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ABSTRACT 

This  p a p e r  p r e s e n t s  an e x p e r i m e n t a l  s t u d y  o f  thc  s l i o r t  term 
Ercqucncy s t a b i l i t y  o f  masers equipped w i t h  an e x t e r n a l  feed- 
back loop t o  i n c r c a s e  the c a v i t y  cluali t y  f a c t o r .  The f requency  
s t a b i l i t y  of  a  hydrogen and a rubidium maser a r e  measured 
and compared w i t h  t h e o r e t i c a l  e v a l u a t i o n .  It I s observed  t h a t  
t h c  f requency s t a b  i l i  t y  17,iqqes th rough  an optimu~n whcn t h e  
c a v i t y  Q i s  v a r i e d .  Long t c r n ~  f l u c t u a t i o n s  ;ire d i s c u s s e d  and 
t h e  optimum mid tcrni f rcqucncy s t a b i l i t y  a r l l i e v n b l ~  by s m a l l  
s i z e  a c t i v e  and p a s s i v e  H-masers i s  c o n s i d e r e d .  

INTRODUCTION 

Much e f f o r t  h a s  beer1 devo ted  r e c e n t l y  t o  hydrogen masers  i n  o r d e r  t o  
reduce their s i z e .  t h e i r  we igh t ,  and t o  i n c r e a s e  t h e i r  l o n g  term fre- 
quency s t a b i l i t y  . Ycw tcct inology and  d e s i  j:tl improvements a p p l i e d  t o  c011- 
v e n t i o n a l  masers  [l] l e d  t o  t h e  r e l i z a t i o n  of t h e  most s t ab le  a tomic  f r e -  
quency s t anda rds  i n  t h e  mid t e rm r ~ g i o n  of a v e r a g i n g  t ime  [ 2 ] ,  and t o  a 
s u f f l c l e n t l y  l i g h t  and rugged d e v i c e  t o  b e  space-borne L 3 1 .  Smal l  s i z e  
masers  w i t h  v a r i o u s  t y p e s  of  microwave c a v i t i e s  were proposed and t e s t e d  
[ 4 , 5 ] .  Masers w i t h  d i e l e c t r i c  Loaded c a v i t i e s  o p e r a t e d  as  p a s s i v e  fre- 
quency s t a n d a r d s  were  a l s o  i n v e s t i g a t e d  [ 6 , 7 ] .  The l a t e s t  development 
i s  a s m a l l  c a v i t y  o s c i l l a t i n g  maser ,  equipped w i t h  an e x t e r n a l  l o o p  t o  
enhance t h e  quality f a c t o r  [ 8 , 9 ] .  

A t h e o r e t i c a l  model, e - s t a b l i s h e d  t o  t v a l u a t c  the. anipl i tude  n o i s e  and  t h e  
phase  n o i s e  i n  a c t i v e l y  and p a s s i v e l y  o p e r a t e d  masers  110,111 made poss-  
i b l e  t h e  p r e d i c t i o n  o f  tlic s h o r t  term frequency s t a b i  li t y  of  a  maser 
equjpped with a n  e x t e r n a l  feedback loop [I?]. Subsequen t ly ,  t h e  u l t i m a t e  
~ e r f o r r n a n c e  of such a d e v i c e  were  e v a l u a t e d  and compared t o  the corres- 
ponding p a s s i v e  s t a n d a r d  1--.1:31. 'I'hi. l o l l o w i n g  g i v e s  an expi?r imenta l  check 
of t h a t  t h e o r y  a p p l i e d  t o  a  1iyrlroge.n maser and a  ru1)idiuni mnser o f  c.on- 
v e n t i o n a l  d e s i g n  [ l ' i ,  151 , so  equipped.  



