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ABSTRACT 

A special  purpose frequency standard and  clock i s  being 
developed fea tur ing  a novel combination o f  s t a b i l i t y  and accuracy 
performance, shock and temperature i n s e n s i t i v i t y ,  i n s t a n t  turn on 
c h a r a c t e r i s t i c s  and fea tur ing  low weight, power consumption, and 
po ten t i a l ly  low fabr i ca t ion  c o s t s .  

This new device i s  based on the  well-known 3-3 t r a n s i t i o n  in 
ammonia ( -  23 GHz) which provides the frequency reference f o r  a  
- 0 .5  GHz o s c i l l a t o r .  The o s c i l l a t o r  s ignal  i s  mult ipl ied in one 
step t o  K-band and in jec ted  in to  a waveguide ce l l  containing 
ammonia. The absorption fea tu re  i s  used t o  frequency lock the  0 .5  
GHz o s c i l l a t o r  t o  l i n e  center .  A f ixed output frequency between 
5 and 10 MHz i s  provided by d i r e c t  d iv is ion  from 0 .5  GHz. The 
0 .5  GHz o s c i l l a t o r  i s  a  novel s t r i p - l i n e  t r a n s i s t o r  o s c i l l a t o r  of 
h igh  spect ra l  pur i ty .  I t  may n o t  only be important f o r  our s t an -  
dard but a l s o  f o r  other  atomic standards where accelera t ion  and 
i r r a d i a t i o n  problems a r e  encountered. The absorption device may 
well be able  t o  f i l l  a metrology need not s a t i s f i e d  by presently 
ava i l ab le  atomic and  quartz c rys ta l  s tandards.  

Design goa s  of the pres n t  p ro jec t  a r e  1 ~ - I U  s t a b i l i t y  from 4 - 10 sec.  t o  10 sec ,  and lo-' absolute accuracy. The ra the r  
broad linewidth o f  ammonia ( -  100 k H z )  reduces overal l  resolu t ion  
but allows a  shor t  ( c  1 ms) servo a t tack  time thus reducing the  
accelera t ion  s e n s i t i v i t y  o  the  primary 0.5 G z o s c i l l a  o r .  Work- B B h ing a t  low pressure ( <  10- Torr 1 1.33 x 10- Newton/m ) reduces 
temperature s e n s i t i v i t y  t o  an acceptable l e v e l .  Power consump- 
t i o  sh uld be 3 W a n d  expected s i z e  o f  a working device 9 9 -10 cm . 

* This research was supported by the Advanced Research Projects  
Agency of the  Department o f  Defense and was monitored by 
A R P A  under Contract d3140. 



INTRODUCTION 

The Special Purpose Atomic Standard Projec t  has developed from a 
need f o r  a frequency standard s a t i s f y i n g  s p e c i f i c  requirements not 
found in other precision o s c i l l a t o r s .  B r i e f l y ,  cu r ren t ly  ava i l ab le  
precision o s c i l l a t o r s  can be divided i n t o  two c l a s ses :  t he  quartz  
c rys t a l  o sc i l  l a t o r s  and atomic "clock" osci 1 l a t o r s .  The quartz  c rys t a l  
o s c i l l a t o r s ,  while having good short- term s t a b i l  i t y  and low c o s t  
($0.5K t o  $2000 f o r  hi gh-qua1 i t y  u n i t s )  s u f f e r  th ree  niajor drawbacks : 
(1  ) The frequency i s  n o t  fundamental and i s  r e l a t e d  only t o  t h e  macro- 
scopic dimensions of the  quartz  c r y s t a l .  Therefore, c a l i b r a t i o n  i s  
required i n i t i a l l y  and subsequent r e c a l i b r a t i o n  i s  required due t o  
"aging" of the  c r y s t a l .  Aging r a t e s  of 1 pa r t  in  lo8 ( f r a c t i o n a l  f r e -  
quency change) per year  a r e  considered good. ( 2 )  The c r y s t a l  o s c i l l a t o r  
i s  s e n s i t i v e  t o  v ibra t ion  and shock. These environmental f a c t o r s  
a f f e c t  t h e  macroscopic dinlensions o f  the  c r y s t a l  and the re fo re  can 
cause s t e p  s h i f t s  in  frequency. ( 3 )  The quartz  c rys t a l  o s c i l l a t o r  i s  
temperature s e n s i t i v e  and requi res  s i g n i f i c a n t  warm-up time t o  achieve d 
s t a b l e  output frequency. 

