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ABSTRACT 

Research and advanced development at the National 
Bureau of Standards (NBS) in the area of microwave 
frequency and time standards is discussed. New 
insights into the causes of flicker noise and long- 
term instability of cesium standards are discussed. 
A new cesium beam tube configuration is described 
with a potential accuracy of -10-14. Results and 
design of a passive hydrogen maser system are ~iven 
showing stabilities of better than 10-14. Causes 
for frequency instabilities in rubidium gas cell 
standards and on line-asymmetries are described. 
New quartz crystal standards and special purpose 
atomic standards for field use appear possible. 
Excellent short-term stability can be realized by 
superconducting cavity and quartz crystal oscillators. 

INTRODUCTION 

I r  is the intent of this paper to sumn~arize and review efforts at the National 
Bureau of Standards (NBS) in rhe area of advanced development and improvement of 
microwave frequency and time standards. These efforts are aimed at fundamental 
improvements of accuracy, short- and long-term stahiliry, environmental insensi- 
tivity, and practical utility for both laboratory and field applications. They 
are motivated by scientific and engineering opportunities llncovcred within and 
outside of NBS as well as by che needs for improved primary frequency and time 
references and the demands of modern navigation and comlnunication systems. 

Progress in the area of traditional atomic standards is being made, opening up 
new capabilities for cesium beam, hydrogen maser, and rubidium gas cell stand- 
ards. Coupling new eledtronic servo principles with one of the best known 
quantum electronic resonances, the inversion transirion in ammonia, has demon- 
strated the feasibility of atomic standards of modest performance but of small 
size and a high degree of ruggedness. Advances in quartz crystal standards and 

* Ecole Nationale Stipcrieure de ('hrnnomctrir et dc Micrornecaniq~le 
de Besancon, Cedex, F M N C E .  

** Lava1 University, Quebec, CANADA 



s u p e r c o n d u c t i n g  c a v i t y  o s c i l l a t o r s  a r e  opening  up new pe r fo rmance  l e v e l s  i n  
s h o r t - t e r m  s t a b i l i t y .  I n  a d d i t i o n ,  long- term s t a b i l i t i e s  i n  n o v e l  c r y s t a l  
s t a n d a r d s  may soon r i v a l  t h o s e  of  some a tomic  s t a n d a r d s ,  and a t o m i c  s t a n d a r d s  
may i ~ n p r o v c  hecause  of b e t t e r  s l a v e  ( c r y s t a l )  o s c i l l a t o r s .  

Cesium Beam S t a n d a r d s  

One of t h c  fundamen ta l  l i m i t a t i o n s  t o  t h e  a c c u r a c y  of ces ium beam f r e q u e n c y  
s t a n d a r d s  i s  t h e  Ramsey c a v i t y  p h a s e  s h i f t  ( 1 s t  o r d e r  Doppler  s h i f t ) .  The 
per formance  of  commercia l ly  a v a i l a b l e  cesium s t a n d a r d s  a s  w e l l  a s  l a b o r a t o r y  
s t a n d a r d s  i s  s i g n i f i c a n t l y  a f f e c t e d  by t h i s  e f f e c t .  A n o v e l  app roach  t o  rcmovc 
t h i s  l i m i t a t i o n  h a s  been  conceived  a t  NBS [ I ]  and i s  now b e i n g  i n v e s t i g a t e d  
e x p e r i m e n t a l l y .  

Ra the r  t h a n  a t t e m p t  t o  a d j u s t  t o  z e r o  t h e  r e l a t i v e  e l e c t r i c a l  phase  of t h e  two 
c a v i t y  a rms,  two s e p a r a t e  c a v i t i e s  w i t h  s l i g h t l y  d i f f e r e n t  microwave f r e q u e n c i e s  
a r e  employed. I n  t h i s  way, t h e  r e l a t i v e  c a v i t y  phase  c o n t i n u a l l y  changes ,  pro- 
duc ing  a  s i g n a l  enve lope  f r e e  from t h e  e f f e c t s  of  c a v i t y  p h a s e  s h i f t .  For  
ces ium beams w i t h  broad  v e l o c i t y  d i s t r i b u t i o n s ,  l i t t l e  l o s s  i n  s i g n a l  l i n e w i d t h  
i s  i n c u r r e d -  

~ o t  o n l y  may t h e  a c c u r a c y  of t h e  s t a n d a r d  b e  improved b u t  t h e  s t a b i l i t y  may a l s o  
be  i n c r e a s e d  by t h e  r e d u c t i o n  of  e f f e c t s  ( a s  c a v i t y  phase  s h i f t )  which c o u p l e  
d e v i c e  pa rame te r  changes  ( a s  v e l o c i t y  d i s t r i b n t i o n )  t o  f r e q u e n c y  changes .  

