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The paper  d e s c r i b e s  t h e  p h ~ s i c a l  c o n s t r u c t i o n  of  two hydrogen 
masers  which have been under  development a t  J,aval U n i v e r s i t y  
f o r  a few y e a r s .  R e s u l t s  of measurements made on one of t h e  
t w o  masers  a r e  g i v e n .  These i n c l u d e :  c a v i t y  Q ,  t he rmal  t ime  
c o n s t a n t ,  l i n e  Q ,  s i g n a l  power o u t p u t ,  magnet ic  s h i e l d i n g  
f a c t o r .  

INTRODUCTION 

I n  t h e  hydrogen maser r l , 2  I ,  t h e  wa l l  s h i f t  remains  one of t h e  
major p e r t u r b a t i o n s  1-31. Tn t h e  d e t e r m i n a t i o n  of t h c  s i z e  of t h a t  pe r -  
t u r b a t i o n  one i s  f a c e d  w i t h  t h e  prohlcm of c a v i t y  t u n i n g  accuracy .  I n  
t h e  s t a n d a r d  o r  c l a s s i c a l  t cc lmique  of t u n i n g  by means of spin-exchange 
broadening r 4 1 ,  one r e q u i r e s ,  l i r s t ,  a good medium term s t a b i l i t y  i n t h e  
r a n g e  of a v e r a g i n g  t imes from 10 seconds  t o  1 0 0 0  seconds .  Secondly ,  
one  r e q u i r e s  t h e  p o s s i b i l i t y  of changing t h e  l i n e  q u a l i t y  f a c t o r ,  Qe, 
by a l a rge  amount. Those two requ i rements  a r e  much rnore s t r i n g e n t  i f  
t h e  f i n a l  aim i s  a  measurement of t h e  s t a b i l i t y  of t h e  w a l l  s h i f t  w i t h  
t ime .  There a r e  r e a s o n s  t o  b c l i e v e  t h a t  such an c f f e c t  [nay e x i s t ,  and 
r e p o r t s  on t h e  long term s t a b i l i t y  of t h e  w a l l  s h i f t ,  f o r  a  g iven  maser 
d e s i g n ,  have been g i v e n  r 5 1 .  That e f f e c t ,  i f  common t o  a l l  mase rs ,  
would have impor tan t  consequences when t h e  mascr i s  used i n  p r e c i s i o n  
t i m e  and t ime  i n t e r v a l  a p p l i c a t i o n s .  Our i n t e n t  i s  t o  measure accura -  
t l y  t h e  w a l l  s h i f t  over  long p e r i o d s  of t imc and t o  d e t e r m i n e  i t s  ac- 
tual s t a b i l i t y .  For  t h a t  r e a s o n  we have s t a r t e d  t h e  development of two 
new hydrogen masers  which 1 )  should  have t h e  r e q u i r e d  s t a b i l i t y  over  
t h e  a v e r a g i n g  t i m e s  needed and 2 )  should  be  t u n a b l e  e a s i l y  b y  means of 
t h e  s p i n  exchange i n t e r a c t i o n .  

The p r e s e n t  paper  i s  a p r o g r e s s  r e p o r t  on t h i s  development.  I t  
d e s c r i b e s  b r i e f l y :  a )  t h e  main f e a t u r e s  of t h e  p h v s i c a l  c o n s t r u c t i o n  of 
t h e  m a s e r s ,  b )  t h e  e l e c t r o n i c  con t ro l .  sys tems ,  c )  t h e  p I ~ : ~ ~ e - 1 o c k e d - 1 0 0 ~ ~  
sys tem f o r  l o c k i n g  a  100 MHz c r y s t a l  o s c i l l a t o r  t o  t h e  maser s i g n a l .  
The paper g i v e s  a l s o  r e s u l t s  of measurements of t h e  a c t u a l  c h a r a c t e r i s -  
t i c s  of one of t h e  two masers .  