THEORY 

The t ime  domain f requency  s t a b i l i t y  of an o s c i l l a t o r  i s  e x p r e s s e d  by t h e  
two sample v a r i a n c e  of the r e l a t i v e  frequency fluctuations over an 
a v e r a g i n g  t ime T ,  w i t h  no dead t ime (Al lan  v a r i a n c e )  C161. I n t h e  c a s e o f  
a maser ,  t h e  dominant f requency f l u c t u a t i o n s  con.s idered a r i s e  from b o t h  
t h e  the rmal  n o i s e  w i t h i n  t h e  e l e c t r o m a g n e t i c  c a v i t y  and t h e  the rmal  n o i s e  
added i n  t h e  r e c e i v e r  n e c e s s a r y  t o  d e t e c t  t h e  s i g n a l  1171. When t h e  
spec t rum of t h e  f l u c t u a t i o n s  is l i m i t e d  by a low-pass f i l t e r  of cu t -o f f  
f requency f c ,  i t  can be  shown 115,181 t h a t  t h e  s h o r t  term frequency 
s t a b i l i t y ,  i n  t h e  t ime domain, i s  e x p r e s s e d  by t h e  r e l . a t i o n :  

where k i s  t h e  Boltzmann c o n s t a n t ,  O c ,  Q, and Qext a r e  r e s p e c t i v e l y  the 
t empera tu re ,  t h e  loaded and t h e  e x t e r n a l  q u a l i t y  f a c t o r s  of t h e  c a v i t y ,  
o r  and Fr a r e  t h e  t empera tu re  and t h e  n o i s e  f a c t o r  of t h e  r e c e i v e r ,  oo 
i s  t h e  maser a n g u l a r  f requency ,  Q R  i s  t h e  a tomic  l i n e  Q and Po i s  t h e  
power d e l i v e r e d  t o  t h e  c a v i t y  by t h e  atoms. 

The f i r s t  two terms o f  e q u a t i o n  (1) come from t h e  the rmal  n o i s e  added t o  
the maser s igna l .  by t h e  c a v i t y  and t h e  r e c e i v e r  r e s p e c t i v e l y ;  t h e y  cor -  
respond t o  w h i t e  phase  n o i s e .  The t h i r d  term is  w h i t e  f requency  n o i s e  
r e s u l t i n g  from t h e  s t i m u l a t e d  emiss ion  of r a d i a t i o n  by the c a v i t y ' s  
the rmal  n o i s e  w i th in  t h e  a tomic  l i n e w i d t h .  The atomic power can be  
expressed  simply, i n  t e rms  o f  t h e  c a v i t y  Q, by the  f o l l i n g  [ 1 9 ] :  

where S is a  f l u x  term,  45 is  t h e  Planck c o n s t a n t  d i v i d e d  by   IT and Qt is  
a t h r e s h o l d  Q v a l u e  determined by v a r i o u s  maser pa ramete rs .  

A feedback loop ,  e x t e r n a l  t o  t h c  c a v i t y ,  can be u t i l i z c d  t o  i n c r e a s e  
t h e  q u a l i t y  f a c t o r ;  a schemat ic  d iagram is  given i n  f i g u r e  1. P a r t  of 
t h e  maser s i g n a l  i s  taken o u t ,  a m p l i f i e d  and r e - i n j e c t e d  into t h e  
c a v i t y .  If t h e  phase  of the  i n j e c t e d  s i g n a l  i s  p rope r ly  a d j u s t e d ,  i t  
will add t o  t h e  s i g n a l  a l r e a d y  i n  t h e  c a v i t y ,  thus  s i m u l a t i n g  a lower 
l o s s  c a v i t y .  In t h i s  se t -up ,  t h e  c a v i t y  i s  used i n  t r a n s m i s s i o n ,  w i t h  
coup l ing  loop c o e f f i c i e n t s  Bl and B2 a t  t h e  i n j e c t i o n  and o u t p u t  p o r t s  
r e s p ~ c t i v e l y .  The loaded  c a v i t y  Q becomes C201: 



e x t e r n a i  c n v i t v  0 ' s  a r e  d e f i n e d  a s  f o l l o w s :  

The enflarlced c a v i t y  O has a maltir~~um valuc g i v c n  b v :  

where G is  t h e  t o t a l  v o l t a g e  galin of  t h e  feedback l o o p .  The a tomic  power 
of  such a maser w i l l  now b e :  

where Q, i s  t h e  unloaded c a v i t y  Q a s s o c i a t e d  w i t h  ohmic 
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losses. Two 

