  e x a c t .  It w a s  t h e r e f o r e  of g r e a t  

i n t e r e s t  t o  de t e rmine  p more a c c u r a t e l y  so t h a t  i t  could  be  compared w i t h  

t h e  w e l l  known v a l u e s  of p and p 

n 

D’ P 

I n  1947 Arnold and Rober t s  [ 7 ] ,  u s i n g  a n e u t r o n  beam from a r e a c t o r ,  

de te rmined  un i n  a resonance  experiment  w i t h  a s i n g l e  o s c i l l a t o r y  f i e l d .  

They w e r e  a b l e  t o  o b t a i n  a more a c c u r a t e  va lue  of  [ u n l  = 1.9103(12) pN by 

u s i n g  t h e  then  nove l  t echn ique  of h?lR a s  a means of f i e l d  c a l i b r a t i o n .  About 

t h e  same t i m e ,  Bloch,  Nicodemus and Staub (81 a l s o  0 b t a i n e d . a  more a c c u r a t e  

v a l u e  f o r  pn .  They r e p o r t e d  t h e i r  r e s u l t  a s  t h e  r a t i o  of n e u t r o n  t o  p r o t o n  

moment I pn /p  I = 0.685001 ( 3 0 ) .  
.. -. 

P 

With t h e s e  more a c c u r a t e  v a l u e s  f o r  p i t  w a s  p o s s i b l e  t o  d e t e r m i n e  t h e  n’ 

3D admixture  i n  t h e  deu te ron  ground s t a t e  by two independent  means,  t h rough  

t h e  d e u t e r o n  e l e c t r i c  quadropole  moment, o r  by comparison between p p and 

pD. 

1 

n’ P 

G r a t i f y i n g l y ,  t h e s e  independent  v a l u e s  were c o n s i s t a n t .  

With t h e  i n t r o d u c t i o n  of  t h e  quark  model an appealing explanat ion f o r  

t h e  v a l u e  of t h e  r a t i o  of t h e  n e u t r o n  moment t o  t h e  p r o t o n  moment emerged.  

S a k i t a  [ 9 ]  and BGg, Lee and P a i s  [lo] po in ted  o u t  t h a t  t h i s  ra t io  s h o u l d  b e  

p n / u p  = - 2 / 3  [ll] i f  t h e  i n t e r n a l  symmetry SU(3) i s  broken o n l y  by e l e c t r o -  

magnetism. I n  t h i s  model, t h e  r a t i o s  of  a l l  t h e  baryon moments are u n i q u e l y  

de te rmined  and e a s i l y  c a l c u l a t e d  (The i r  a b s o l u t e  magnitudes are dependen t  on 

t h e  qua rk  magnet ic  moments. Determining t h e s e  would r e q u i r e  knowledge of t h e  

qua rk  masses) .  

c o n s i d e r a b l y  b e t t e r  t han  f o r  o t h e r  baryon p a i r s  and is  s t r i k i n g  f o r  s u c h  a 

s i m p l e  t h e o r y .  The approximate ly  3% d i s c r e p a n c y  between t h e o r y  and  exper iment  

shou ld  n o t  be  viewed a s  a s i g n i f i c a n t - d i s a g r e e m e n t .  

The agreement between t h e o r y  and exper iment  for pn/v is 
P 

SU(3)@ SU(2) ( i . e  3 



similar  qua rks  wi th  s p i n  1 / 2 )  i s  known t o  b e . a n  incomple te  d e s c r i p t i o n  f o r  

s t r o n g l y  i n t e r a c t i n g  p a r t i c l e s .  