THE MASERS PHYSICAL CONSTRUCTION 

A schemat ic  drawing of t h e  masers  i s  g iven  i n  F i g u r e  1. A photo- 
graph of an a c t u a l  maser i s  shown i n  F i g u r e  2. The d e s i g n  f o l l o w s  from 
l o g i c a l  c o n c l u s i o n s  d e r i v e d  from a  s t u d y  of the v a r i o u s  t y p e s  of masers  
made by o t h e r  r e s e a r c h e r s  working i n  t h a t  f i e l d ,  and from a n  a n a l y s i s o f  
t h e  r e s u l t s  pub l i shed .  An in te rcompar i son  of t h e  performance of s e v e r a l  
of t h e  b e s t  masers f a b r i c a t e d  up t o  now h a s  been r e p o r t e d  e a r l i e r  C61. 
From t h e  r e s u l t s  p u b l i s h e d ,  i t  i s  concluded t h a t  t h e  main l i m i t i n g  f a c -  
t o r s  of t h e  f requency  s t a b i l i t y  of t h e  hydrogen maser a r e  i n  g e n e r a l :  

1 )  s e n s i t i v i t y  t o  t e m p e r a t u r e  f l . u c t u a t i o n s  i n  t h e  environment ,  
2)  s e n s i t i v i t y  t o  b a r o m e t r i c  p r e s s u r e  f l u c t u a t i o n s ,  
3)  s e n s i t i v i t y  t o  e x t e r n a l  magnet ic  f i e l d  f l u c t u a t i o n s .  

The masers  were  t h u s  des igned  i n  such a  way as t o  t r y  t o  minimize t h e i r  
s e n s i t i v i t y  t o  t h o s e  perturbations. 

1 )  It i s  b e l i e v e d  t h a t  t h e  main c a u s e  of i n s t a b i l i t y  of a tempera- 
ture-compensated-cavity i s  due t o  t empera tu re  g r a d i e n t s  i n  t h e  c a v i t y  
s t r u c t u r e  i t s e l f .  A  p e r f e c t l y  compensated c a v i t y  by d e f i n i t i o n  w i l l  
have a z e r o  t empera tu re  c o e f f i c i e n t .  However, t h e  t empera tu re  compense 
t i o n  u s u a l l y  done a t  one end of t h e  c a v i t y  coupled t o  t h e  t empera tu re  
s e n s i t i v e  d i e l e c t r i c  c o n s t a n t  of t h e  s t o r a g e  bu lb  makes t h e  c a v i t y  ra- 
t h e r  unsymmetr ical .  A s  a  consequence g r a d i e n t s  p l a y  a  v e r y  impor tan t  
r o l e .  The p r e s e n t  d e s i g n  t r i e s  t o  avoid  t h e s e  g r a d i e n t s  by means oE two 
heavy "thema2 barriers" made of aluminum and p laced  i n s i d e  a heavy va- 
cuum e n c l o s u r e .  These b a r r i e r s  are h e l d  t o g e t h e r  by means of ceramic  
i n s u l a t o r s  f o r  r i g i d i t y .  The c a v i t y  i t s e l f  i s  made of q u a r t z .  I t  is 
t h e r m a l l y  compensated by means of a  r e - e n t r a n t  OFHC copper  d i s k  a t tached 
w i t h  t h r e e  OFHC copper r o d s  t o  one of t h e  q u a r t z  end p l a t e s .  The quartz 
c a v i t y  c y l i n d e r  and bottom p l a t e  are c o a t e d  w i t h  p u r e  s i l v e r ,  by chemi- 
c a l  d e p o s i t i o n .  The loaded q u a l i t y  f a c t o r  i s  35 000 w i t h  a coup l ing  
c o e f f i c i e n t  f3 = 0.2 .  The c a v i t y  i s  h e l d  i n s i d e  t h e  i n n e r  t h e r m a l  
b a r r i e r  by means of Be-Cu s p r i n g s .  Fur thermore the whole assem- 
b l y  i s  h e l d  a t  c o n s t a n t  t empera tu re  by means of 10 independent  tempera- 
t u r e  r e g u l a t o r s  p laced  symmet r ica l ly  around t h e  s t r u c t u r e .  Such a  
s t r u c t u r e  h a s  a v e r y  long  t ime  c o n s t a n t .  F i g u r e  3 i s  a  p r e l i m i n a r y  r e -  
s u l t  showing t h e  v a r i a t i o n  of t h e  c a v i t y  resonance  f requency  a s  a  func- 
t i o n  of t ime  a f t e r  a  s t e p  f u n c t i o n  of t empera tu re  h a s  been a p p l i e d  t o  
t h e  vacuum e n c l o s u r e .  The long  s e t t l i n g  t i m e  i s  e s s e n t i a l l y  a  measure 
of t h e  decoupl ing  between t h e  c a v i t y  and t h e  o u t s i d e  world .  The tempe- 
r a t u r e  c o e f f i c i e n t  i n  t h a t  c a s e  is  of t h e  o r d e r  of 200 HZ/OC. I f  t h e  
c a v i t y  can b e  h e l d  t o  1 .001 O C  we expec t  a  f requency  s t a b i l i t y  of 
.t. 2 x 10-15. 