Atomic os i l l a t o r s  provide s t a b i l i t i e s  from one p a r t  in  1010 t o  
one p a r t  in  1073 per year .  Their cos t  ranges from $3,000 t o  above 
$20,000 depending upon performance. Their high frequency s t a b i  1 i t y  
and accuracy make r e c a l i b r a t i o n  unnecessary f o r  most app l i ca t ions .  
However, t he  use of present ly  ava i l ab le  atomic o s c i l l a t o r s  in place of 
c rys t a l  o s c i l l a t o r s  f o r  the purpose of avoiding reca l ib ra t ion  rout ines  
or reducing environmental s e n s i t i v i t y  i s  technical  " o v e r k i l l , "  s ince  
the  exce l l en t  performance of today ' s  atomic o s c i l l a t o r s  (obtained a t  
high c o s t )  i s  n o t  required f o r  many app l i ca t ions .  In add i t ion ,  t h e i r  
warm-up time i s  slow; and t h e i r  performance under severe environmental 
condit ions ( acce le ra t ion ,  v ib ra t ion ,  temperature, barometric pressure 
and m a g ~ e t i c  f i e l d s )  i s  inadequate f o r  some appl i c a t i o n s .  

Therefore, a s e c i a l  purpose o s c i l l a t o r  o r  clock with f r  uency 
acy in the 10-b range and frequency s t ab i  1 i t y  in the 10-7a t o  ?:'YF range would s a t i s f y  the  needs of many technical  app l i ca t ions  i f  

low c o s t  and i n s e n s i t i v i t y  t o  environment could be obtained. Fig. 1 
( s o l i d  l i n e )  shows the frequency s t a b i l i t y  desired in the  present  work. 

In order  t o  meet the  above requirements we might hope t o  look f o r  
a system which incorporates  the  des i r ab le  f ea tu res  of both the  atomic 
o s c i l l a t o r s  (high accuracy, s t a b i  1 i t y )  and c r y s t a l  o s c i l l a t o r s  (low 
c o s t )  and includes f ea tu res  of environmental i n s e n s i t i v i t y  and poss ib le  
f a s t  warm-up. Since we do n o t  r equ i re  u l t imate  accuracy and s t a b i l i t y ,  
we might make s a c r i f i c e s  in t h i s  regard.  We have chosen as  t h e  f r e -  
quency reference  the (3-3) t r a n s i t i o n  in ammonia N ~ ~ H  gas ( -  23 GHz) 
which i s  contained in a simple closed c e l l .  ~ i s t o r i c a ? l ~ ,  t h i s  same 
scheme was used in  the  f i r s t  "atomic" clock in 1948 [2 ] .  Research on 
t h i s  bas ic  device was pursued un t i l  about 1955 but was discontinued 



then because new methods, a1 t h o u g h  tliore compl i c a t e d ,  promised b e t t e r  
accuracies and s t a b i l i t i e s  than a qas c e l l  absorption devjce. In 1955, 

and Gpenki  ve , sui t a b 1  e on1 y as ti 1 ahoratory i ristr*ument [3]. However, 
s ince  t h a t  t ime, vast irnprove~;ients have beet? rriade i n  RF and 

. - 
idea could be used to arc:ide t n e  " s p e c ~ a i  3urpose o s c i l l a t o r  described 
above. 

The basic scheme used F o r  r,he scanaar-a 7s shown in Fig. 2 .  For 

p u t  power t o  de tec t  the  ammonia t r a n s i t i o n .  I n  addi t ion ,  one can 
d i r e c t l y  divide the " 5  GHz s i g n a l  t o  produce a output frequency 
between 5 a n d  10 YHz, d , i c v  i s  :iarmut7;ca'!; y v j l a t e d  t o  the anlmonia 
t r a n s i t i o n  frequrncy, 

f r e q u e n c y  standard.  However, T h e  increased sornpl e x i  t y  and sophi s t i  - 
cation of these devices whicn r e s u l t s  in t h e i r  superior  performance 
a re  j u s t  the f ac to r s  w h i c h  increase t h e i r  cost  and decrease t h e i r  r e l i -  
a b i l i t y  in an  adverse environment. T h i s  sophis t ica t ion  i s  introduced 
primari ly t o  make the  r-eference t r ans i  t i 0 5  fvlee f r o m  f i r s t - o r d e r  Doppler 
broadening. This r e s u l t s  i~ increased ! i n e - g  and  therefore  increased 
accuracy and s t a b i l i t y ,  I n  the  approach chosen here we ~ o n t a i n  the 
reference "atom," the  aniliionia ~ l ~ o l e c u l e ,  i? a closed waveguide c e l l .  
The 1 inewidth i s  l imited by 30 p ler  broadel-ling t c  ( j ive a fundarriental ! upper 1 imi t on 1 i n e  Q , 3 x 10 . T h i s  can  be ,- .. compar.ed t o  the  l i n e  Q's 
o f  the  h i g h  performance atorriie osci 1 l a to r s  ~3~ : 

7 . , c! Q(R~) - 3 x 10 < ( ~ )  . I d -  7 3 i C s )  -- 3 x 10 , 

Also, the  lower l i n e  a l l o w s  f a s t  servr! l o o p s  within the  standard,  
thus reducing accelera t ion  s e n s i t i v i t y .  