A t  t h e  i n i t i a t i o n  of  t h e  work r e p o r t e d  h e r e ,  t h e  u n c e r t a i n t y  a s s o c i a t e d  

w i t h  t h e o r y  f a r  exceeded t h e  expe r imen ta l  e r r o r  of t h e  b e s t  measurement of 

pn[12].  

m o t i v a t i o n  f o r  t h e  c u r r e n t  work. Ra the r ,  t h e  p o s s i b i l i t y  of  a s u b s t a n t i a l  

improvement i n  o u r  knowledge of  a fundamental  p a r t i c l e  

the o p p o r t u n i t y  t o  demons t r a t e  an e l e g a n t ,  new expe r imen ta l  t echn ique  

prompted o u r  e f f o r t .  

A s  a r e s u l t ,  t h e o r e t i c a l  c o n s i d e r a t i o n s  d i d  n o t  p rov ide  t h e  dominant 

p r o p e r t y  as w e l l  as 

The most a c c u r a t e  d e t e r m i n a t i o n  of IJ p r i o r  t o  t h e  work r e p o r t e d  h e r e ,  n '  

w a s  that  of Corngold,  Cohen and Ramsey [12] .  T h i s  experiment  i nvo lved  a 

t h e r m a l  n e u t r o n  beam and b e n e f i t e d  from t h e  use  of t h e  s e p a r a t e d  o s c i l l a t o r y  

f i e l d  method. 

l i m i t a t i o n  t o  t h e  accu racy  of t h i s  measurement a r o s e  from t h e  method used  t o  

c a l i b r a t e  t h e  magnet ic  f i e l d .  An "R probe of  small dimensions w a s  employed 

t o  de t e rmine  t h e  f i e l d  a t  a number of d i scre te  l o c a t i o n s .  T h i s  f i e l d  map was 

t h e n  used t o  g i v e  t h e  a p p r o p r i a t e  f i e l d  average  by a p o i n t w i s e  i n t e g r a t i o n .  

The d i s c r e t e  n a t u r e  of  t h i s  s t epwise  i n t e g r a t i o n  l e d  t o  t h e  dominant error i n  

t h e  e x p e r i m e n t a l  r e s u l t .  

A r e s u l t  of l u n / p  1 = 0.685039(17) w a s  ob ta ined .  The major 
P 

The c u r r e n t  work b e n e f i t t e d  from several advances i n  expe r imen ta l  

t echn ique .  Access t o  t h e  h i g h  f l u x  r e a c t o r  o f  t h e  I n s t i t u t  Laue-Langevin a t  

Grenoble ,  France ,  a l lowed t h e  use  o f  a n  i n t e n s e  ' 'cold1' n e u t r o n  beam. Such 

"cold1'  beams are  c h a r a c t e r i z e d  by low beam v e l o c i t i e s .  T h i s  l e d  t o  an  

improvement. of a f a c t o r  of - 5  o v e r  t h e  l i n e  wid th  ob ta ined  by Cohen, Corngold 

and Ramsey (121. An a d d i t i o n a l  advantage  t o  t h e  use  o f  "cold" n e u t r o n s  l i e s  

i n  t h e  a b i l i t y  t o  employ n e u t r o n  g u i d e s  t o  reduce beam d ive rgence  and t h e r e f o r e  

i n c r e a s e  t h e  f l u x .  Such g u i d e s  a l s o  al lowed a nove l  f i e l d  c a l i b r a t i o n  

t e c h n i q u e  which provided  t h e  major improvement i n  e q e r i m e n t a l  s e n s i t i v i t y .  

~ 
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Following a sugges t ion  of P u r c e l l  [13]  made some t i m e  ago,  t h e  f i e l d  w a s  

monitored by o b t a i n i n g  a s e p a r a t e d  o s c i l l a t o r y  f i e l d  resonance  s i g n a l  w i th  

water f lowing  through t h e  neu t ron  guide.  I n  t h i s  f a sh ion ,  t h e  f i e l d  ave rage  

t aken  by t h e  p r o t o n s  i n  t h e  water is  t h e  same as t h a t  taken  by t h e  n e u t r o n s .  