2 )  That same s t r u c t u r e  d e s i g n  has  a l s o  t h e  advan tage  of decoupl ing  
t h e  c a v i t y  from e x t e r n a l  b a r o m e t r i c  p r e s s u r e  flue-tuations. I n  p r a c t i c e  
i t  i s  observed ,  t h a t  t h e  b a r o m e t r i c  p r e s s u r e  a f f e c t s  t h e  resonance  f r e -  
quency of t h e  c a v i t y  through a  mechan ica l  d i s t o r t i o n .  The importance 



of this distortion is a function of the nature of the bottom plate of the 
vacuum e n v e l o p e  and of  t h e  t y p e  o f  a t t a c h m e n t  of t h e  c a v i t y  t o  t h a t  b o t -  
tom p l a t e ,  I n  t h e  p r e s e n t  d e s i g n ,  t h e  m e c h a n i c a l  d e c o u p l i n g  c r e a t e d  by 
t h e  the rma l  s h i e l d s  and t h e  s p r i n g  mount ing  of  t h e  c a v i t y  s h o u l d  make 
t h i s  e f f e c t  n e g l i g i b l e .  C o n c l u s i o n s  on t h e  performance (71 t h e  d e s i g n  
w i l l  be drawn from a c t u a l  ~ t i ea su remen t s .  

3) Thc s e n s i t i v i t y  t o  magne t i c  f i e l d  i s  e x p r e s s e d  t h r o u g h  t h e  f o l -  
l owing  e q u a t i o n :  

v = v 4- 2752 < B' > 
C, 

Normally t h e  maser  o p e r a t e s  i.n an i n d u c t i o n  of 1 mgauss.  The s e n s i t i v i -  
t y  t o  m a g n e t i c  f i e l d  f l u c t u a t i o n s  i s  t h e n  g i v e n  by t h e  e x p r e s s i o n :  

I n  o r d e r  t o  a c h i e v e  f r e q u e n c y  f 1 u c t u a t i . o n s  less t h a n  1 x 10-I: , onc  re- 
q u i r e s  t h a t  t h e  magne t i c  f l u c t u a t i o n s  h e  l e s s  t h a n  0 . 2 5  p g a u s s .  We have 
chosen  a  magnetic .  s h i e l d i n g  sys t em c o n s i s t i n g  of 5 rnc)ly-permalloy cyl in-  
d r i c a l  e n c l o s u r e s  w i t h  end caps  [ 7 ] .  T h e  bot tom caps have a 2 i n c h  h o l e  
f o r  t h e  pumping d u c t .  Thc d i m e n s i o n s  of t h e s e  s h i e l d s  a r e  r e s p e c t i v e l y :  

S h i e l d  N O  1 2 3 4 5 

Radius  K ( i n c h )  1.2 11 10  9 8 

Length L ( i n c h )  30 2 8 2 6 2 4 2 2  

T h t c k n e s s  ( i n c h )  0.050 0 . 0 2 5  0 . 0 2 5  0.025 0 .025  

Fab le  2 - Di.rnens.2:on.:; of the.: magnetic ~ 7 z i ~ L d . s  

The s h i e l d i n g  f a c t o r  i s  d e f i n e d  as f o l l o w s :  

E x t e r n a l  f i e l d  - Shielding 
S = -- - -- a 

I n t e r n a l  f i e l d  H i n t  

t 
S d B  = 20 l o g  - 

Hf.77t 

Fo r  a s i n g l e  c y l i n d r i c a l  s h i e l d  w i t h  end c a p s ,  t h c  s h i e l d i n g  f a c t o r s  
a r e  g i v e n  hy t h e  e x p r e s s i o n s  r81: 

where  s u b s c r i p t  t r e f e r s  t o  t r a n s v e r s e  w h i l e  s u b s c r i p t  R r e f e r s  t o  
l o n g i t u d i n a l .  I n  t h e s e  e x p r e s s i o n s  t' i s  the  r a t i o  o f  t h e  m a t e r i a l  
t h i c k n e s s  t o  t h e  s h i e l d  r a d i u s  R ,  L i s  t h e  l e n g t h  of  t h e  s h i e l d ,  IJ 