( a )  Microwave - ., - . Source 

( 1 )  Fundamental o s c i l l d t o r s  d t  (-band drab, t o o  I I U ~ ~ I  power, a r e  too ex- 
pensive, and a re  n o t  s t a b l e  (?nough ( b y  c + a c r o r  o f  t i i  l e a s t  1 0 )  i n  shor t  
term t o  be useful ds d ~ r - i i i a r ' ~  1 3 5 ~ ~ 1  l a t ~ t - ,  ' L )  I n  o rde r  t o  conlpare an 

I o u t p u t  frequency o f  between and l U  MHz I n  t he  alnmunia t r a n s i t i o n  



frequency we r e q u i r e  a  m u l t i p l i e r  chain.  (Note t h a t  few d i v i d e r s  ex- 
ceed 1  GHz i n p u t  f requency; t h e r e f o r e ,  we cou ld  n o t  d i v i d e  d i r e c t l y  
from -23 GHz.) The development of a  spec ia l  -.5 GHz o s c i l l a t o r  i s  
more p r a c t i c a l  as shown i n  t h e  diagrams o f  F igs ,  2 and 3. 

( b )  Gas C e l l  

The advantages o f  us i ng  t h e  ammonia gas c e l l  as a r e fe rence  
are:  

( 1  ) The microwave t r a n s i t i o n  of i n t e r e s t  p rov ides  an abso rp t i on  
s i g n a l  which i s  o rders  of magnitude s t r onge r  than  those  o f  o t h e r  i n t e r -  
e s t i n g  molecules o r  atoms [5]. Th i s  i s  a  s i g n i f i c a n t  advantage because 
i t  means t h a t  t h e  des i r ed  s i gna l - t o -no i se  i s  ob ta ined  w i t h o u t  r e s o r t i n g  
t o  i m p r a c t i c a l l y  l a r g e  microwave c e l l  s i zes  as would be necessary f o r  
amost any o t h e r  gas. 

( 2 )  S ince ammoni; remains i n  t he  gas phase f o r  t h e  temperature 
range of i n t e r e s t  (-40 t o  +60 C)  t h e  dev ice  has i n s t a n t  tu rn -on  
c a p a b i l i t y .  One must, however, no te  t h e  ex i s tence  o f  a  pressure ( t h e r e -  
f o r e  temperature)  dependent f requency s h i f t ;  t h i s  i s  d iscussed more 
f u l  l y  below. 

( 3 )  The frequency of t h e  ammonia t r a n s i t i o n  i s  fundamental i n  
na tu re  and t h e r e f o r e  e s s e n t i a l l y  e l i m i n a t e s  t h e  need f o r  c a l i b r a t i o n  
o f  t h e  dev ice.  

( 4 )  The ammonia t r a n s i t i o n  l i n e w i d t h  i s  f a i r l y  broad (-100 kHz), 
Th i s  i s  a disadvantage i n  terms o f  t h e  u l t i m a t e  accuracy ob ta inab le ,  
b u t  i t  a l l ows  t h e  p r imary  o s c i l l a t o r  t o  be locked  t o  t h e  ammonia r e f e r -  
ence i n  ve ry  s h o r t  t imes (<  1  ms). The advantage i s  t h a t  t h e  v i b r a t i o n  
s e n s i t i v i t y  o f  t h e  p r imary  -.5 GHz o s c i l l a t o r  i s  reduced by as much as 
t h e  open l oop  ga in  o f  t h e  servo system a t  t h e  v i b r a t i o n  frequency o f  
i n t e r e s t .  Such a  technique i s  n o t  f e a s i b l e  w i t h  o t h e r  c u r r e n t l y  a v a i l -  
ab le  h i g h  p r e c i s i o n  o s c i l l a t o r s  because of t h e  i n h e r e n t  narrow l i n e -  
w id ths .  