I t  i s  i m p o r t a n t  nor o n l y  t o  i n v e s t i g a t e  fundamenta l  improvements b u t  a l s o  t o  
s t u d y  l i m i t a t i o n s  of  t h e  e x i s t i n g  c o n c e p t s ,  Of p a r t i c u l a r  p r a c t i c a l  impor t ance  
i n  c l o c k  a p p l i c a t i o n s  i s  a n  u n d e r s t a n d i n g  (and c u r e ! )  of t h o s e  p a r a m e t e r s  which 
a d v e r s e l y  a f f e c t  t h e  long- term s t a b i l i t y  of  cesium heam c l o c k s  [ 2 , 3 ] .  Changes 
of  f r e q u e n c y  have been c o r r e l a t e d  w i t h  changes  i n  v e l o c i t y  d i s t r i b u t i o n s ,  changes  
i n  microwave power, changes  i n  v o l t a g e s  a t  t h e  cesium beam d e t e c t o r ,  changes  i n  
p o l a r i t y  of  t h e  C - f i e l d  c - u r r e n t ,  and changes  i n  t e m p e r a t u r e .  

A novel  way of  c o n t r o l l i n g  t h e  microwave power i s  b e i n g  deve loped  which shou ld  
r educe  t h e  s e n s i t i v i t y  t o  t e m p e r a t u r e  v a r i a t i o n s .  F i g u r e  1 i l l u s t r a t e s  f o r  a  
h igh  per formance  comn~erc i a l  t u b e  t h e  microwave power dependence  of t h e  a m p l i t u d e  
of  t h e  s i g n a l  a t  t h e  d e t e c t o r ,  of  t h e  most p r o b a b l e  t r a n s i t i o n  v e l o c i t y ,  and of  
t h e  Ramsey p a t t e r n  s i d e - l o b e  peak f r e q u e n c y .  F i g u r e  2 more g r a p h i c a l l y  i n d i -  
c a t e s  t h e  s e n s i t i v i t y  of  t h e  s i d e - l o b e  peak  f r e q u e n c y  w i t h  microwave power. A 
1% d u t y  c y c l e  sampl ing  of  t h e  s i d e - l o b e  f r e q u e n c y  w i t h  r e s p e c t  t o  t h e  Ramsey 
c e n t e r  peak would a l l o w  one  t o  c o n t r o l  t h e  power t o  abou t  0 . 0 1  dB. Such a s e r v o  
may r e d u c e ,  t o  f i r s t  o r d e r ,  e f f e c t s  on f r e q u e n c y  caused  by changes  i n  t h e  Ramsey 
p a t t e r n ;  e . ~ . ,  v e l o c i t y  d i s t r i b u t i o n ,  microwave power, v e l o c i t y  s e l e c t i o n  a t  t h e  
d e t e c t o r ,  e t c .  

Hydrogen Maser S t a n d a r d s  

T h e o r e t i c a l  and e x p e r i m e n t a l  work a t  NBS is  aimed a t  d e v e l o p i n g  a  c l o c k  w i t h  
s u b s t a n t i a l l y  l e s s  long- term t i m e  d i s p e r s i o n  t h a n  t h e  b e s t  p r e s e n t  c l o c k s .  T h i s  
h a s  been accompl ished  hy d e v e l o p i n g  new e l e c t r o n i c  s e r v o  c o n c e p t s  and a p p l y i n g  
them t o  a p a s s i v e l y  o p e r a t i n g  hydrogen maser  [ 4 , 5 ! .  

