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Frequency s h i f t s  due t o  changing magnet ic  f i e l d  
inhomoqenei t ics  can l i m i t  t h e  s t a b i l i t y  o f  a tomic 
hydrogen maser s t a n d a r d s .  They can be minirrlized 
by c a r e f u l  d e s i g n  of t h e  magnet ic  sh ie l2s ,  by 
c e n t e r i n g  t h e  s t o r a g e  b o t t l e  i n  t h e  microwave 
c a v i t y ,  and by o p e r a t i n y  a t  r e l a t i v e l y  h i g h  
ambient magnet ic  f i e l c s ,  s o  a s  t o  make t h e s e  

1 3  f requency s h i f t s  l e s s  t h a n  one p a r t  i n  10- 
and t h e  i n s t a b i l i t i e s  due t o  charlqes o f  f i e lc l  
much s m a l l e r  t h a n  10-' 3 .  The inhomogeneity 
s h i f t  i s  also reduced by i n c r e a s i n q  t h e  atom 
s t o r a g e  t i m e ,  a s  a r e  b o t h  t h e  i n s t a b i l i t i e s  
due t o  changes o f  c a v i t y  t u n i n g  and t h e  
amount of hydrogen atom f l u x  r e q u i r e d  f o r  
s e l f - s u s t a i n e d  o s c i l l a t i o n .  S t r a t e g i e s  f o r  
improved atorc s t o r a g e  t i m e s  include new 
s u r f a c e  m a t e r i a l s  and improved c o l l i m a t i o n  
t e c h n i q u e s .  

INTRODUCTZ ON 

Atomic hydrogen maser f requency s t a n d a r d s  a r c  normal ly  o p e r a t e d  a t  ve ry  
Low average  magnet ic  f i e l d s ,  i n  o r d e r  t o  t a k e  advantage o f  t h e  
q u a d r a t i c  dependence of f requency on maynet ic  f i e l d  so a s  t o  minimize 

1 errors due t o  changes o f  t h e  average  v a g n e t i c  f i e l d .  U n f o r t u n a t e l y ,  
i n  low average  magnet ic  fields t h e  hydrogerl maser o s c i l l a t i o n  
f requency i s  s u b j e c , t  t o  appreciable e r r o r s  dus t o  changes o f  
g r a d i e n t s  i n  t h e  magnet ic  f i e l d .  Motion th rough  s t a t i c  and 
microwave magnet ic  f i e l d  g r a 2 i e n t s  by t h e  r a d i a t i n g  atoms induces  
h y p e r f i n e  t r a n s i t i o n s  which p u l l  t h e  o s c i l l a t i o n  f requency by amounts 
which can  vary  as t h e  s t a t i c  magnet ic  f i c l d  g r a d i e n t s  change o v e r  
t ime .  1 T h i s  r e p o r t  p r o v i d e s  rough e s t i m a t e s  o f  f requency s h i f t s  t o  
be expec ted  because  o f  t h i s  mechanism and s u g g e s t s  s t r a t e g i e s  f o r  
minimizing t h e  e f f e c t s  on l o n g  term frequency s t a b i l i t y .  



MOTIONAL FREQUENCY SIIIFTS 

Changes 6vosc of  t h e  s p i n  exchange tuned hydrogen maser o s c i l l a t i o n  
frequency1 due t o  changes of  s t a t i c  magnetic f i e l d  g r a d i e n t  a r e  of  
t h e  o r d e r  o f 3  

( ~ ~ ~ 1 - l  i s  the  con t r ibu t ion  t o  t h e  atomic resonance Linewidth from 
t h e  r a t e  a t  which atoms escape from t h e  s to rage  b o t t l e .  I t  can be 
reduced by using a smal l  e f f e c t i v e  e x i t  a r e a ,  b u t  i t  cannot be 
reduced much below t h c  contr j .hut ion (TT~)-~ t o  resonance l inewidth  

