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Ijeciluse o f  t h e  riced f o r  an a c c u r a t e  c l o c k  f o r  f u t u r e  
a i r b o r n e  s y s t e m s  s u c h  a s  I F F ,  MITRE h a s  i n v e s t i g a t e d  
t h e  p o t e n t i a l  performaricc o f  compact o s c i l l a t o r s .  .In 
p a r t i c u l a r ,  c x t e n s i v e  t e s t i n g  o f  rubid ium o s c i l l a t o r s  
~ n a r i u f a c t u r e d  by Efrato111 ha:; been per formed f o r  more 
t h a n  two y e a r s .  The r e s u l t s  i n t i i c i l t e  t h a t  s n  a c c u r a c y  
of b e t t e r  t han  1 0  niicrosecorldv s i iould be :.ickiev:-lble i n  
t a c t i c a l  a i r c r a f t  p r o v i d e d  t h a t  a p p r o p r i a t e  rnexsurcu 
a r e  adop ted  t o  counter .  t h e  rnany envi ronrner i ta l  f a c t o r s .  
I n  a f a v  ~ a b l u  env i ronmen t  a s t a b i l i , t y  o f  b e t t e r  t h a n  
5 x 10 -" f o r  one  day  i s  a c h i e v a b l e  w i t h  p r e s e n t  
co~nrne rc i a l  u n i t s ,  b u t  improvemerits a r e  r e q u i r e d  t o  
s u i t  o p e r a t i o n  i n  a n  a i r c r a f t .  K e s u l t : ;  o f  sonie 
v i b r a t i o n  t e s t s  si-low pr -omise ,  b u t  f u r t h e r  i n v e s t i g a -  
t i o n  i s  r e q u i r e d .  

With f u r t l i c r  deve lopment  o f  rubitii.um con t r o l l e d  c l o c k s  
t h e  u l t i r n a t c  l i m i t u t i o T 1  or1 t i m e  a c c u r a c y  i n  a i r c r a f t  
w i l l  p r o b a b l y  be associ.:=ite?d with lime d i s s e m i r i a t i o r i ,  
niaintenarice d i f f i c u i  t i e s  and t loc t~ in : i J  h u r d l e s .  

INTRODUCT LON 

T h e  d e s i g n  o f  a c o i n r n u r ~ i c a t i o n s  s y s t e m  a n d  t h e  s t u d y  o f  a n  
L d e n t ' f i  a t i o n  F r i e n d  o r  Foe ( I F Y )  scheme,  b o t h  u s i n g  a b s o l u t e  
t i m e ,  h a v e  a r o u s e d  t h e  i n t e r e s t  o f  t i l a  Air F o r c e  i n  t h e  
c a p a b i l i t i e s  o f  s m a l l  f r e q u e n c y  s t a n d a r d s .  F r e l i m i n a r y  
i n v e s t i g a t i o n  h a s  Led t o  t h e  r e a l i z a t i o n  o f  t h e  v i d e  potential. v a l u e  
o f  a c c u r a t e  a i r b o r n e  c l .ocku ,  s i n c e  a c c u r a t e  t ime can be  used f o r  
marly communication and n n v i g a t i o r l u l  systerris wb<ic t~ ,  a t  p r e u e n  t , a r e  
d e s i g n e d  t o  u s e  i ndepen r i en t  oscil1:itnr:;. Altliough t h e r e  a r e  now 
o n l y  a  few AF s y s t e ~ r i s  in t h e  developrncnt  phase  t h h t  r e q u i r e  a c c u r a t e  
t i m e ,  t h e  t r e n d  toward  t h e  u s e  o f  c o d i n g  t o  a c h i e v e  s e c u r i t y  arid t h e  

* ~ h i s  work was s u p p o r t e d  b y  txle MITXr: rndeperident  H e s e a r c h  and 
Development  Prbograrn. 



development o f  Time D i f f e r e n c e  o f  A r r i v a l  (TUOA)  t e c h n i q u e s  f o r  
p r e c i s e  l o c a t i o n  s u g g e s t  that an a c c u r a t e  c l o c k  may w e l l  be  a v i t a l  
p a r t  o f  t h e  complex ne rve  c e n t e r  of f u t u r e  weapons of war. 