Using t h i s  new t ec t ln ique  t h e  microwave c a v i t y  i s  locked  w i t h  g r e a t  p r e c i s i o n  t o  
a  p robe  s i g n a l  which i s  i n  t u r n  a c c u r a t e l y  l ocked  t o  t h e  hydrogen r e s o n a n c e  



l i r l c .  ' I 'here is rlo n e e d  f o r  a s ~ ! c o n d  reference maser  a s  p r c v i o u s l y  r e q u i r e d .  
T t l i s  new a b i l i t y  t o  a c c u r a t e l y  c o r i t r u l  t h e  c a v i t y  l r e q u e n c y  p e r m i t s  o n e  t o  
c o r r e c t  f o r  e n v i r o n m e n t a l  p c r t u r b a t i u n s  t o  t h e  c a v i t y  and a l s o  t o  g r e a t l y  s i m -  
p l i f y  t h e  m e c h a n i c a l ,  t h e r m a l ,  and e : l e c t r i c a l  d e s i g n s .  

S i n c e  t h e  p a s s i v e  m a s e r  d o e s  n o t  oscillate, one  i s  e v e n  a b l e  t o  r e d u c e  t h e  
hydrogen  d e n s i t y ,  t h e r e b y  r c d r l c i n g  s p i n  e x c h a n g e  f requer lcy  p u l l i n g  and  t h e  s i z e  
o f  t h e  vat-uum pumps, arid t o  i n c r e a s e  r e l i a b i l i t y .  Y o r e o v e r ,  t h e  t r a d i t i o n a l  
b u l k y  microwave  c a v i t y  (*.30 cm d i a )  and  s e p a r a t e  i n t e r n a l  q u a r t z  b u l b  c a n  b e  
r e p l a c e d  by  a  s m a l l  (15 crrl d i a )  d i e 1 e c t r i c a l l . y  l o a d e d  c a v i t y  w i t h  an i n t e g r a l  
s t o r a g e  b u l b .  

The r e s ~ r l t s  o b t a i r i e d  w i t h  t h e  f i r s t  p r o t o t y p e  p a s s i v e  h y d r o g e n  maser  f r e q u e n c y  
s t a n $ a r d  a r e  shown i n  f i g u r e  3 .  Once c a l i b r a t e d ,  t h e  low t i r i f t  o f  l e s s  t h a n  
6x10 1 6 / d a y  arlri t h e  e x c c l l l e n t  l o n g - t e r m  s t a b i l i t y  of t h i s  new s t a n d a r d  y i e l d  a n  
u n s u r p a s s e d  potential memory of  t h e  S I  s e c o n d .  

l ipgraded  a n d  r e l i a b l e  e l e c t r o n i c s  a r c  now bc i r lg  c o m p l e t e d  which  s h o u l d  al.low u s  
s h o r t l y  t o  b e g i n  o p e r a t i n g  a p a s s i v e  m a s e r  i n  t h e  NBS t i m e  s c a l e  and a l s o  i n  t h e  
l n t e r n a t i u n a l  Atomic Time s c a l e .  P r o g r e s s  i s  a l s o  b e i n g  made on  two s m a l l  
d i e l e c t r i c a l l y  l o a d e d  c a v i t y  u n i t s .  

Rubidiurn Gas C e l l  S t a n d a r d s  

F r e q u e n c y  m e a s u r e m e n t s  v c r s u s  microwave power ( p  ) and lamp t e m p e r a t u r e  (T ) o f  
, I  L 

3 p a s s i v e  ~ b ~ ~  i r e q u e n c y  s t a n d a r d  h a v e  been made. T h i s  i s  t h c  f i r s t  r c p o r r  of  

t h e  f r e q u e n c y  s e n s i t i v i t y  a s  a f u n c t i o n  o f  P ~ / , e  b a s i s  f o r  t h e  sensitivity 
11' ' 

r o  p , and T_ h a s  b e e n  shown t n  h e  t h e  s p a t i a l  i n h o m o g e n e i t i e s  r e l a t e d  t o  h i g h  
1J " L 

b u f f e r  g a s  d e n s i t y .  The t y p e  o f  Kb g a s  c e l l  s t u d i e d  was an NBS-purchased, 
c o m m e r c i a l l y  a v a i l a b l e ,  i n t e g r a t e d  c e l l .  I t  m u s t  b c  r e a l i z e d  t h a t  t h e  d a t a  
r e p o r t e d  h e r e i n  a r c  f o r  a s i n g l e  u n i t ,  and  t h a t  t h e  c o e f f i c i e n t s  s t a t e d  be low 
may c h a n g e  m a r k e d l y  f o r  d i f f e r e n t  s e t t i n g s  o f  t h e  microwave power,  o f  t h e  Kb 
e x c i t a t i o n  lamp t c o i p e r a r u r e ,  and  o f  t h e  t e m p e r a t u r e  of  t h e  g a s  c e l l .  l n  f a c t ,  
t u r n o v e r  p o i n t s  w e r e  f o u n d  w h i c h ,  of  c o u r s e ,  g r e a t l y  r e d u c e  t h e  f r e q u e n c y  s e n s i -  
t i v i t y  t o  c h a n g e s  i n  t h a t  p a r t i c u l a r  p a r a m e t e r .  The f o l l o w i n g  c o e f f i c i e n t s  o n l y  
g i v e  a g e n e r a l  v a l u e  f o r  nominal.  o p e r a t i n g  c o n d i t i o n s :  f o r  microwave power,  