1 from w a l l  c o l l i s i o n  r e l a x a t i o n  p l u s  t h e  con t r ibu t ion  ( T ~ T M ) -  from 
motion through s t a t i c  magnetic f i e l d  g r a d i e n t s ,  without  l i m i t i n g  t h e  
o s c i l l a t i o n  power l e v e l  and s p i n  exchange t iming range. (pll - p33 ), is  
t h e  n e t  average e l e c t r o n  p o l a r i z a t i o n  of t h e  hydrogen atom beam as 
i t  e n t e r s  t h e  s t o r a g e  b o t t l e .  It can be reduced with some loss of  
o s c i l l a t i o n  power and tuning  range by d r i v i n g  Zeema,n t r a n s i t i o n s  i n  
t h e  atomic beam be fo re  it e n t e r s  t h e  s t o r a g e  b o t t l e ,  o r  it can be 
reduced without  l o s s  of  power o r  t un ing  range us ing  t h e  double 
focusing technique t o  e l i m i n a t e  atoms i n  t h e  uppermost hyper f ine  
s t a t e  from t h e  atomic bearna4' ox i s  t h e  angular  frequency of t h e  
AF=O Zeeman t r a n s i t i o n s  and i s  d i r e c t l y  p ropor t iona l  t o  t h e  static 
magnetic f i e l d  averaged over  t h e  s t o r a g e  b o t t l e .  The c o n t r i b u t i o n  
( ~ T ~ 1 - l  o f  magnetic f i e l d  gradient r e l a x a t i o n  t o  t h e  atomic 
resonance l inewidth  i s  p ropor t iona l  t o  t h e  mean square dev i  t i o n  of  
t h e  s t a t i c  magnetic f i e l d  from i t s  average,  so  t h a t  6 ( ~ r ~ ~ ) - $ -  i s  
p ropor t iona l  t o  t h e  change of amplitude of  t h e  s t a t i c  magnetic f i e l d  
g rad ien t .  (TTM) ' depends on olZ roughly as [1+ (1. ~ X ~ O - ~ U J ~ )  ']-? s o  
t h a t  6voSc f a l l s  o f f  wi th  inc reas ing  s t a t i c  magnetic f i e l d  roughly 
a s  ULt and can be  made a r b i t r a r i l y  smal l  by ope ra t ing  t h e  hydrogen 
maser a t  r e l a t i v e l y  h igh  magnetic f i e l d s  such t h a t  wZ is l a r g e  
cornpared t o  t h e  r a t e  a t  which atoms bounce back and f o r t h  ac ros s  t h e  
s to rage  b o t t l e .  I n  t h a t  ca se  ca re  must be taken t o  p r e c i s e l y  measure 
and make r e l a t i v e l y  l a r g e  c o r r e c t i o n s  f o r  t h e  magnetic f i e l d  
dependence of t h e  o s c i l l a t i o n  frequency i n  such high magnetic f i e l d s .  
The f a c t o r  f (3  t o  6 )  x l o m 3  i n  eg. (1) depends i n  s i g n  and magnitude 
on t h e  c o r r e l a t i o n  between s t a t i c  magnetic f i e l d  inhomogeneities and 
t h e  con f igu ra t ion  of t h e  microwave magnetic f i e l d  i n  t h e  hydrogen 
maser cav i ty .  Carefu l ly  cen te r ing  t h e  s t o r a g e  b o t t l e  i n  t h e  c a v i t y  
e l imina te s  o s c i l l a t i o n  frequency p u l l i n g  from first and a l l  odd o r d e r  
s t a t i c  magnetic f i e l d  g rad ien t s .  

E q . ( l )  p r e d i c t s  frequency s h i f t s  which a r e  smal l  enough t o  be hard t o  
d e t e c t  y e t  l a r g e  enough t o  c o n t r i b u t e  t o  long term frequency 
i n s t a b i l i t y .  For example, f o r  ( T T ~ ) - ~ = O . ~  H z .  a change of  s t a t i c  
~ a g n e t i c  f i e l d  g r a d i e n t  of 10% may g ive  a s h i f t  of o r d e r  5x10-140f 
t h e  o s c i l l a t i o n  frequency, The s h i f t  may be l a r g e r  o r  sma l l e r  
depending on t h e  con f igu ra t ion  of s t a t i c  magnetic f i e l d  g r a d i e n t ,  



but model c a l c u l a t i o r ~ s  based 01: p l a u s i b l e  f i . e l d  configurations 
sugges t  t h i s  orcler of magnitude a t  very low average magnetic f i e l d  

f reque~lcy  i n s t a h i l l t y  ,an be recluced by rec!uc;inc~ charlqes of s t a t i c  

r e d u c i n g  any of  the o t h e r  factors ln erj. (1) . 