S i n c e  a l l  t h e  r e l e v a n t  d iamagnet ic  c o r r e c t i o n s  f o r  p ro tons  i n  w a t e r  are known 

t o  h i g h  accu racy ,  a d i r e c t  measurement of t h e  r a t i o  of t h e  n e u t r o n  magnet ic  

moment t o  t h e  p ro ton  magnet ic  moment w a s  ob ta ined .  From t h i s  r e s u l t ,  t h e  

magnet ic  moment of t h e  n e u t r o n  can be expressed  i n  a v a r i e t y  of  o t h e r  u n i t s .  

2. Apparatus  

The a i m  of t h e  expe r imen ta l  t echnique  was t o  measure t h e  Larmor p r e c e s s i o n  

f requency  f o r  n e u t r o n s  and p ro tons  ( i n  wa te r )  i n  p r e c i s e l y  the s a m e  volume as 

n e a r l y  s imul t aneous ly  a s  p o s s i b l e .  With t h e  use  of a neu t ron  g u i d e  ( a  

g l a s s  t ube  of c i r c u l a r  c r o s s - s e c t i o n )  i t  w a s  a s t r a i g h t  forward matter t o  

c o n f i n e  n e u t r o n s  and wa te r  i n  t h e  same volume. One s imply l e t  t h e  water f low 

through t h e  n e u t r o n  guide .  This procedure,however prec luded  t h e  p o s s i b i l i t y  

of de t e rmin ing  t h e  resonance  frequency f o r  neu t rons  and p r o t o n s  w i t h  e x a c t  

s i m u l t a n e i t y .  To i n s u r e  t h a t  no s p u r i o u s  e f f e c t s  r e s u l t e d  from d r i f t s  d u r i n g  

t h e  t i m e  r e q u i r e d  t o  make a change-over from neu t ron  beam to  f lowing  water ,  a 

second,  p a r a l l e l  t ube  was i n s t a l l e d  i n  t h e  spec t romete r .  Water w a s  c o n t i n u o u s l y  

s e n t  through t h i s  t ube  t o  p rov ide  a f i e l d  monitor .  By a l t e r n a t i n g  n e u t r o n s  

and p r o t o n s  i n  t h e  p r i n c i p a l  t ube  whi le  p ro tons  flowed c o n t i n u o u s l y  i n  t h e  

moni tor  t u b e ,  e r r o r s  due t o  f i e l d  d r i f t s  could  be d e t e c t e d  and reduced  t o  an  

i n s i g n i f i c a n t  l e v e l .  T h i s  t echn ique  h a s  been d i s c u s s e d  i n  d e t a i l  e l s ewhere  

D 4 1 .  

The co ld  sou rce  a t  t h e  h igh  f l u x  r e a c t o r  of t h e  I n s t i t u t  Laue-Langevin 

i n  Grenoble provided  t h e  sou rce  of n e u t r o n s  used i n  t h i s  exper iment .  

f l u x  through t h e  a p p a r a t u s  was t y p i c a l l y  1 . 5  x 10 

The 

6 n e u t r o n s f s .  The n e u t r o n s  

.~ . . . . 
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w e r e  p o l a r i z e d  by g l a n c i n g  r e f l e c t i o n  from a magnetized m i r r o r .  

m i r r o r  w a s  used t o  ana lyze  t h e  neu t ron  p o l a r i z a t i o n  a t  t h e  e x i t  of t h e  spec-  

t r o m e t e r .  

A s imi la r  

The n e u t r o n s  were d e t e c t e d  by a ‘Li loaded g l a s s  s c i n t i l l a t o r  

coupled  t o  a pho to -mul t ip l i e r .  