- 5 x l 0 - ' l / d h ;  f o r  lamp temperature, - 7 ~ 1 0 - ~ ~ / C " ;  a n d  f o r  g a s  c e l l  t e m p e r a t u r e ,  

" ~ x ~ o - ~ O / C " .  

The o v e r a l l  r e s u l t s  o f  t h i s  work g a v e  socle v e r y  i n t e r F s t i n g  i n s i g h t s  i n t o  t h e  
c a u s e s  o f  f r e q u e n c y  i n s t a 1 ) i l i t i e s  i n  r u b i d i u m  g a s  c e l l  s t a n d a r d s .  Most impor- 
t a n t l y ,  a  p o s s i b l e  method of  a v o i d i n g  some o f  t h e  key  p r o b l e m s  was s u g g e s t e d  by 
t h i s  work  and  w i l l  b e  i n v e s t i g a t e d  [ b ] .  

Ammonia F r e q u e n c y  S t a n d a r d  

The f e a s i b i l i t y  o f  a s p e c i a l  p u r p o s e  f r e q u e n c y  s t a n d a r d  l l ased  on microwave  
a b s o r p t i o n  i n  ariunonia g a s  has b e e n  i n v e s t i g a t e d  1 7 1 .  Such a d e v i c e  c o u l d  p o t e n -  
t i a l l y  f i l l  a  need  i n  c e r t a i n  c o m m u n i c a t i o n s  a n d  n a v i g a t i o n  a p p l j c a t i o n s  f o r  a n  
o s c i l l a t o r  which  h a s  medium s t a b i l i t y ,  and  g r e a t e r  a c c u r a c y  (-10 9, t h a n  t h a t  
p r o v i d e d  by c r y s t a l  o s c i l l a t o r s ,  b u t  a c o s t  s i g n i f i c a n t l y  s m a l l e r  t h a n  t h a t  o f  



more sophisticated atomic frequency standards. A device was constructed* using 
a stripline oscillator at -0.5 GHz whose nlultriplied output was frequency locked 
to the absorption of the 3-3 line in N ~ ~ H ~ ( - 2 2 . 8  GHz). An output hetween 5 and 
10 MHZ was provided by direct division from the primary oscill.ator. Ohserved 
stability was 2xl0-'O from 10 to 6000 s, and reproducibili.ty (accuracy) is 
estimated to be 2 2x10~'. The unique features of this device include: 1) reali- 
zation of a high performance stripline oscillator; 2) use of digital servo 
techniques; 3) unique oscillator cavity servo; 4) pressure shift compensation 
~cherne; 5) and the potential for high acceleration insensitivity. 

Quartz Crystal Standards 

Quartz crystal controlled oscillators, because of their small size and weight, 
low power consumption, and commercially unexcelled, short-term stability, have 
been used as the basic frequency reference in literally millions of systems. 
Their main limitations have been the sensitivity of the quartz resonator to 
shock and vibration, temperature variation, changes in driving amplitude, and 
long-term aging. 

Recent advances in quartz resonator design promise to greatly reduce all of 
these effects, although perhaps nor simultaneously. Of particular importance 
ate the new SC, TCC and electrodeless crystals [8,9,10,11]. Several labora- 
tories, including NBS, are developing new electronic circuits which will more 
fully exploit these new advancements in resonators. Acceleration sensitivities 
of less than lx10-~~/g, 10 second frequency stabilities 0 (10s) < 1x10-I 

v 

and aging rates of less than 10-12/day now appear feasible. Frequency retrace 
after turn-offlturn-on are also much improved. 