RESULTS 

( a )  I n t r o d u c t i o n  

For ease o f  d i scuss ion  and c l a r i t y ,  i t  i s  convenient  t o  
d i v i d e  t h e  system i n t o  f o u r  components: 

(1 )  - .5  GHz p r ima ry  o s c i l l a t o r  and d i v i d e r .  

( 2 )  -.5 GHz t o  23 GHz m u l t i p l i e r ,  

( 3 )  ammonia gas c e l l  , 

(4) servo e l e c t r o n i c s  and i n t e g r a t e d  system. 



( b )  . 5  GHz primary oscillator and divider 

In reviewing the possible oscillator designs, it appeared that 
an oscillator using a simple LC resonator should be investigated. Ad- 
vantages to this design include: 

(1 ) wide tunability, 

(2) continuous operati on under very adverse 
conditions (shock, vibration), 

(3) good short-term stability, 

(4) low cost. 

An oscillator was developed operating at about 0.5 GHz and having a 
free-running stability as shown in Fig. 1. The curves include a divider 
chain ( +  100) after the . 5  GHz oscillator. These data were computed 
using the two-sample variance for different averaging times [I]. The 
bandwidth of the measurement system affects the variance in the case of 
white and flicker of phase type noise; therefore, two curves are plotted 
around the averaging times of interest (-10 ms). The oscillator features 
a P.C. board etched strip as a transmission line resonator (stripline 
resonator). In the design of a high-performance strip1 ine oscillator, 
we must address three principal problems [6] : 

(1 ) minimization of resonator 1 osses, 

(2) minimization of additive transistor noise, and 

(3) shock and vibration isolation of the resonator. 

There are other problems which must be looked at, but these three repre- 
sent the major contributors to degradation in stability. 

Radiative loss is mininiized by adopting a three-layer sandwich etch 
technique. In this design, two ground planes are used on the top and 
bottom surfaces of the P.C. board with the stripline centered in the 
dielectric. F i g .  4 shows a cross-section of the line. Fiberglass-teflon 
is ~ s e d  for the dielectric which has a small loss tangent of about 
10' , thus keeping loss at a minimum. Thestripline itself is a 7 cm 
length of copper which is 1 cm wide and 2 mm thick. Contact resistance 
is minimized by using silver-solder on all connections. The unloaded 
Q of the line resonator at . 5  GHz is about 400. Loaded Q of the reso- 
nator is maximized by the use of a field-effect transistor as the active 
element 171 .  It is chosen to have a h i g h  forward transconductance and 
a high cut-off frequency. 

Additive transistor noise is due primarily to low frequency (near 
carrier) fl icker noise behavior and high frequency ( f a r  from carrier) 

43.7 



white phase noise. Flicker behavior i s  d i f f i c u l t  t o  character ize  in 
many instances.  Helpful in the reduction of f l i c k e r  noise i s  a  t r a n s i s t o r  
which i s  manufactured with care and in a clean environment, s ince f l i c k e r  
noise may r e l a t e  t o  sporadic conductance through the device due t o  
impurit ies.  White phase noise i s  usually associated with thermal noise 
due t o  operation of the device a t  room temperatures. One can then 
r e so r t  t o  devices capable of higher current  dens i t i e s  in order t o  in- 
crease signal-to-noise.  A t radeoff  ex i s t s  between white phase and 
f l i c k e r  noise,  however, s ince higher device currents  usually aggravate 
the f l i c k e r  noise problem. Usually, we a r r i ve  a t  a  compromise solution 
which depends d i r ec t l y  on the applicat ion o f  the  o sc i l l a t o r .  The curves 
shown in Fig. 1 represent a much higher device dr ive  level than i s  
common i n ,  say,  quartz crys ta l  o s c i l l a t o r s .  

A t  frequencies around .5  GHz , t r ans i  s t o r  package parameters (induc- 
tance and capacitance) and s t r ay  pa r a s i t i c  elements such as connecting 
lead inductance and s t r ay  capacitance a l l  contribute t o  the fundamental 
resonance. If  one i s  t o  achieve a r e l a t i ve  frequency s t a b i l i t y  approach- 
ing 1 x loe9,  then i t  i s  imperative t o  maintain resonator inductance and 
capicatance values s t ab l e  t o  t h i s  l eve l .  The g rea tes t  deterrent  t o  
maintaining high inductive and capaci t ive  s t a b i l i t y  i s  vibrat ion sensi -  
t i v i t y  of the o s c i l l a t o r .  This problem of microphonics has been reduced 
by using the three-layer P . C  board and r ig id ly  mounting a l l  components 
and leads with a low-loss d o p i n g  compound. The o s c i l l a t o r  i s  i n  turn 
r ig id ly  f ixed t o  an aluminum block which ac t s  as the shie ld  f o r  the  
components. The t e s t  block weighs about 3 kg. Depending on the  applica-  
t i on ,  one can r ig id ly  m o u n t  or  s o f t  mount the o s c i l l a t o r  in to  a system. 
I f  r ig id ly  mounted, structure-born vibrat ion i s  d i r ec t l y  applied t o  the 
o s c i l l a t o r .  A s o f t  mount designed t o  i so l a t e  the o s c i l l a t o r  from vibra- 
t ion can reduce the transmitted vibrat ion a t  higher frequencies a t  the  
cost  of increasing the vibrat ion s e n s i t i v i t y  a t  a lower frequency. 
Damping material can a l so  be used t o  a l t e r  the vibrat ion response. 