The p r o t o n s  i n  t h e  f lowing  wa te rwere  p o l a r i z e d  by passage  th rough  a 

chamber p l aced  i n  a h igh  (-2kG) p r e - p o l a r i z i n g  magnet. A s  t h e  p r o t o n s  s p e n t  

more t h a n  one l o n g i t u d i n a l  r e l a x a t i o n  t ime i n  t h i s  f i e l d ,  t h e i r  p o l a r i z a t i o n  

cou ld  be  approximated by a s i m p l e  Boltzman d i s t r i b u t i o n .  While t h e  d e g r e e  of 

p o l a r i z a t i o n  s o  o b t a i n e d  was ve ry  small, t h e  enormous f l u x  (by m o l e c u l a r  beam 

s t a n d a r d s )  l e d  t o  an  e a s i l y  d e t e c t e d  s i g n a l .  The p ro ton  p o l a r i z a t i o n  a t  e x i t  

w a s  d e t e c t e d  i n  a second h igh  f i e l d  r eg ion  (-4kG) wi th  s l i g h t l y  modi f ied  

commercial  NMR equipment.  

The spec t romete r  was based on a h igh  s t a b i l i t y ,  h igh  homogeneity,  l a r g e  

volume e l ec t romagne t .  The nominal f i e l d  i n  t h e  magnet w a s  186. The s e p a r a t e d  

o s c i l l a t o r y  f i e l d  c o i l s  (each 3cm long)  were mounted i n  t h e  magnet w i t h  a 

s e p a r a t i o n  of 6 1  cm. Surrounding each of t h e  s e p a r a t e d  c o i l s  w e r e  i ndependen t ly  

c o n t r o l l a b l e  t r i m . c o i l s  t o  a d j u s t  t h e  f i e l d s  a t  t h e  c o i l s .  

The magnet and Spec t rometer  w e r e  mounted i n  a two l a y e r  c y l i n d r i c a l  

Molypermalloy m a g n e t i c  shield t o  reduce t h e  e f fec ts  of t i m e  dependent external 

f i e l d s .  The e n t i r e  assembly  was mounted on a l a r g e  r o t a t i n g  p l a t f o r m -  T h i s  

a l lowed t h e  o r i e n t a t i o n  of t h e  spec t romete r  w i t h  respect t o  beam v e l o c i t y  t o  

be  r e v e r s e d .  

A l l  r e l e v a n t  e l e c t r o n i c s  w e r e  i n t e r f a c e d  ( v i a  C A M C )  t o  a PDP 11/10 

computer. I n  t h i s  way a l l  d a t a  c o l l e c t i o n  and expe r imen ta l  c o n t r o l  w e r e  

c a r r i e d  o u t  on l i n e .  

6 



3. R e s u l t s  

F i g u r e s  1 and 2 show t y p i c a l  neu t ron  and pro ton  resonance l i n e s h a p e s  

o b t a i n e d  i n  t h i s  experiment .  The dramat ic  d i f f e r e n c e  i n  l i n e  w i d t h s  

(-120Hzvs -0.8Hz) f o r  n e u t r o n s  and p r o t o n s - i s  due t o  t h e  g r e a t  d i f f e r e n c e  i n  

p a r t i c l e  v e l o c i t i e s  f o r  t h e  two cases. The neu t ron  v e l o c i t y  w a s  -150 m / s e c  

w h i l e  t h e  p ro ton  v e l o c i t y  w a s  -1 d s e c .  The presence  of  many more s i d e  l o b e s  

i n  t h e  p r o t o n  resonance  i s  i n d i c a t i v e  of a narrower r e l a t i v e  p r o t o n  v e l o c i t y  

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

The a c t u a l  q u a n t i t y  measu red - in  t h i s  experiment was t h e  r a t io  between t h e  

Larmor p r e c e s s i o n  f r e q u e n c i e s  f o r  n e u t r o n s  i n  vacuum and f o r  p r o t o n s  i n  a 

c y l i n d r i c a l  sample of wa te r  a t  22OC. 

f o r  s e v e r a l  s h i f t s  and d i s t o r t i o n s  had to  be made. 