If one were to optimally lock a quartz crystal controlled oscillator with 
excellent short-term stability (S ( f )  = -180 dB, 1 kHz sf< 100 kHz) to a reson- 

4 ator or oscillator with the above expected performance, the resulting standard 
would be more stable than most present atomic standards for a very large range 
of sample times, T .  The main limitation would be in the absolute accuracy. 

The use of such a hybrid quartz controlled oscillator as the reference oscil- 
lator of atomic standards would grearly improve the combined, overall perform- 
ance including the vibration sensitivity. For example, such an oscillator locked 
to a commercial ccsjum device would yield a stability of better than a few x10-l3 
for all measurement times longer than z.02~. Therefore, we expect quartz crystal 
controlled oscillators based on these new resonators, possibly in combination 
with presently available oscillators, to play an important role in the following 
areas: frequency metrology, oscillators for field use, reference rscillators 
for atomic standards, and spectrally pure sources for high order multiplication 
applications, plus low temperature. 

Superconducting Cavity Oscillator 

Another nonatomic device with very interesting properties is the supcrconducting 
oscillator. The frequency determining element is a superconducti.ng microwave 

*This research was supported by the Advanced Research Project 
Agency of the Department of Defense and was monitored by ARPA 
under Contracr. 113140. 



resonator. At 10 G H z ,  supcrconducting niobium cavities can be fabricated with 

q-nctors up to loll. In addition, these resonators have much smaller nonlinear- 
ities than quartz resonators and can be operated with very large internal stored 
energy. Since the white frequency noise of an oscillator is inversely propor- 
tional to both the stored energy and the Q, and the additive white phase noise 
is inversely proportional to the power delivered to the load, such an oscillator 
should have excellent spectral purity. Using reasonable parameters, the theoret- 
ical noise limit has been predicted to be [ 1 2 ]  

Since the resonators are mechanically and electrically very stable and the 
linewidth is very narrow, supcrconducting oscillators achieve state-of-the- 
art medium-term stability. For averaging times between 10s and 1000s, the dcm- 
onstrated stability is u = 6x10-l6 for one type of oscillator which used the 
cavity as a passive frcqxency discriminator [13]. 

The high frequency and potential spectral purity of superconducting oscillators 
make them very desirahle for use in frequency multiplication. One of the goals 
of NBS is to synthesize frequencies from the infrared to the visible with the 
full accuracy and stability of the primary cesium standard. If suitable non- 
linear elements were availahle, then it would be theoretically possible to 
multiply the signal from a superconducting oscillator all the way to the visible 
without loss of the carrier. Other fields can also utilize rhe high frequency 
and stability of superconducting oscillators, For example, millimeter wave VLBI 
and deep space tracking could both utilize the increased coherence tirnc (low 
flicker noise floor) of superconducting cavity stabilized oscillators. 

Conclusion 

We believe that our work, as part of other advanced activities in the United 
States and many other countries of the world, adds credibility to the following 
predictions: commercial cesium standards wirh accuracies approaching 10-13 may 
become widely available while laboratory devices may reach 10-l~. Long-term 
stabilities over days and weeks of cesium and hydrogen standards in reasonably 
protected environments may reach reliably 10-l5 resulting in time dispersions of 
less than 10 ns in 10 days. Rubidium and quartz crystal standards may become 
available with significantly reduced frequerc drift; i.e., much less than 
10-l3 per day for rubidium and less than 10 per day for crystal standards. 
Clocks and frequency standards for special applications under severe operational 
or environmental constraints could be developed. Such devices could be based 
on new quartz resonator types of configurations, and/or on quantum electronic 
resonances such as rubidium or ammonia. 

Devices could be built based on a systems integration of two or more concepts 
featuring exceptional stability over a large range of averaging times. Examples 
are a crystal osrillator servoed to a crystal resonator (projected performance: 
10-l3 for 0.1s 5 T 5 105s) or a superconducting cavity oscillator servoed to a 
passive hydrogen maser (projected performance: lo-15 for Is - < r 2 10~s). 

Finally, it must be realized that the above only touches those possibilities 
which appear realizable with devices based in the rf and microwave region. In 
numerous laboratories and organizations, including NBS, research and advanced 
development are carried out on novel standards and metrology in the far infrared, 
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QUESTIONS AND ANSWERS 

DR. JACQUES VANIER, Lava1 U n i v e r s i t y :  

You ment ioned accuracy f o r  rub id ium,  and you ment ioned a t  t h e  same 
t ime  a  breakthrough t o  g e t  t h i s  accuracy. Could you  e l abo ra te  on 
t h i s ?  