Tfie p r e s e n c e  of  the  feedback l o o p  a l t e r s  t h c  tllermal n o i s e  w i t h i n  t h e  
c a v i t y .  P a r t  of  tflc c a v i t y  n o i s e  undergoes t h e  same process as the maser 
s i g n a l .  and t h e  loop a m p l i f i e r  a d d s  a c e r t a i n  amount of thc rmal  n o i s e .  
These supplementary  c o n t r i b u t i o n s  g ive  t o  t h e  c a v i t y  an  e f f e c t i v e  noi.se 
temperature w h i c h  can be w r i t t e n  L2.11: 

0 r - 0  e 7  

where 6, and Fa a r e  the t empera tu re  and t h c  n o i s e  f i g u r e  of t h e  loop 
a m p l i f i e r .  

I f  we s u b s t i t u t e  equations (j), (4), (5), (6 )  and ( 7 )  i n t o  e q u a t i o n  (I), 
w e  o b t a i n  f o r  t h e  t ime domain s h o r t  term frccluency s t a b i l i t y  of a mascr 
e a u i ~ n e d  w i t h  an  e x t e r n a l  feedback loop.  an  c.x1>ression o f  t h e  form: 

I where the  w h i t e  phase n o i s e  c o n t r i h u t i o l ~  i s :  



and the  whi te  frequency no i se  c o n t r i b u t i o n  is:  

These equat ions  a r e  e x p l i c i t l y  expressed i n  terms of the  f i x e d  cavi.ty 
parameters B1, f12 and Q and i t s  enhanced Q. 

0  

Computation of equat ion  (8) wi th  the  parameters  given i n  t a b l e  1 f o r  a 
convent ional  H-maser and a  convent ional  Rb-maser ~ i e l d s  t he  r e s u l t s  
shown i n  f i g u r e  2 .  

-- -. -- ?---"-..A -A 

H- mas e r 
---------+----------- 

Q, 
2 .2  x l o 9  

S (normalizat ion 
parameter) 7.15 x 10' a t .  / sec  

Table 1: Maser parameters  used t o  eva lua t e  equat ion  (8) .  

The behavior  of the  two types of no i se  i s  drawn from the  two asyrnptot ical  
l i n e s  obta ined  f o r  the  very s h o r t  averaging times and f o r  t he  long aver- 
ag ing  times r e spec t ive ly .  

EXPERIMENTAL STUDIES 

I n  o r d e r  t o  v e r i f y  the model j u s t  descr ibed ,  both an hydrogen and a  ru- 
bidium maser were equipped with a feedback loop a s  i l l u s t r a t e d  i n  f i g u r e  
1. The cav i ty  Q w a s  va r i ed  by changing the  va lue  of t he  a t t e n u a t o r  and 
measured wi th  t h e  usua l  technique of the  r e f ,  pu l se  decay [191. For the  



H-maser phase  of t h e  l o o p  was a d j u s t e d ,  a t  each a t t e n u a t o r  s e t t i n g  
t o  c a u s e  no f requency  s h i f t  from non-enhanced o p e r a t i o n .  I n  t h e  c a s e  
of t h e  Rb-maser, t h e  phase  w a s  a d j u s t e d  t o  make t h e  o u t p u t  power max- 
imum. 

The s h o r t  t e r m  f requency  s t a b i l i t y  f o r  v a r i o u s  v a l u e s  of Q w i t h  t h e  e 
paramete rs  shown i n  t a b l e  1 a r e  g iven  i n  f i g u r e  3 .  It i s  observed 
t h a t  t h e  s t a b i l i t y  d e c r e a s e s  when t h e  c a v i t y  Q r e a c h e s  h i g h  v a l u e s .  
In  t h e  c a s e  of t h e  Rb-maser, a r o l l - o v e r  i s  observed i n  t h e  v e r y  s h o r t  
term r e g i o n  (T <.02 sec) .  Tn b o t h  sys tems ,  u n p r e d i c t e d  s o u r c e s  o f  
i n s t a b i l i t i e s  dominate f o r  l o n g  a v e r a g i n g  t i m e s .  The s o l i d  l i n e s  a r e  
b e s t  f i t  polynomials .  