To a r r i v e  a t  t h i s  q u a n t i t y ,  c o r r e c t i o n s  -_  

The l a r g e s t  s y s t e m a t i c  e f f e c t  r e s u l t e d  from t h e  Bloch-Siegert  e f f e c t  [15 ] .  

T h i s  e f f e c t  may be viewed as a r i s i n g  from t h e  c o u n t e r - r o t a t i n g  component 

p r e s e n t  i n  an o s c i l l a t i n g  f i e l d .  I t  i s  a c u r i o u s  f e a t u r e  of t h e  s e p a r a t e d  

o s c i l l a t o r y  f i e l d  t echn ique  t h a t  t h e  s h i f t  r e s u l t i n g  from t h i s  e f f e c t  i s  n o t  

s t r i c t l y  l i n e a r  i n  o s c i l l a t i n g  f i e l d  power (161. However, t h i s  n o n - l i n e a r i t y  

is  w e l l  unders tood  and can be s imply  accounted f o r .  F igu re  3 i l l u s t r a t e s  

t h e  e x t r a p o l a t i o n  t echn ique  which was used  t o  account  f o r  t h e  Bloch-Seiger t  

S h i f t .  

The d a t a  shown i n  F igu re  3 were t aken  i n  t h e  two p o s s i b l e  machine 

o r i e n t a t i o n s .  These cor respond t o  a r e v e r s a l  of t h e  spec t romete r  w i t h  

r e s p e c t ,  t o  t h e  beam v e l o c i t y .  T h e  s h i f t  seen  between t h e  t w o - o r i e n t a t i o n s  is 

presumably due t o  geomet r i ca l  i m p e r f e c t i o n s  i n  c o i l  c o n s t r u c t i o n .  It s h o u l d  

b e  no ted  t h a t  t h e  s h i f t s  s een  i n  F igu re  3 arise e n t i r e l y -  from t h e  d i s t o r t i o n  of  ' t h e  

n e u t r o n  resonance.  The much lower v e l o c i t y  of t h e  p ro tons ,  and t h e  consequent  

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

resonance  f requency .  
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T a b l e  1 summarizes t h e  s i g n i f i c a n t  s h i f t s  and e r r o r s  i n  t h e  measurement 

of  t h e  r a t i o  of neu t ron  moment t o  p ro ton  moment i n  a c y l i n d r i c a l  sample  of 

H 2 0  a t  22OC , wn/w 

are independent  and are added i n  q u a d r a t u r e  t o  y i e l d  t h e  error on 

wn/w ( cy1  , H ~ O ,  22'). Our expe r imen ta l  r e s u l t  i s  

(cy1  , H 2 0 ,  22O). The e r r o r s  quoted ( la) i n  T a b l e  1 
P 

P 
wn/w ( c y l . ,  H 2 0 ,  22') = 0.68499588(16) (0.24 ppm) (1) 

P 

The v a l u e  of t h e  magnet ic  moment of t h e  neu t ron  can be e x p r e s s e d  i n  

terms o f  t h e  Bohr magneton p w i t h  l i t t l e  loss of  accuracy th rough  t h e  r e l a t i o n  B 

w w ( c y l ,  H 2 0 ,  22') w ( sph ,  H20, 22') P' 

w ( c y l ,  H 2 0 ,  22') w ( sph ,  H 2 0 ,  22O) w ( sph ,  H 2 0 ,  35') u B  X (2) - =  'n n P 

P P P 

where the n o t a t i o n  "sph" r e f e r s  t o  a s p h e r i c a l  s a m p l e ,  and v '  is  t h e  e f f e c t i v e  

p r o t o n  moment i n  a s p h e r i c a l  sample of  H 2 0  a t  35 C as measured by  P h i l i p s ,  

Cook and Kleppner  [17]. 