is  t h e  p e r m e a b i l i t y  of t h e  m a t e r i a l  a t  t h e  a c t u a l  l e v e l  of magnet ic  i n -  
d u c t i o n  Bm i n s i d e  t h e  m a t e r i a l .  The v a l u e  of Bm is  o b t a i n e d  from 
t h e  r e l a t i o n :  

where y i s  a g e o m e t r i c a l  f a c t o r  c l o s e  t o  1. The symbol D s t a n d s  fo r  
dernagnet isa t ion f a c t o r .  I n  our  c a s e  i t  h a s  a v a l u e  between 0.26 and 
0.28 f o r  t h e  5 s h i e l d s  cons idered .  The c a l c u l a t e d  v a l u e s  of S t  and 
Sk f o r  t h e  f i v e  s h i e l d s  a r e  g iven  i n  Tab le  2.  The measured v a l u e s  of 
S t  a r e  a l s o  g iven .  

TabZe 2 - CaZcuZated and rneasw~ed shi.eZding 
f a c t o r  of t h e  five i nd iv idua l  shieZds 

The measured v a l u e s  a r e  s l i g h t l y  lower t h a n  t h e  c a l c u l a t e d  ones .  T h i s  
may b e  due t o  t h e  f a c t  t h a t  t h e  a c t u a l  p of t h e  material used v a r i e s  
s l i g h t l y  from s h i e l d  t o  s h i e l d  and does  n o t  have e x a c t l y  t h e  t a b u l a t e d  
v a l u e .  

5 

1 4  8 

1 6 4  
- - A  - 

1 2  5  

In  t h e  c a s e  of two c o n c e n t r i c \ s h i e l d s  w i t h  end caps  t h e  t r a n s v e r s e  
s h i e l d i n g  f a c t o r  i s  g i v e n  by: 

Sk(Low f i e l d  l i m i t )  
4 2  4  7 

1 

where i r e f e r s  t o  t h e  i n n e r  s h i e l d  and 1 r e f e r s  t o  t h e  o u t e r  s h i e l d .  
The v a l u e  of S t  h a s  t o  be t a k e n  as t h e  low f i e l d  v a l u e .  We have made 
measurements wi tk  t h e  f o u r  s m a l l e r  s h i e l d s  p laced  one a t  a  t ime  i n s i d e  
s h i e l d  i l l .  The r e s u l t s  f o r  t h e  t r a n s v e r s e  s h i e l d i n g  f a c t o r  a r e  g i v e n  
i n  Tab le  3 .  This  t a b l e  g i v e s  a l s o  t h e  c a l c u l a t e d  v a l u e s  f o r  t h e  combi- 
n a t i o n s  i n  q u e s t i o n ,  us ing  t h e  c a l c u l a t e d  v a l u e s  shown i n  Tab le  2 .  
These r e s u l t s  a r e  a l s o  shown i n  F i g u r e  4 .  The agreement between t h e  
c a l c u l a t e d  and t h e  measured values i s  r e l a t i v e l y  good. F i n a l l y ,  t h e  
s h i e l d i n g  f a c t o r s  S t  and Sk were measured f o r  t h e  cumula t ive  e f f e c t  
of t h e  f i v e  s h i e l d s .  The r e s u l t s  a r e  shown i n  F i g u r e  5 and i l l u s t r a t e  

3 
-- 

1 4 5  

1 5 0  

1 4 0  

2 

1 4 5  

1 4 7  

118  

c a l c u l a t e d  
S t ( l  o e r s t e d )  

c a l c u l a t e d  
S t ( l  o e r s t e d )  

measured 

4 
- 

1 4 5  

1 5  3 

1 3 0  

1 

1 6 5  

1 8 1  

1 2 5  

Sk(Low f i e l d  l i m i t )  1 



li'able 3 - L7u.lc;tLa;i-ed nrld r.ie..aszdred values of t he  trans- 
veyi.se sh ie  1,d ing factor for> z~ar.ious comhincx- 
t i o n s  of.' t w o  s h i e l d s .  

t h e  i n c r e a s e  i n  s h i e l d i n g  f a c t o r  w i t h  t h e  n u m b r  of  s h i e l d s  u s e d .  The 
maximum s h i e l d i n g  f a c t o r  o f  t h e  f i v e  s h i e l d s  i s  t h u s :  