From t h e  c o e f f i c i e n t  of t h e  polynomials  w e  can e x t r a p o l a t e  t h e  w h i t e  phase 
n o i s e  c o n t r i b u t i o n ,  K m 2 ,  and t h e  whi te  f rcqucncy n o l s c  c o n r r i b u t i o n ,  K- 
The s q u a r e  r o o t  of each c o n t r i b u t i o n  i s  shown i n  f i g u r e  4 .  The s o l i d  

L' 

l i n e s  a r e  t h e  r e s u l t  of t h e  e v a l u a t i o n  o f  e q u a t i o n s  ( 9 )  and (10) a s  a 
f u n c t i o n  o f  Q e .  They a r e  normal ized w i t h  the f l u x  term, S ,  s o  t h a t  t h e  
K2 curve  p a s s e s  over  t h e  e x p e r i m e n t a l  p o i n t  i n d i c a t e d  by an arrow. 
These r e s u l t s  a r e  e x p e r i m e n t a l  ev idence  t h a t  each n o i s e  c o n t r i b u t i o n  
can be minimized bv choosing t h e  p r o p e r  v a l u e  f o r  Q . Consequent ly ,  

e 
i f  t h e  o v e r a l l  f requency stability i s  t o  be op t imized ,  t h e  Qe v a l u e  w i l l  
b e  s e l e c t e d  accord ing  t o  t h e  a v e r a g i n g  t ime considered. 

A comparison between t h e  c x p c r i ~ n e n t a l  o b s e r v a t i o n  and t h e  t h e o r e t i c a l  
e v a l u a t i o n  of t h e  f requency  s t a b i l i t y  a t  d i f f e r e n r  averag ing  t i m e s ,  
as f u n c t i o n s  o f  t h e  enhanced Q ,  i s  g iven  i n  f i g u r  5. We s e e  t h a t  
t h e  s t a b i l i t y  i s  optimum f o r  a c e r t a i n  v a l u e ,  QopB. T h i s  v a l u e  
depends s l i g h t l y  on t h e  a v e r a g i n g  time chosen s f n c e  t h e  dominant 
type of n o i s e  e v o l v e s  from t h e  w h i t e  phase  nozse  t o  t h e  w h i t e  f requency 
n o i s e  when the averag ing  t i m e  i s  v a r i e d  from very  s h o r t  term t o  mid term. 
I n  t h i s  l a s t  comparison,  t h e  averag ing  t ime  w a s  l i m i t e d  t o  v a l u e s  smal l -  
e r  t h a n  300 s e c  f o r  t h e  H-maser and .07 s e c  f o r  t h e  Rb-maser i n  o r d e r t o  
reduce t h e  i n f l u e n c e  o f  t h e  l o n g  term i n s t a b i l i t i e s .  

I n  f i g u r e  3 f requency  i n s t a b i l i t i e s  o t h e r  t h a n  t h e  ones p r e d i c t e d  by 
e q u a t i o n  (8), a r e  e v i d e n t .  S i n c e  t h e i r  c o n t r i b u t i o n  i n c r e a s e s  w i t h  
t h e  c a v i t y  Q ,  w e  a r e  tempted t o  r e l a t e  them t o  a  c a v i t y  p u l l i n g  
e f f e c t .  W e  measured t h e  r e l a t i v e  f requency s h i f t  due t o  t empera tu re  
v a r i a t i o n  of t h e  feedback l o o p  components f o r  d i f f e r e n t  c a v i t y  Q's .  
The r e s u l t s  a r e  g iven  i n  f i g u r e  6 f o r  each  maser.  The c o e f f i c i e n t s  
are approx imate ly  1 x ~ o - ~ ~ / " c  at: 40 000 f o r  the 11-maser and 
3 x l 0 - l 1 / " ~  a t  25000 f o r  t h e  Rb-maser. These s h i f t s  are due t o  a phase 
p u l l i n g  e f f e c t  r e l a t e d  t o  a c l l a n g ~  i n  t h e  l e n g t h  of t h e  feedback loop 
and e x p l a i n  some of  t h e  long t e rm i n s t a b i l i t i e s .  It i s  s e e n  from t h e s e  
measurements t h a t  a  ve ry  p r e c i s e  c o n t r o l  of t h e  loop t empera tu re  will be 
n e c e s s a r y  i f  high performance i s  r e q u i r e d .  Automatic c a v i t y  t u n i n g  S U C ~ ~  

as  t h e  f a s t  au to - tun ing  sys tem L",LL] would then  improve t h e  long  t e r m  



f requency s t a b i l i t y  of masers a c t i v e l y  o p e r a t e d  w i t h  a n  e x t e r n a l  feed- 
back loop .  