In the ammonia standard, the problem of vibrat ion s e n s i t i v i t y  of t,he 
fundamental o s c i l l a t o r  i s  only s ign i f i can t  in extreme cases of shock an~d 
vibrat ion where the  dynamic range of the  servo system i s  exceeded or the 
period of the vibrat ion i s  shor te r  than the servo a t tack time. The servo 
a t tack time can be smaller than .1 ms, s ince  the NH3 resonance i s  
wider than 10 kHz. Thus, the  design of the o s c i l l a t o r  mount should y ie ld  
a vibrat ion response in which frequencies of 10 kHz and above a re  sui t - ,  
ably at tenuated.  

( c )  Step recovery diode mu1 t i p l i e r  

I t  i s  des i rable  t o  make a mul t ip l i e r  module with f a i r l y  low 
o u t p u t  Q ( Q  . 10) and output power 100 uW. We have used s ta te-of- the-  
a r t  step-recovery diodes in a waveguide mul t ip l i e r  module. In simplest; 
terms, the problem i s  one of impedance matching fo r  both the  input a n d  
output frequencies. For example, f o r  the input c i r c u i t  ( -  . 5  GHz) the 



1 ,  

properly.  j"; acconlpl i s n  + h i s l  1 I I - I ~ C I - O S ~ ~  ! F  ~?,ybr i~ :  c lass  " C "  amp!i 
was used, The amplifier., l i i . i i : r+ast r ip  1 ! 1 a t c i i n 3  c i r c i . i i t  and mul t ip l i e r  
module were  integrated i n t o  one p a ~ k a g c  i? order t o  avoid i n s t a b i l i t i e s  

.- 
due  t o  connections. I he ~~lt[:~~".:.ir~!iit ", ~ : : ~ l l l p ~ s e d  o f  a shorting stub 
and i r i s  coup1 irlg ' to f o r n  2 r,a\/i-r:/ (1 10 p i !  th the d i o d e  rnatched t o  
the charac te r i s t j c  - i ; : i ~ e ~ a n ~ . e  (2" :tie na:-ror/ ,  !-le.ight ~avequide .  In the 

. "  . 
i n t e r e s t  o f  r igidi  t , v  ir,? s i  IF  : i :.:I . r y , ,  ~ t l i i i ~  , r ie~.e d s e d  rather than nlovable 
plungers. With -0.5 14 i n p u i  p( j ;~er  t .o the c i u d e ,  olirput power as shown 
i n  F i a .  5 was o b t a i n e d  :-his ::ow:ir 1: 7;or~: '.;TIBII "fines what  i s  needed 

sy st eri . 

The ammonia qas  .:t-! , : c s t \ -a - igv t t ' ; ; t -b i& r  I - : r .  ~jr-~nciplc-  b u t  must 
be refined tc c o t r i p e n s ~ ~ , r  -ro: '  : . c . s i  e fZc+~-  -#-s :..hi c:; r ' ! u e n c e  frequency 
s tabi  l i t y  and dcci i i lacy,  I , e t -.<I a-trively shor t  c e l l s  
(50 crsl - 100 cr:i l o n g ;  i.!er8e c!;r;,si;r!.i~T,ed ;IF 'i 31. ii Sn l -~c i  bvaveguide. In 
order t o  study pressul-G re.i c :~ed + f e c t s  ! i , ? ,  : broauening and s h i f t s ) ,  
a flow syst:em was consti*_icre:: :j; i;r.~o\iv.ri 1'1-1 i ' ? ; ;  5, "roe waveguide c e l l s  