The Navy h a s  a l r e a d y  taken a c t i o n  t o  c o o r d i n a t e  t h e  many sys tems  i n  
t h e i r  s e r v i c e  u s i n g  p r e c i s e  t i m e ,  and p l a n s  t o  p rov ide  a m a s t e r  
c l o c k  ( c o m p r i s i n g  t h r  s t a n d a r d  o s c i l l a t o r s  wi th  cesium beam t u b e s )  
o n  Navy p l a  t f ' o rms .  PY) A l t h o u g h  a s i m i l a r  s y s t e m  c a n n o t  b e  
implemented on a i r c r a f t ,  A i r  Force  system requ i rements  a r e  n o t  a s  
onerous  a s  t h o s e  of t h e  Navy i n  many r e s p e c t s .  I n  p a r t i c u l a r ,  
a i r c r a f t  ( u n l i k e  s h i p s )  are no t  r e q u i r e d  t o  o p e r a t e  autonomously f o r  
long  t ime  p e r i o d s ;  some r e l a x a t i o n  o f  independent  c l o c k  performance 
shou ld  be t o l e r a b l e .  For  A i r  Force  needs ,  a  u n i t  must be l i g h t  and 
compact . 
When we l e a r n e d  t h a t  s m a l l  rubldium c e l l  u n i t s  were be ing  produced 
commercially, we decided t o  i n v e s t i g a t e  t h e  performance o f  t h i s  t y p e  
of 0 s c i l . l a t o r  i n  some d e t a i l .  Two commercial. rubidium u n i t s  were 
purchased from Efratorn Systems Corpora t ion  i n  A p r i l  1979 and t e s t i n g  
began t h a t  same month. Other  u n i t s  have been purchased f o r  a n  
exper iment  iri which signa1.s from a i r c r a f t  were r e c e i v e d  a t  t h r e e  
s i t e s  and t h e  t imes  were recorded .  The recorded  r e s u l t s  were then  
used t o  compute t h e  p o s i t i o n s  o f  the  a i r c r a f t .  Consequent ly  we have 
performed niarly t e s t s  on d i f f e r e n t  v e r s i o n s  o f  t h e  commercial models.  
We have a l s o  t e s t e d  a n  e a r l y  v e r s i o n  o f  t h e  M-100 m i l i t a r i z e d  model 
t h a t  was made a v a i l a b l e  f o r  P r o j e c t  SEEK TALK, and performed 
v i b r a t i o n  t e s t s  on t h i s  u n i t  and on one o f  t h e  commercial u n i t s .  

On t h e  whole o u r  r e s u l t s  have confirmed t h e  perforrnarice c l a i ~ n s  f'or 
t h e s e  u n i t s  and shown t h a t  t h e r e  i s  a  good p r o s p e c t  o f  a c h i e v i n g  
t ime  a c c u r a c y  o f  10 rnicroscconds f o r  10 h o u r s .  Many f e a t u r e s  o f  t h e  
prbesent  d e s i g n s  w i l l  r e q u i r e  a t t o n t i o n ,  and s p e c i a l  p rocedures  w i l l  
have t o  be e s t s b l i s l i u d  b e f o r e  t h i s  a c c u r a c y  i n  tirnc keep ing  w i l l  be 
r e l i a b l y  o b t a i n e d  on t a c t l c a l  a i r c r a f t .  

PHIMAKY OBJECTIVES OF THE TEST PROGRAM 

The  i m m e d i a t e  o b j e c t i v e s  o f  o u r  p r e l i m i n a r y  t e s t i n g  w e r e  t o  
e s t a b l i s h ,  a t  f i r s t  hand,  t h e  b a s i c  a c c u r a c y  o f  t h e  rubidium c e l l  
and t o  check t h e  performance f i g u r e s  quoted by E f r a t o ~ n .  We a l s o  
n e e d e d  t o  o b t a i n  more  u x p e r i o r l c e  w i t h  p r u c i s e  t i m e - i n t e r v a l  
measurements and a c c u r a t e  o s c i l l a t o r s  i n  o r d e r  t o  be we l l -p repared  
f o r  p e r f o r m i n g  e n v i r o n m e n t a l  t e s t s  on m i l i t a r i z e d  v e r s i o n s  o f  
r u b ~ d i u m  c e l l s  when they  become a v a i l a b l e .  Many measurements have 
been made t o  a  h i g h e r  r e s o l u t i o n  than  would normal ly  be r e q u i r e d ,  i n  
o r d e r  t o  e n s u r e  s a t i s f a c t o r y  performance w i t h  o u r  t r a n s p o r t a b l e  
u n i t s .  