S/; ( 1  o e r s t e d )  = 128 dB ; measured 

SR (1 o e r s t e d )  = 100 dB ; measured 

N 0 1 4 - 3  

67 .2  

6 7 . 7  

N 0 1 + 4  

71.0 

70 .5  

S h i e l d s  Cornbination 

S k  c a l c u l a t e d  C ~ B  1 

Sh measured  rdBl 

The l o n g i t u d i . n a 1  s h i e l d i n g  f a c t o r  is  lower  t h e n  the. t r a n s v e r s e  s h i e l d i n g  
f a c t o r  a s  e x p e c t e d .  Tlle v a l u e  o b t a i n e d  means t h a t  e x t e r n a l  l o n g i t u d i n a l  
f l u c t u a t i o n s  a r e  a t t e n u a t e d  by a f a c t o r  of  l o 5 .  T h i s  a l s o  means t h a t ,  
f o r  a f r e q u e n c y  s t a b i l i t y  b e t t e r  t h a n  1 0 - I S ,  a f l u c t u a t i o n  of  t h e  e x  - 
t e r n a l  f i e l d  l a r g e r  t h a n  25 mgauss c a n n o t  be tolerated. Al though t h e  
measurements  r e p o r t e d  h e r e  were  done i n  a  f i e l d  1 g a u s s ,  t h e y  a r c  e x -  
p e c t e d  t o  a p p l y  a p p r o x i m a t e l y  i n  t h e  e a r t h ' s  f i e l d .  T h i s  is due  t o  t h e  
f a c t  t h a t  o n l y  t h e  o u t s i d e  s h i e l d  changes  i t s  s t a t e  of m a g n e t i z a t i o n  
and t h a t  i t  is n o t  s a t u r a t e d .  Consequen t ly ,  t h e  o v e r a l l  s h i e l d i n g  f a c -  
t o r  i s  n o t  much a f f e c t e d .  We e x p e c t  t h a t ,  w i t h  t h e  p r e s e n t  a r r angemen t ,  
we  can t o l e r a t e  a  f l u c t u a t i o n  of the e a r t h ' s  f i e l d  of 1090, and s t i l l  
m e e t  t h e  r e q u i r e m e n t  on s t a b i l i t y  s e t  above ,  

~ O l t 5  

73.9 

72.0 

NO 1 + 2 
6 1 . 6  

6 1 . 1  

Two o t h e r  i m p o r t a n t  i t e m s  i n  t h e  hydrogen maser c o n s t r u c t i o n  a re  
t h e  s o u r c e  and t h e  s t o r a g e  b u l b .  

1 )  I n  t h e  hydrogcn s o u r c e ,  we have  p a i d  a t t e n t i o n  s p e c i a l l y  t o  t h e  
p l a sma-g la s s  i n t e r a c t i o n .  To min imize  t h i s  e f f e c t  we have used  a l a r g e  
g l a s s  e n v e l o p e  a s  t h e  d i s s o c i a t o r .  I t  i s  e s s e n t i a l l y  a g l a s s  c y l i n d e r  
2  i n c h e s  l o n g  and two i n c h e s  i n  d i a m e t e r .  The plasma i s  e x c i t e d  by a  
t r a n s i s t o r i z e d  o s c i l l a t o r  (100 MHz, 3 w a t t s )  whose t ank  c i r c u i t  s u r -  
rounds  t h e  d i s c h a r g e  b u l b .  

The hydrogen  p r e s s u r e  i s  s t a b i l i z e d  w i t h  t h e  h e l p  of  a s e r v o  s y s -  
t e m  c o n t r o l l i n g  t h e  t e m p e r a t u r e  of a "Ag - Pd" hydrogen l e a k ,  The t e m -  
p e r a t u r e  i s  measured  w i t h  a t h e r m i s t o r  h e a d ,  The hydrogen  leak  i s  made 
of  a f i n e  f i n g e r  g l o v e ,  4 cm l o n g ,  1 rnrn i n  d i a m e t e r ,  and 0 . 1  mm t h i c k  

1 r91. The hea t i ng  c u r r e n t  p a s s e s  d i r e c t l y  t h rough  t h e  f i n g e r  g l o v e .  Ap- 
I p r o x i m a t e l y  1 .5  A i s  r e q u i r e d  i n  no rma l  o p e r a t i o n .  The s o u r c e  i s  com- 

1 p l e t e l y  a s sembled  w i t h  Cajon  f i t t i n g s  and coppe r  g a s k e t s .  A b l o c k  d i a -  
I gram of t h e  sys t em i s  shown i n  F i g u r e  6 .  The dynamic r e s p o n s e  of  t h e  

whole  s e r v o  was t e s t e d  w i t h  a s t e p  f u n c t i o n  command. The r e s u l t s  are 
shown i n  F i g u r e  7 .  I t  i s  obse rved  t h a t  t h e  t i m e  f o r  e q u i l i b r i u m  t o  b e  



achieved i s  about 5 seconds. This  f a s t  response is  extremely important 
i n  r ega rds  t o  c a v i t y  tuning by means of s p i n  exchange broadening. 