SMALL S I Z E  HYDROGEN MASER 

The t h e o r e t i c a l  model seems t o  Z i t  w e l l  t h e  r e a l i t y  observed. W e  w i l l  
now u s e  i t  t o  p r e d i c t  t h e  u l t i m a t e  f requency  s t a b i l i t y  a c h i e v a b l e  
by s m a l l  s i z e  a c t i v e  H-maser w i t h  enhanced c a v i t y  0. To do s o ,  t h e  maser 
pa ramete rs  found i n  e q u a t i o n  (8) are e x p r e s s e d  i n  terms of more fundamen- 
t a l  pa ramete rs  which are a s s o c i a t e d  w i t h  t h e  gain and l i n e w i d t h  of t h e  
a tomic  sys tem.  They a r e  t h e  s p i n  exchange paramete r  C11: 

v I "P *b 1 c  c o t  
4 = - - - - -  

2v0uB Tt Vb vQc I 

and t h e  t h r e s h o l d  f l u x :  

I n  t h e s e  e q u a t i o n s  Itot is  the  t o t a l  a t o m i c  f l u x  e n t e r i n g  t h e  b u l b ,  I 
i s  t h a t  p o r t i o n  of t h e  f l u x  i n  t h e  upper a c t i v e  quantum s t a t e ,  PO i s  t h e  
magnet ic  p e r m e a b i l i t y  of vacuum, i s  t h e  Bohr magneton, TI i s  t h e  f i l l -  
i n g  f a c t o r ,  V, i s  t h e  c a v i t y  volume, 0 i s  t h e  s p i n  exchange c r o s s - s e c t i  on,  - 
vr t h e  r e l a t i v e  average hydrogen v e l o c i t y ,  Tb i s  t h e  b u l b  s t o r a g e  t i m e  
cons r a n t ,  Vb i s t h e  b u l b  v o l u w  and T f  = w i t h  T: and T; t h e  1ongi.- 
t u d i n a l  and t r a n s v e r s a l  r e l a x a t i o n  t i m e  c o n s t a n t s .  

Cons ider ing  on ly  t h e  e f f e c t  of t h e  w h i t e  f requency n o i s e  c o n t r i b u t i o n ,  
i t  h a s  been shown [I 3 ,  cq. 441 t h a t  t h e  f requency s t a b i l i t y  of an  a c t i v e  
maser,  w i t h  enhanced c a v i t y  Q ,  i s  e x p r e s s e d  by t h e  r e l a t i o n :  

The f u n c t i o n  H ( q , I / I t h )  C13,eq.  171 h a s  t o  be minimized i n  o r d e r  t o  a ,e  
r e a c h  t h e  u l t i m a t e  f requency s t a b i l i t y .  I f  t h e  pa ramete rs  o f  c u r r e n t l y  
e x i s t i n g  s m a l l  s i z e  masers a r e  s u b s t i t u t e d  i n  e q u a t i o n  ( 1 3 ) ,  we o b t a i n :  

The same approach can be  a p p l i e d  t o  t h e  c a s e  o f  a p a s s i v e  H-maser. One 
can show [13, e q .  251 t h a t  t h e  optimum frequency s t a b i l i t y  is e x p r e s s e d  
by: 



Here a g a i n  the f u n c t i o n  H ( q , I / J t h )  must be minimtzed by a p r o p e r  c h o i c e  P  
of  q and I/Ith. When e v a l u a t i n g  e q u a t i o n  (14)  w i t h  t h e  pa ramete r s  of  
e x i s t i n g  p a s s i v e  masers  r 1 3 ,  tab1.e 11 we have t h e  v a l u e :  

Both t y p e s  of  s m a l l  s i z e  ki-mascrs have then  approximately t h e  same u l t i -  
mate f requency s t a b i l . i t y  i n  t h e  mid term r e g i o n .  