The warm_jv c h a r a c t e r i s t i c s  a r e  s p e c i f i e d  a s  r e a c h i n g  w i t h i n  
2 x 10 f requency  e r r o r  i n  10  minu tes .  The r e t r a c e  i s  n o t  
s p e c i f i e d  b u t  d a t a  s u p p l i e d  by Efra tom shows a r e t r a c e  of  
1 x  i n  60 minu tes  a t  2 5 ' ~ .  Th i s  r e t r a c e  i s  d e f i n e d  as  t h e  

d i f f e r e n c e  from t h e  frequency b e f o r e  switch-i,qg o f f .  However, t h e  
measurement accuracy  c la imed is  o n l y  + I  x 10 . - 

Some o t h e r  o p t i o n s  a v a i l a b l e  g i v e  improved magnet ic  s h i e l d i n g ,  
o p t i m i z e d  p e r f o r m a n c e  a t  d e s i r e d  t e m p e r a t u r e s ,  and  i m p r o v e d  
s h o r t - t e r m  s t a b i l i t y .  One o p t i o n  f i t t e d  t o  MITRE-purchased u n i t s  is  
e x t e r n a l  r e s i s t ~ ~ c e - c o n t r o l  o f  t h e  f requency ad jus tment  , with a 
range  o f  1 x 10- . 
The FRK-L u n i t s  we have t e s t e d  a r e  n o t  s t r i c t l y  r e p r e s e n t a t i v e  
because  they  have been g i v e n  s p e c i a l  a t t e n t i o n .  A f t e r  o u r  e a r l y  
t e s t i n g  g a v e  u s  a  b e t t e r  a p p r e c i a t i o n  o f  h i g h - p e r f o ~ m a n c e  
o s c i l l a t o r s ,  o u r  o b j e c t i v e s  were expanded t o  i n c l u d e  assessment  of 
t h e  scope f o r  f u r t h e r  improvements i n  s m a l l  rubidium o s c i l l a t o r s .  

A b r i e f  h i s t o r y  of  t h e  u n i t s  is  g i v e n  below, 

FRK-Ii 3768 l i e c e i v e d  A p r i l  1979.  IIas b e e n  o p e r a t e d  a l m o s t  
c o n t i n u o u s l y .  I n s t a l l e d  i n  s p e c i a l  u n i t  w i t h  t empera tu re  c o n t r o l  of  
t h e  fan  i n  August 1980. Subsequen t ly  used a s  l o c a l  r e f e r e n c e .  

FHK-L 531 1 Neceived A p r i l  1979. Returned t o  Efra tom June 1979 t o  
c o r r e c t  i n t e r m i t t e n t  f a u l t .  D e f i c i e n c y  i n  magnet ic  s h i e l d  c o r r e c t e d  
by clamping (August  1980) .  Temperature compensation modi f i ed  A p r i l  
81. Used i n  t e s t  a s  t r a n s p o r t a b l e  c l o c k .  

FHK-L 3610 Received June '79. Returned t o  Efratom f o r  improvement 
o f  t e m p e r a t u r e  c o e f f i c e n t  and o t h e r  minor changes i n  S e p t .  79. Used 
intermittently i n  1980, and cor l t inuously  i n  1981 . 
FRK-H 4548 P i t t e d  w i t h  e x t r a  mumetal s h i e l d .  Received June 80 and 
r e t u r n e d  t o  Efratom because  o f  non- reproduc ib le  t u r n o v e r  e f f e c t s .  
P a r t i c u l a r l y  s u s c e p t i b l e  t o  phase- lock b u t  o t h e r w i s e  h a s  proved Lo 
be e x c e p t i o n a l l y  s t a b l e .  The t empera tu re  compensation was modifed 
i n  1981. 