INCF'ZASE D I-IY URC)C;EN ATOP1 S'l'GPE<I:L I IML 

W e  have  been  doing experlmcnts t o  maxim~zc hydrogen atom s to rage  t ime 
usiny mul t i tube  co l l ima to r s  t~ conf ine  the atoms l r ,  t h e  s to raqe  bottles 

.- 

o v e r a l l  l inewid ths  a t  which the hydrogen maser i s  t u n e d  and opera ted .  
Lower o v e r a l l  l i newid th  means l e s s  o s c i l l a t i o n  frequency i n s t a b i l i t y  
due t o  d r i f t s  of t h e  microwave c a v i t y  t un ing ,  The beam i n t e n s i t y  
r equ i r ed  for  o s c i l l a t i o n  i s  a l s o  l e s s ,  so t h a t  reuulrements of 

disadvantage i s  t h a t  tile o s c l l l d t ~ o n  f~ower Level L? reduced, so 
t h a t  longer- averaging t lmes arc rr~qusred. 

Table one shows a cumparison between r e l a x a t i o n  r a t e s  arid r e l a t i v e  
beam i n t e n s i t i e s  measured f o r  two 5 "  diameter  spheres  coated with 
F'EP Teflon, one o f  which had a convent ional  stem t o  l i m i t  egress 
by t h e  atoms and t h e  other a rnul t i tube co l l ima to r  i n  p l a c e  o f  t h e  
stem. 

<.- .; . 1 iiz 

-87 Iiz 

The stern w a s  7 .54 mrn T .D. by i l F .  6 rrw, long c l~ id  w a s  icoatedr with PEP 
Teflon. The co l l ima to r  was a li3mZle of - tubes I ~ a v i l . y  .rJ5 mm pore 
diameters  by 1 mm 1 0 1 1 ~  and  ~:G;L! i:;\. tj:c r:~arr!:factn~:.~? to have 50% 
t ransparency  before  bcir.5 cca t ec  w ~ . t ? l  fluorinated I::~lfilr:-~. The 

1 
(nTB)- cont r ibu t ior l  t o  t h e  r c s o r , a ~ i c ~  Ilnev:lL;tk 21.1~. t o  atom escape 
from the  s t o r a g e  b o t t l ~  sras s : h s ~ t m t ~ . ~ l l ; . ~  rck~ce , f :  :kcr i:he k ,o t t l e  - -  - with  t h e  c o l l i m a t o r .  'T;c,e , zve ra s -  rxcr~s;ty--.i~l:.ener,i~r;t L~.rlcwidtil 

w a s  a l s o  substa11tiall .y reduueci bu t  by a smaller r a t i o  because of a 
s i m i l a r  .2 Hz c o n t r i b u t i o n  by wal l  c o l l i s i o n  r e l a x a t i o n  in both  
cases. Comparing t h e  measured ( I T T ~ ) - '  f o r  t h e  bo t , t l c  w i th  t h e  
collimator t o  what would be p r e d i c t e d  by geometry suggested t h a t  
the t ransparency  af t h e  co l l ima to r  a f t e r  c o a t i n s  was only  38%. 



was even less than - 3 8 ,  probably due to alignment problems. 
Despite the alignment loss, the ratio of maximum available resonance 
linewidth to (TT )-I, which determines the spin exchange tuning o range, was 1.2 tlmes greater for the bottle with the collimator 
because of the much longer storage time. The volume Vc of the 
collimator, which is an important factor in the motional averaging 

7 frequency shifts discussedby Brenner, was only - 02  as large as 
the volume of the stem. 

These results are promising, and we plan to try some collimators 
having larger pore diameters for easier alignment and better 
transparency after coating but with some increase of volume. we 
also plan to try some new coating materials, in order to reduce 
the contribution to (rr~,)-l from wall collision relaxation, but 
we have not yet found anything better than FEP,TefLon. 

* Research supported by National Science Foundation Grant PHY74-  
12226 A01, NASA Contract 23520, and The Research Corporation. 

1. D.Kleppner, H.C.Berg, S.B.Crarnpton, N.F.Ramsey, R.F.C.Vessot, 
H.E.Peters and J.Vanier, Phys. Rev. 138, A972 (1965). --- 

2. S.B.Crampton and H.T.M.Wang, in Proceedings of the 28th annual 
Frequency Control Symposium (Electronics Industries Association, 
2001 Eye St. N.W., Washington, D.C., 20006, 19741, p 355. 

3. S.B.Crampton, E.C.Fleri and H.T.M.Wang, to be published in 
Metrologia. 

4. C.Audoin, M.~esaintfuscien, P-Piejus and J.P.Schemann, 
Proceedings of the 23rd Annual Frequency Control Symposium, 
p. 288 (1969). 

5. R.F.Lacey and R.F.C.Vossot, 9. e., p.279. 

6. GaliLeo Electro-Optics Corp. Galileo Park, Sturbridge, Mass. 
01518. 

7. D. Brenner, Phys. Rev. 185, 26 (1969). - -- 