CONCLUSION 

T h i s  e x p e r i m e n t a l  s t u d y  a s  w e l l  as t h e  p r e v i o u s  one on ampl i tude  n o i s e  
[I11 g i v e  great  conf idence  i n  t h e  t h e o r e t i c a l  model d e v e l o p e d t o  c o n s i d e r  
t h e  e f f e c t  of  the rmal  n o i s e  on t h e  ampl i tude  and the phase of  a c t i v e l y  
o r  p a s s i v e l y  o p e r a t e d  masers .  When a maser i s  o p e r a t e d  w i t h  a feedback 
loop to  enhance t h e  c a v i t y  Q,an optimum i s  found where the f requency 
s t a b i l i t y  is  b e s t .  Smal l  s i z e  H-masers o f  t h e  same d e s i g n  can t h e n  be 
o p e r a t e d  e i t h e r  a c t i v e l y  o r  p a s s i v e l y ;  they w i l l  o f f e r  about  t h e  same 
mid t e r m  f requency s t a b i l i t y  when all t h e  pnramcte r s  a r e  o p t i m i z e d .  
Automatic cavi ty  t u n i n g  i s  needed on bo th  d e v i c e s  t o  improve t h e  l o n g  
t e r m  s t a b i l i t y :  t h e  e l e c t r o n i c  ~ o t n p l e x i t y  w i l l  then  be of  t h e  same l e v e l .  
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F i g .  2 S h o r t  term f r e q u e n c v ,  s t a b i l i  t y :  theoretical evaluation. 



Fig .  3 S h o r t  t e r m  f requency s t a b i l i t y :  measurement. 



F i g .  4 White phase noise and w h i t e  frequency n o i s e  c o n t r i b u t i o n s .  







QUESTIONS AND ANSWERS 

DR. VESSOT: q 

I would l i k e  t o  p o i n t  ou t  t h a t  t h i s  represents experimental  work. 
Those dots  r e q u i r e  a person t o  make a number. I t ' s  n i c e  t o  see 
r e a l  numbers, Michel . 

DR. TETU: 

Well, I must say we spent a l o t  of t i m e .  

DR. VESSOT: 

I can apprec ia te  t h e  amount of e f f o r t .  I j u s t  hope o thers  can, too.  

DR. VICTOR REINHARDT, NASAIGoddard 

Have you considered the  e f f e c t  o f  f l i c k e r  of phase no ise  being con- 
ve r ted  t o  f l i c k e r  o f  frequency noise. And i n  your curves I d i d n ' t  
see any evidence o f  i t  i n  the  experimental  curves. But have you 
done any t h e o r e t i c a l  cons idera t ions  o f  i t ?  

DR. TETU: 

We1 1 , you see i n  t h e  t h e o r e t i c a l  model we have no way t o  generate 
the  f l i c k e r  o f  frequency no ise  o r  t he  f l i c k e r  o f  phase noise. But 
as seen i n  the  case o f  t he  rub id ium maser, i t  seems t h a t  f o r  a 
very  h igh  value of t he  enhanced Q we observed f l i c k e r  o f  frequency 
t ype  o f  noise. But  we d o n ' t  know, yet ,  t h e  o r i g i n  o f  it. 

So we a re  expect ing t o  do more work on i t before we a re  ready 
t o  s t a r t  t a l k i n g  about t h a t .  

DR. REINHARDT: 

I have seen experimental  evidence o f  t h a t  when I ' v e  Q m u l t i p l i e d .  
What I ' m  saying i s  t h a t  t he  f l i c k e r  o f  phase no ise  i n  the  ampli-  
f i e r ,  because o f  t h e  l oop  t h a t ' s  converted t o  f l i c k e r  o f  frequency. 

DR. TETU: 

Yes, I t h i n k  I saw some work done by a worker i n  Montreal who 
looked a t  frequency s t a b i l i t y  o f  c a v i t y  o s c i l l a t o r  us ing  a feed- 
back loop. And he observed t h i s  type o f  f l i c k e r  o f  frequency 
noise. So probably you a r e  r i g h t  about t ha t .  