P 
0 

The f i r s t  r a t i o  i n  t h e  r i g h t  hand s i d e  of Equat ion 2 i s  o u r  e x p e r i m e n t a l  

-6 r e s u l t .  The second r a t i o  i s  given by 1 - 2 ~ i ~ / 3  = 1 + l . S O S ( 2 )  x 10 from 

t h e  d a t a  summarized by Pople  -- e t  a 1  [18 ]  where K i s  t h e  v o l u m e t r i c  suscep-  

t i b i l i t y  of water. The t h i r d  r a t i o  i s  taken t o  be 1 + 1 - 4  (1) x from 

t h e  r e s u l t s  of Hindman a s  i n t e r p r e t e d  i n  a f o o t n o t e  i n  P h i l i p s  -- e t  a1 [17]. 

The f i n a l  ratio of u'/uB i s  g iven  by P h i l i p s  -- e t  a 1  [17 ] .  

w e  conclude  

From E q u a t i o n  2 
P 

- - 1.04187564 (26)  x (0 .25 ppm) 'n 

'B 
- -  (3)  

The s l i g h t  i n c r e a s e  i n  e x p e r i n e n t a l  e r r o r  arises from t h e  t e m p e r a t u r e  c o r r e c t i o n  

i n  Equat ion  2 .  

Using t h e  resul ts  of Winkler ,  Kleppner ,  Myint and Wal ther  (191, w e  can  

e x p r e s s  p i n  terms of t h e  free e l e c t r o n  moment p and free p r o t o n  moment p 

by 

n e P 



- _  lJn - 1.04066884 (26)  x (0.25 pprn) 
"e (4)  

lJn - = -0.68497935 (17) 
lJ (0.25 ppm) 

P 

Our r e s u l t  can a l s o  be expressed  i n  terms of t h e  n u c l e a r  magneton vN. I n  

t h i s  c a s e ,  however, t h e  accuracy  is  s l i g h t l y  degraded by t h e  u n c e r t a i n t y  i n  

t h e  e l e c t r o n  t o  p ro ton  mass r a t i o .  

combining resu l t s  from P h i l i p s  e t  a1 [17]  and Cohen and Taylor  [181 w e  have 

Using t h e  v a l u e  of m/l- lobta ined  by 

1.91304184 (88) (0.45 pprn) 
'n 

lJN 

- = -  ( 5 )  
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TABLE 1 

Effect Proportion Shift Proportional Error 

r 

Bloch-Siegert effect +4.94 x 10-b 
13 x 

Coil phase errors -1.6 x iov6 
< 3  <4  x Field inhomogeneity 

-.. 
Effects of finite 
velocity distribution 

-IO-’ -10 x 

-4 .8 IO-’ s3 x External diamagnetic 
effects of water 

1 2  



Figure  and Table  Cap t ions  

F i g u r e  1 T y p i c a l  Neutron Resonance 

F i g u r e  2 T y p i c a l  P r o t o n  Resonance 

F i g u r e  3 P l o t  of n e u t r o n  t o  p ro ton  resonance f r e q u e n c i e s .  The q u a n t i t y  

~ ( n I / 4 1 ~ )  ( I / Io)  i s  a n  a p p r o p r i a t e l y  scaled o s c i l l a t i n g  power 

which y i e l d s  a l i n e a r  f i t .  

f u l l  d e s c r i p t i o n ) .  

o f  t h e  machine a x i s  w i t h  r e s p e c t  t o  t h e  beam v e l o c i t y .  

(See r e f e r e n c e s  i n  f o o t n o t e  16 for a 

The t w o  o r i e n t a t i o n s  co r re spond  t o  reversals 

T a b l e  1 S i g n i f i c a n t  s h i f t s  and e r r o r s  on w / w  ( c y l ,  H20, 22O). S t a t i s t i c a l  
n P  

e r r o r  is inc luded  i n  t h e  e r r o r  a s s i g n e d  to  t h e  Bloch-Siegert  e f f e c t  

and C o i l  Phase e r r o r s .  
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