2) The s t o r a g e  bulb: t h e  s t o r a g e  bulb of t h e  maser is  made of 
qua r t z .  I n  one of t he  masers i t  i s  a sphere  15 cm i n  diameter  and coa- 
ted  wi th  FEP 120 Teflon. The bulb  co l l ima to r  i s  made of 12  smal l  tub- 
ings of commercial Teflon c l u s t e r e d  a t  the ent rance  of t h e  bulb. That 
approach has  t h e  advantage of p re sen t ing  a  l a r g e  opening t o  t h e  incoming 
beam, whi le  holding t h e  bulb escape time cons t an t  long. The arrangement 
works extremely w e l l  i n  t h e  sense  t h a t  t h e  bulb l i n e  Q is  ve ry  h igh  
and the maser o s c i l l a t e s  a t  very  low hydrogen f l u x e s .  A t y p i c a l  r e s u l t  
i s  shown i n  F igure  8. I n  t h a t  f i g u r e  t h e  s i g n a l  output  i n  a r b i t r a r y  
u n i t s  and t h e  l i n e  Q a r e  p l o t t e d  a s  a func t ion  of t h e  p re s su re  read 
on t h e  servo  con t ro l .  I n  F igure  9 ,  t h e  i n v e r s e  of t h e  l i n e  Q i s  p l o t -  
ted  a s  a  func t ion  of pressure .  This  graph permits  an e x t r a p o l a t i o n  t o  
zero  p re s su re  and g ives  t h e  va lue  of the l i n e  Q without  s p i n  exchange 
i n t e r a c t i o n ,  I n  t h e  p re sen t  ca se  i t  i s  observed t h a t  t h e  low p res su re  
l i m i t  l i n e  Q i s  3 .2  x 10' while  t h e  high p re s su re  l i m i t  i s  
9.6 x lo8 .  This  corresponds t o  a v a r i a t i o n  g r e a t e r  than 10 i n  f l u x  be t -  
ween t h e  low p res su re  and t h e  high p re s su re  51w th resholds .  The qua- 
l i t y  f a c t o r  q  of t h e  maser i s  evaluated t o  be approximately 0.10. 
This  is  ca l cu la t ed  from t h e  theory developed i n  Reference C21. 

The accuracy t o  which t h e  maser can be tuned i s  given by [ lo] :  

where (urn (LP) - vm ( H P ) )  i s  t h e  d i f f e r e n c e  i n  frequency of t h e  maser 
between low and high p re s su re  of hydrogen i n  the  s t o r a g e  bulb and, 
QR (LP) and QR (HP) a r e  t h e  low p res su re  and high p re s su re  l i n e  Q's 
poss ib l e .  The accuracy t o  which (vm (LP) - vm ( H P ) )  can be measured 
can be  taken a s  t h e  s t a b i l i t y  of t h e  masers over t h e  time of measure- 
ments. I f  a s t a b i l i t y  of 2  x is  achieved we thus  have, from 
t h e  l i n e  Q measurements r epo r t ed  here ,  a c a l c u l a t e d  tun ing  accuracy 
of about 4 x 1 0 - l ~ .  

ELECTRONIC CONTROLS 

The fol lowing e l e c t r o n i c  systems a r e  i n t e g r a l  p a r t s  of the masers: 
1) Power supp l i e s ,  2) VacTon c o n t r o l ,  3) Hydrogen p re s su re  c o n t r o l ,  4)  
Magnetic f i e l d  c o n t r o l ,  5) Low frequency o s c i l l a t o r  f o r  t h e  measurement 
of t r a n s i t i o n s  between t h e  Zeeman l e v e l s  and subsequent ly f o r  the de- 
te rmina t ion  of t h e  magnetic induct ion  a t  t h e  s i t e  of t h e  s t o r a g e  bul.b, 
6 )  Varactor c o n t r o l ,  7) 100 MHz power o s c i l l a t o r  t o  e x c i t e  t h e  hydrogen 
plasma i n  t h e  d i s s o c i a t o r ,  8) Temperature r e g u l a t o r s .  