DR. VESSOT: 

You cou ld  g e t  a measure of t h a t  by  p u t t i n g  i n  an a r b i t r a r y  phase 
s h i f t  and de te rm in i ng  what t h e  response was t o  t h a t  phase s h i f t .  

I ' d  t r e a t  t h e  f l i c k e r  as sys temat i c ,  which i s  a v e r y  c l o s e  
i dea  t o  my h e a r t  a t  l e a s t .  

DR. HARRY WANG, Hughes Research Labo ra to r y  

I have a coup le  o f  comments. We have used a s i m i l a r  techn ique  i n  
compact maser Q-enhancement. And t h e  f i r s t  obse rva t i on  I ' d  l i k e  
t o  p o i n t  o u t  i s  when you use t h e  Q-enhancement t h e  c a v i t y  i s  r e a l l y  
n o t  an i s o l a t e d  dev i ce  any more. The feedback l o o p  t r ansm iss i on  
l i n e  forms a p a r t  o f  t h e  c a v i t y .  

So you r  i s o l a t o r s  i n  t h e  c i r c u i t s  become super f luous .  I n  f a c t ,  
i n  o u r  e a r l i e r  work we found t h a t  removing those  i s o l a t o r s  improved 
you r  performance. 

DR. TETU: 

For us, you see, i t  was one way t o  be sure o f  t h e  n o i s e  f i g u r e  of 
t h e  a m p l i f i e r .  

D R .  WANG : 

And t h e  second obse rva t i on  i s  we have, r e a l i z i n g  t h a t  problem, we 
have i n c o r p o r a t e d  an a c t i v e  e l e c t r o n i c  c a v i t y  s t a b i l i z i n g  ze ro  sys- 
tem. And we have measured s t a b i l i t y  o f  f o u r  p a r t s  i n  10 t o  the  
15th,  a t  10 t o  t h e  f i v e  second averag ing  t ime.  

DR. FRED WALLS, Na t i ona l  Bureau o f  Standards 

Your work t h e r e  i s  r e a l l y  ve r y  n i c e .  And what i t  tends t o  p o i n t  
t o  i s  t h a t  t h e  enhanced c a v i t y  mode cou ld  be v e r y  u s e f u l  f o r  s h o r t -  

: te rm s t a b i l i t y .  S t a b i l i t i e s  o u t  t o  a few hours, maybe even ap -  
proach ing  a day. Bu t  i t  makes i t  cons ide rab l y  more d i f f i c u l t  t o  
g e t  long- te rm s t a b i l i t y ,  from day t o  months. 

And w i t h  a c t i v e  c a v i t y  s t a b i l i z a t i o n  on t h e  pass ive  masers 
you, perhaps, g i v e  up some sho r t - t e rm  s t a b i l i t y  i n  t h e  few seconds 
o u t  t o  a few hours.  But  we've measured f requency d r i f t s  over  72  
days o f  much l e s s  than  a  p a r t  i n  10 t o  15 per  day. A c t u a l l y  o n l y  
a few p a r t s  i n  10 t o  16. 



And I d o n ' t  t h i n k  such t h i n g s  would have been n e a r l y  as easy 
t o  o b t a i n  w i t h  t h e  Q-enhanced system because of t h e  a m p l i f i c a t i o n  
o f  t h e  phase d i f f i c u l t i e s .  

DR. TETU: 

I ought  t o  say two t h i n g s  on t h a t .  What i s  impor tan t  a t  t h e  be- 
g i n n i n g  i s  t h e  r e l a t i v e  r a t i o  of t h e  Q t h a t  you need. So we have 
shown here a hydrogen maser hav ing an enhanced Q o f  400,000 which 
i s  a way t o o  much. I t ' s  f a i r l y  fo rb idden .  Bu t  t h a t ' s  one p o i n t .  
You see, i t  depends on t h e  r a t i o  t h a t  you have t o  g i v e  t o  t h e  maser. 

And i t  i s  a l s o  obv ious t h a t  a k i n d  of au to - tun ing  o f  t h e  c a v i t y  
i s  needed. You a r e  r i g h t .  