MR. ALLAN: 

No. I would r a t h e r  l e t  t h e  i n v e s t i g a t o r s  have t h e i r  chance. They 
have t o  do t h e i r  t h i n g  be fo re  i t  can be t a l k e d  about.  

MR. ANDREW CHI ,  NASA Goddard Space F l i g h t  Center:  

I n o t i c e  t h a t  t h e  data t h a t  you g i v e  i n  t he  l a s t  s l i d e  i s  a m ix  
between p r o j e c t e d  and present -day performance. I n  t h e  p r o j e c t e d  
data,  f o r  i ns tance ,  t he  cesium s t a b i l i t y  f o r  10 days i s  approx imate ly  
1 p a r t  i n  1015. Can you s t a t e  a t  what t ime  you can a n t i c i p a t e  t h a t  
performance? 

MR. ALLAN: 

On NBS-4, we have a l ready  seen 7 p a r t s  i n  1015 f l i c k e r  f l o o r  a t  
sample t imes approaching 10 days. For  commercial s tandards,  I 
would p r o j e c t  t h a t  we would see c o n s i s t e n t  s t a b i l i t i e s  below 
1  p a r t  i n  1014 i n  t h e  n e x t  t h r e e  o r  f o u r  years .  

MR. CHI: 

Was t h i s  measured by two cesium standards o r  j u s t  one? 

MR. ALLAN: 

It depends. There a re  seve ra l  ways you  can do i t ,  of course. I f  
you have a very  good s tandard,  you can use j u s t  one s tandard  as t h e  
reference. L e t  me ment ion s p e c i f i  c a l  l y  t h a t  t h e  measurements on 
t h e  pass ive  hydrogen maser were ex t reme ly  d i f f i c u l t - - i t  t ook  a 
whole ensemble j u s t  t o  measure t h a t  one dev ice.  Our n e t  assess- 
ment was t h a t  t h e  pass ive  hydrogen was as good as o u r  whole c l o c k  
ensemble--maybe b e t t e r .  



D R .  ROBERT VESSOT, Smithsonian Astrophysical Observatory: 

I think the  accelerat ion question i s  probably the key t o  how you 
t rea ted t he  temperature coef f i c ien t ,  because i t  i s  a question of 
engineering. I remember vividly when we were t es t ing  the Probe, 
we had t o  estimate t he  e f f e c t  of gravity.  So we turned i t  upside 
down and measured the two g e f f ec t .  And i t  was a good deal l e s s  
t h a n  a p a r t  in 1011 per g ,  and we did t h a t  j u s t  by making sure t h a t  
the end p la tes  and the cavity were about the same weight so they 
sagged by the same amount .  
I should t h i n k  the satlie s o r t  o f  t r i cks  could be done with cesium. 
And in the  case of  quartz,  i t  i s  obvious t ha t  the device i s  in  f a c t  
a mechanical thing and therefore subject  d i r ec t l y  t o  s t r e s s  af  
gravi ta t ional  loading, and  the same with the superconducting 
cavity.  So, I think you are  r i gh t  in saying you have t o  take i t  
with a grain of s a l t .  

DR.  REINHARDT, NASA Goddard Space F l i g h t  Center: 

The f a c t  t h a t  some of the standards use phase lock loops and some 
use frequency lock loops great ly  changes t h e i r  s e n s i t i v i t y  t o  
crys ta l  e f f ec t s  used in  the VCO. I don ' t  think in  the  hydrogen you 
can say t h a t  there i s  an actual frequency o f f s e t  due t o  c rys ta l  
effects--A phase s h i f t ,  yes ,  b u t  n o t  a  frequency o f f s e t .  

MR. ALLAN: 

In the o sc i l l a t o r ?  

DR. RE1 NHARDT: 

Yes, due t o  the crys ta l  o s c i l l a t o r  being s t ressed .  

MR. ALLAN: 

Right. O f  course, even in  the passive hydrogen, i f  you have a 
t i g h t  locked loop,  you only see the output frequency move by one 
over the loop gain times the natural frequency change of the quartz 
o sc i l l a t o r .  So i t  probably could be much l e s s  than the  coef f i c ien t  
shown in the s l i d e  a lso-- in  o ther  words, not l imited by the  quartz 
b u t  by the atomic resonance. 