I t  shou icl he ncit,ec ?!:a: ;,r,:i-,dar~l ::, or K i-)and (:e'l 1 s with copper 
surfaces a r e  not, 5 ~ ;  t(: fr;,:. i'i ria; i:le!":ih:lil'!~',,:',' , s r ? l  ed  c e l l s .  This 1s  
because a n l n i c l n i a  s.t i r . k :  ti; I - ~ : L ~ ' :  ; L ~ " . - F d ~ ~ ~  , i n :  , ;13i41,;; copper )  . Th.is 
accentuates t h e  ~)r,e:;!;tl'-~ <!-;- I  tL. 3'- -:;I:JsE. 7 ,  6 ;,3 1, dui,.;i t.v d l  S O  . increases - 
with temperature 1 f -:be< + b h , e ~ c  ;<I>??::, .a , -<  > I . \ , - :  :---'- we iva:ll c i i k~ t o  
opera,te a t  a pressdre .:;> :!-!,;,- 1:; . j n s s ~ t < i e  2 .  : ncir tile line be  

..- I: & ,', .<" 
I , > I D ! '  L. broadened by press:irfi. 2 .  , I Torr I 133 t , l /m2)  . 

. .  

where 2 j s  i r ;  [(,'rc''.~ 
--;' ,.,:,e).~1?.,?(7 7.- x;  > \ ' e S S b f E  0 f  

5 . ,  

. , .  
. ,. 

.7 ~ / m  we ~ncur*  an a b c c l c : t y  t,.-aq-;en:,. ~ r . - - " - - -  ,I.?: 1 "  I n  2rder t o  
9 n h t a j n  113- accuracs:, w4  LAIC)^;,; ~?FJ~;I i : ~ !  i:1301', -:tlF I!'??C;ur-E] tO 1 percent. 



Three approaches ex is t  t o  overcome these basic pressure effects :  

( 1 )  We must f i r s t  ensure that  sticking on the walls i s  kept to  a mini- 
m u m .  To minimize th i s  e f fec t ,  a suitable "non-sticky" surface will be 
sought; for  example, t e s t s  have begun using teflon- and paraffin-coated 
cell  walls. 

( 2 )  The temperature effect  can also be reduced by operating a t  a lower 
pressure. This degrades signal-to-noise b u t  can be compensated by in- , 

creasing cell  s ize .  If we operate a t  a pressure of 1.3 x 10-2 ~ewtonlm' 
(-10-4 Torr) and i f  ammonia "sticking" can be kept to  a inimum, we 
would expect a basic temperature sens i t iv i ty  of 6 x 10-lTI0C. This i s  
t o  be compared to  the basic (uncompensated) tempe ture  sens i t iv i ty  of 
the rubidium atomic clock, which i s  about 1 x 10-FB/OC. 

( 3 )  Compensation schemes can be used whereby the pressure i s  sensed 
and compensation i s  made in the output frequency. 

Since the projected cell  s i r e  may be as large as 1000 cm3, we 
must employ schemes t o  make i t  convenient in a compact package. A 
straightforward way t o  make the cell  larger i s  to  make i t  longer. We 
can then form i t  into a sp i ra l .  Our preliminary experiments use glass 
tubes which are metal plated on the outside (forming circular  cross- 
section waveguide) and are formed into sp i ra l s  (-25 crn diameter) and 
mated to  standard waveguide f 1 anges . 

Servo electronics and i n t e ~ r a t e d  system 

Although the performance of the device i s  not high when compared 
to  a state-of-the-art  atomic clock, the demands on the servo system 
in the final system are rather high. This i s  because we are trying to  
resolve t e rather broad resonance feature (i . e . ,  " sp l i t  the l ine")  to  
about 10-' or 0.001 percent. This i s  within an order of magnitude of 
the servo requirements on a laboratory cesium standard. This means we 
must be particularly careful about harmonic distortion in the FM modu- 
lation used and about D . C .  offsets  in the feedback integrators. The 
most important problems which we face are: ( a )  frequency pulling due to  
frequency dependence in the source o u t p u t  power and detected power 
(source-detector profi 1 e )  , ( b )  frequency pull ing due t o  the resonant 
cavity seen by the ammonia (cavity pulling). ( c )  frequency pulling due 
to  ammonia 1 ine dis tor t ion,  and ( d )  frequency pulling due to  of fse t  
voltages and distortions in the servo electronics (servo o f f se t s ) .  
In Fig. 2 ,  the basicscheme i s  i l lus t ra ted .  FM modulation (1-10 kHz) 
i s  used on the .5 GHz osc i l la tor ;  the servo demodulates the detected 
microwave signal and forces the multiplied osc i l la tor  to  l ine  center. 