The des ign  of t h e s e  va r ious  c o n t r o l s  has been made along t h e  l i n e s  
of e s t a b l i s h e d  technology and published data  i n  t h i s  f i e l d  Cl1 ,12 ,13 , .~41 .  



Thei r  d e t a i l e d  d e s c r i p t i o n  w i l l  be g iven  somewhere e l s e .  I t  i s  neces- 
sary h e r e  on ly  t o  mention t h a t  g r e a t  c a r e  was t aken  i n  t h e i r  c o n s t r u c t i o n  
i n  o r d e r  t o  produce s t a b l e  u n i t s .  For example the t empera tu re  r e g u l a -  
t o r s  a r e  themselves  r e g u l a t e d  i n  t empera tu re .  T h e  v a r a c t o r  c o n t r o l  u s e s  
a Kelvin-Varley d i v i d e r .  The power s o u r c e s  a r e  r e g u l a t e d  a t  t h e i r  i n p u t  
t o  each u n i t .  W c  expec t  by means of  t h e s e  t echn iques  t o  minimize e x t e r -  
n a l  p e r t u r b a t i o n s  on the  c o n t r o l s  and unwanted p e r t u r b a t i o n s  on t h e  
maser f requency  i t s e l f .  

THE RECEIVER AND PHASE-LOCKED-LOOP 

A r e c e i v e r  h a s  been des igned  t o  d e t e c t  t h e  maser s i g n a l  a t  1 . 4  GHz 
and t o  phase-lock a b a s i c  q u a r t z  c r y s t a l  o s c i l l a t o r  t o  t h a t  s i g n a l .  The 
f requency  of t h e  o s c i l l a t o r  tias been chosen a s  100 MEIz f o r  r e a s o n  of 
good phase  s t a b i l k t y  a t  low c o s t .  The d e s i g n  of t h a t  r e c e i v e r  i s  shown 
i n  F i g u r c  10 .  It h a s  been mounted a s  a breadboard and t e s t s  on i t s  dy- 
namic behaviour  a r e  be ing  made. A f i n a l  r e p o r t  w i l l  be g iven  l a t e r .  

CONCLUSION 

In t h i s  paper we have d e s c r i b e d  t h e  c o n s t r u c t i o n  of  two hydrogen 
masers  and have g iven  e x p e r i m e n t a l  r e s u l t s  on t he  o p e r a t i o n  of one of 
them. From t h e  p r e l i m i n a r y  r e s u l t s  o b t a i n e d  i t  i s  expected t h a t  t h e  
f requency  s t a b i l i f y  w i l l  s t i l l  be  mainly  a f f e c t e d  by t h e  the rmal  s t a b i -  
l i t y  of  t h e  c a v i t y .  The magnet ic  f i e l d  and t h e  b a r o m e t r i c  p r e s s u r e  
f l u c t u a t i o n s  should no t  a f f e c t  t h e  maser a t  t h e  s t a b i l i t y  l e v e l  above a 
few p a r t s  i n  1015 which i s  our  g o a l  f a r  averag ing  t imes  o f  s e v e r a l  hours  
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F i g u r e  1 : Schematic drawing giving t he  main concepts  used  i n  t h e  
maser des ign .  



Figure 2 : Photograph of one of t h e  masers. 
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F i g u r e  6 : Block diagram of the  hydrogen source and t h e  pressure  
con t ro l .  





F i g u r e  8 : Signal output of the  maser and atomic line Q as a function 
of hydrogen pressure. 



F i g u r e  9 : Inverse of  the  l i n e  Q as a function of hydrogen pressure.  
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QUESTIONS AND ANSWERS 

MR. DAVID HOWE, Na t i ona l  Bureau of Standards 

I t  was a  ve r y  i n t e r e s t i n g  exper iment t h a t  you have set-up, 
Dr. Vanier ,  b u t  I have a  coup le  o f  ques t ions  w i t h  r ega rd  t o  t h e  
human f a c t o r  w i t h  f i v e  sh i e l ds .  Was t h a t  a c a l c u l a t i o n  o r  was 
t h a t  exper imenta l?  

DR. VANIER: 

Oh, exper imenta l .  