( a )  Source-detector-profi l e  

The source power o u t p u t  and detector efficiency are,  in 
general, frequency dependent; thus the observed t ransi t ion rides on top 



of a broad p rof i l e .  Because t h i s  background may have a slope and curva- 
tu re  a t  the t r ans i t ion  frequency, i t  may d i s t o r t  the l i n e  s l i g h t l y  and 
cause a frequency s h i f t .  Since t h i s  background prof i l e  may change in 
time (due, f o r  example, t o  temperature change), i t  a f f ec t s  both long- 
term s t a b i l i t y  and accuracy. To solve t h i s  problem, we borrow a tech- 
nique used in s t ab i l i zed  l a s e r  work [ l o ] .  We can demodulate the  t h i rd  
harmonic of the FM ra the r  than the fundamental. By doing t h i s  we 
can null the t h i rd  der ivat ive  of the slope t o  a high degree ra ther  
than f i r s t .  This i s  useful because i t  lowers the p rof i l e  pull ing by 
approximately t h e  square of the r a t i o  of the background curvature t o  
the curvature of the resonance l i ne .  The e f f ec t s  o f  such a 3rd harmonic 
lock a r e  shown in Fig, 1 ,  where a de f i n i t e  improvement in s t a b i l i t y  
i s  observed (un t i l  other e f f ec t s  dominate). 

( b )  Cavity pull ing 

This i s  a famil iar  problem in a l l  atomic clocks t o  varying 
degrees and has been documented elsewhere [ I l l .  Very simply, the  
ammonia and microwave cavity form a system of coupled o s c i l l a t o r s .  
Therefore, varying the frequency of one (say the cavi ty)  changes the  
observed frequency of the other (ammonia t r a n s i t i o n ) .  We have 

Qc v (observed) - vo = K - (vc - 
9, 

where vo = unperturbed ammonia frequency, 

Qc = microwave cavity Q ,  

Q, = ammonia t rans i t ion  Q .  

vc = cavity frequency, and 

K = a parameter near 1 which depends on the FM harmonic 
observed and on the FM amplitude. 

Ideal ly ,  the pulling e f f ec t  could be eliminated by using a ce l l  con- 
s i s t i ng  of a piece of waveguide terminated by i t s  cha r ac t e r i s t i c  impedance 
a t  a l l  frequencies. However, the d i f f i c u l t y  in designing such apparatus 
due t o  various pa r a s i t i c  e f f ec t s  present under practical  conditions pre- 
cludes the use of such a c e l l .  The importa ce of t h i s  e f f e c t  can be i l l u s -  ! t r a ted  by example: i f  Qc. ,  50,  QR 2 x 10 we would have t o  tune the 
cavity t o  .02 percent of ~ t s  linew'dth t o  achieve l o m 9  accuracy; tem- 8 perature s e n s i t i v i t y  would be -10- / O C  f o r  a copper cavi ty .  Both of 
these problems a re  circumvented by servoing the center  of the cavity t o  
l i n e  center .  This can be accomplished, knowing t h a t  K in the above 
expression i s  d i f f e r e n t , i f  we lock t o  the 3rd harmonic ra ther  than the 
5th harmonic (extension of the 3rd harmonic technique). 
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Therefore, as shown in Fig. 3, we use the 3rd harmonic to lock the 
oscillator to the apparent line center, then use the 5th harmonic to 
lock the cavity to the oscillator. This ensures that (v - vo) = 0 in 
the above expression and therefore eliminates cavity pulFing. 

(c) Fundamental 1 ine distortion 

The N ~ ~ H ~  (3-3) transition is slightly asymmetric due to 
quadrupol e hyperfine structure in the mol ecul e [5], Therefore, the 
apparent center frequency of the line depends on FM amplitude and micro- 
wave power; stabi 1 i ty is correspondingly affected a these parameters 7 change. We therefore use the (3-3) transition in N 5~ which is free 
of these fundamental distortions and for which a well- 
frequency exists. (Initial tests have also used the N 

Servo offsets 

At the present time, 2nd harmonic FM distortion, voltage offsets 
and voltage offset drifts in the servo system along with the pressure 
shift problem seem to limit long-term stability. For example, an offset 
voltage can exist on the input of the first integrator in the third 
harmonic loop (see Fig. 3). With the system locked, a residual 3rd 
harmonic signal must be present to provide a D.C. level out of the mixer 
to compensate this offset. To reduce these offset problems, digital de- 
modulators are being investigated. 

ENVIRONMENTAL FACTORS 

Sensitivity to environmental factors is most easily determined 
experimentally, and this will be straightforward once some of the 
obvious problems limiting long-term stability are solved, Nevertheless, 
theoretical estimates can be made of magnetic field and electric field 
sensitivity , and other remarks are appropriate for vibration and tempera- 
ture sensitivity. 

Magnetic fields 

First-order Zeeman effects cause a splitting of the line on the 
order of 10 MHz per Tesla. This splitting is symmetric and therefore 
causes only (usual ly negl igi ble) broadening except that some asymmetry 
may be present due to slight differences of the Zeeman effect (uncoupling 
of the spins) in the two inversion levels. This asymmetry may be of 
the order of 1 Hz at 10-4 Tesla. Measurements need to be made to quanti- 
tatively assess this effect. The worst anticipated outcome is the need 
for one simple magnetic shield for some applications in very high fields. 
The second-order Zeeman effect is, of course, exceedingly small: the 
relative shift is a b o u t  2 x H2 (H in Tesla) and thus is negligible). 



E l e c t r i c  f i e l d s  

E l e c t r i c  f i e l d s  a re  only of importance in the  construct ion d e t a i l s  
of the  gas c e l l  where thermo-electr ic  and  contact  potent ia l  problems 
may be present .  A worst est imate can be based on the  most s e n s i t i v e  
hyperfine co po e n t  of the  (3-3)  l i n e ;  f o r  t h i s  we have a r e l a t i v e  s h i f t  
of about lo-' Eq  ( E  in Vicm). Since e l e c t r i c  f i e l d s  sure ly  can be lirni- 
t ed  t o  l e s s  than 0.1 V/cm, we d o  n o t  a n t i c i p a t e  any problems. 

Temperature s e n s i t i v i t y  

This has already been discussed above. For best performance i t  may 
be necessary t o  provide some minimal temperature compensation ( i  . e .  , a 
frequency compensation based on the  temperature) .  A t  l e a s t  a f a c t o r  of 
ten improvement could be expected here; t h i s  would then reduce the  over- 
a l l  temperature s e n s i t i v i t y  by a f a c t o r  of t en .  

Vibration s e n s i t i v i t y  

I t  i s  d i f f i c u l t  t o  predic t  a p r io r i  what the  l i m i t s  t o  v ibra t ion  
s e n s i t i v i t y  wil l  be, s ince  in many cases they vary with mechanical 
construct ion imperfections which a r e  most e a s i l y  eliminated d i r e c t l y .  
However, some general conirnents could be made in t h i s  regard. To a high 
degree the  ammonia c e l l  and servo e lec t ron ics  should be v ibra t ion  insen- 
s i t i v e .  We can expect then t h a t  the  v ibra t ion  s e n s i t i v i t y  o f  the  500 MHz 
primary o s c i l l a t o r  should be reduced by the  open loop gain of the  feed- 
back servo. Therefore, i f  the  a t t ack  time of the  servo i s  r = 0.1 ms, 
then the  v ibra t ion  s e n s i t i v i t y  of the  locked o s c i l l a t o r  a t  say 100 Hz 
should be reduced by a f a c t o r  of approximately lo4 over the  free-running 
o s c i l l a t o r .  

OVERALL PHYSICAL PARAlltTERS 

Power requirements 

The basic e l e c t r i c  components of  the  present standard configurat ion 
a re  shown in Fig. 2 .  A t  the  present t ime,  power requirenients f o r  s p e c i f i c  
port ions a r e :  

( 1 )  . 5  GHz o s c i l l a t o r ,  . 5  GHz 
ampl i f ier  with mul t ip l i e r  5 . 5  W 

( 2 )  d iv ider  chain ( +  100) 1.0 W 

( 3 )  de tec tor  amp1 i f i e r  and  servo 1 .0  W 
7.5 W 

The . 5  GHz power ampl i f ie r  i s  the  major drain on the  power supply. The 
m u l t i p l i e r  step-recovery diode needs a b o u t  1 W i npu t ,  and the  e f f i c i ency  
of our present ampl i f ie r  i s  about 20 percent.  In an actual  system we 
could expect t o t a l  power requirements t o  be approximately half of t h e i r  
present  value,  o r  -3 W .  
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The lower limit on size will primarily be limited by the size of 
the ammonia cell. It i s  expected that the cell should occupy no more 
than 1 1 i ter volume; hence, the overall package may be from 1-2 1 iters 
in volume. 

Weight requirement 

With proper choice o f  materials the expected final package weight 
should be less than 3 Kg. For operation in extreme magnetic fields, 
shielding may have to be included; this will increase weight by approxi- 
mately 1/2 Kg. 
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