MR. HOWE: 

Okay, and what guarantee do you have t h a t  t h e r e  a r e  no r e s i d u a l s  
a f t e r  degaussing? For  example, c reep w i l l  change t h a t  frequency, 
long- te rm -- 

DR. VANIER: 

I t  does n o t ,  I have no guarantee o f  t h a t .  

MR. HOWE: 

What k i n d  o f  sensor a r e  you us i ng  t o  determine t h e  temperature? 
What accuracy i s  t h a t  sensor over  long- term? 

DR. VANIER: 

The sensor, i t s e l f ?  

MR. HOWE: 

Yes. 

DR. VANIER: 

For t h e  magnet ic f i e l d ?  

MR. HOWE: 

No, I am so r r y ,  f o r  t h e  temperature? 

DR. VANIER: 

I t  i s  standard;  I can g i v e  you t h e  company. 



MR. HOWE: 

And, was t h a t  an a l l  g lass  t h i n g ?  

DR. VANIER: 

Yes. Th is  was n o t  r e a l l y  a problem here. When we say we want 
s t a b i l i t y  over l e t ' s  say 1,000 seconds. We d o n ' t  want s t a b i l i t y  
over a year, we want t o  tune the  maser a l l  the  t ime. 

MR. HOWE: 

I understand tha t ,  bu t  maybe I d o n ' t  understand. So, what you a re  
saying i s  t h a t  you use t h e  pressure method of tuning. 

DR. VANIER: 

We use the  sp in  exchange broadening method of tuning, you have to .  
You cou ld  n o t  r e l y  on any temperature s t a b i l i t y  o f  t he  order  o f  
magnitude requ i red  here. 

MR. HOWE: 

I agree. 

DR. VANIER: 

To measure the  w a l l  s h i f t  on a long-term basis.  

MR. HOWE: 

Fine, t h a t  was a misunderstanding on my pa r t .  

And, l a s t ;  a t  what l e v e l  does the  sp in  exchange come i n  w i t h  
t h i s  method o f  tun ing? I n  o the r  words, w i t h  pressure modulat ion 
do you -- 

DR. VANIER: 

You mean the sp in  exchange s h i f t  i t s e l f ?  

MR. HOWE: 

Yes. 

DR. VANIER: 

Well, I t h i n k  t h a t  we have shown t h a t  i n  t he  pas t  a long t ime ago 
and o f  course the re  a re  small effects, second order  effects, bu t  



we have shown t h a t  t he  sp in  exchange tun ing  technique, t h e  broaden- 
i n g  technique used cancels e x a c t l y  w i t h i n  t he  f i r s t  o rder  t h e  sp in  
exchange s h i f t .  

The c a v i t y  i s  mistuned by t h i s  process i n  such a way t h a t  
t he  sp in  exchange s h i f t  i s  canceled, which you d o n ' t  have i n  o the r  
types o f  tun ing .  Yes, t h a t  i s  t he  whole secret ;  I t h i n k  t h a t  we 
have shown t h a t  a l ong  t ime ago, t o  a g rea t  accuracy. 

MR. HOWE: 

My problem i s  being ab le  t o  separate ou t  t h e  -- 
DR. V A N I E R :  

I n  t h e  passive t ime. 

MR. HOWE: 

Yes. 

DR. V A N I E R :  

Oh, i n  t h e  passive t ime then you d o n ' t  use sp in  exchange broadening 
t o  change the  maser, i n  t h a t  case you use sp in  exchange e x a c t l y  -- 
you can prove mathemat ica l ly  and i t  works ou t  i n  p r a c t i c e  t h a t  once 
you have found t h a t  p o i n t  where your frequency i s  independent o f  
pressure i t  i s  a  simple p o i n t .  

DR. RE INHARDT, NASA/Goddard 

Are you s e t t i n g  up any devices t o  measure magnet ic s h i f t  and anom- 
alous sp in  exchange s h i f t s ,  because they can be on t h e  order  o f  

13 several  p a r t s  i n  10 . 
DR. VANIER: 

You a r e  t a l k i n g  about E~ o r  cH?  

DR. REINHARDT: 

Yes. 

DR. VANIER: 

No, n o t  ye t .  I am n o t  t he re  yet .  



DR. RE I NHARDT : 

But,  are  you going t o ?  

DR. VANIER: 

Yes, we t h i n k  t h a t  we w i l l  be ab le  t o  do tha t ,  yes. 

DR. REINHARDT: 

Okay. 

DR. VANIER:  

But, I w i l l  t a l k  t o  you about it. 