FNK-I3 3940 Ordered wi th  s p e c i a l  f e a t u r e s .  The mumetal s h i e l d  was 
g i v e n  s p e c i a l  a t t e n t i o n  and t h e  t empera tu re  c o e f f i c i e n t  a d j u s t e d  f o r  

0 
a  h e a t  s i n k  t e m p e r a t u r e  o f  42 C .  Received March 81. Operated 
c o n t i n u o u s l y  s i n c e  A p r i l  81. Used f o r  t r a n s p o r t a b l e  c l o c k .  

FRK-H 5415  O r d e r e d  w i t h  t h e  same f e a t u r e s  a s  H3940. The 
tempera tu re  c o e f f i c i e n t  was u n s a t i s f a c t o r y  and t h e  u n i t  was r e t u r n e d  
to  Efra tom f o r  a t t e n t i o n .  Measurement s i n c e  r e t u r n  t o  MITHE h a s  
shown t h a t  t h e  s h o r t - t e r m  ( m i n u t e s  t o  hours )  i n s t a b i l i t y  i s  abou t  
one o r d e r  worse than  f o r  o t h e r  u n i t s .  



MI00 018 Received  March 19f30 and r e t u r n e d  to  Hfratom b e c a u s e  o f  
n o n r e p r o d u c k b l e  t u r n o v e r  e f f e c t s  caused  by  s t r a y  s i g n a l  c o u p l i n g s  
b e t w e e n  s u b u n i t s .  R e t u r n e d  t o  M I T R E  Aug.  80. P a r t i c u l a r l y  
s u s c e p t i b l e  t o  phase - lock .  T e s t e d  t h r o u g h  O c t .  80 arid r e t u r n c d  t o  
Efra tom f o r  i n v e s t i g a t i o n .  

Mh:ASUHb:MF;NT CONDITIONS AXD TECHNIQUE:; 

The u n i t s  have been o p e r a t e d  i r i  a w i d e l y  used  l a b o r a t o r y ,  and ,  on 
some o c c a s i o n s ,  room temperature chariges w i i i c h  were riot unde r  o u r  
c o n t r o l  a f f e c t e d  t h e  measurements  s i g n i f ' i c a n  t l y .  S i n c e  t h e  s p r i n g  
of  lcj81, t h r e e  o f  t h e  unit:; have  been mounted on v i b r a t i o n  i s o l a t o r s  
w i t h  t h e  o p t i c  a x i s  v e r t i c a l  s o  t h a t  rnovemerit o f  t h c i r  c a b i n e t s  
s h o u l d  n o t  c a u s e  a  change  i n  t h e  e a r t h ' s  m a g n e t i c  f i e l d .  The 
s t a b i l i z e d  power supp l . i e s  have  a  s ta r idby b a t t e r y  w i t h  c a p a c i t y  f o r  
a b o u t  30 m i n u t e s  o p e r a t i o n  o f  t h e  o s c i l l a t o r h s  and t h e i r  a s s o c i a t e d  
c l o c k s .  The r e s o l u t i o n  of' t h e  c l o c k s  i s  100 r i s .  These t h r e e  u n i t s  
a r e  a l l  f i t t e d  w i t h  a  f i n n e d  hea t  s i n k  and a  t e m p e r a t u r e - s e n s i n g  
t h e r m i s t o r  t o  c o n t r o l  t h e  o p e r a t i o n  o f  a  c o o l i n g  f a n .  

g t t i e r  u n i t s  have  been  o p c r a t e d  f r o m  a  f l o a t i n g  b a t t e r y  s u p p l y .  The 
h e a t  s i n k  t e r n p e r a t u r c  c a n  b e  m o n i t o r e d  o r  r e c o r d e d ,  a n d  t h e  
t e m p e r a t u r e  cari be v a r i e d  o v e r  a r a n g e  o f  1 0  t o  2 0 ' ~  by c o n t r o l  o f  
t h e  c o o l i n g .  

Measurements  have  been  p u r e l y  r e l a t i v e  w i t h  no a t t e ~ n p t  t o  o b t a i n  an 
a b s o l u t e -  t i m e  r e f e r e n c e .  The p h a s e / t i m e  d i f f e r e n c e  be tween two 
o s c i l l a t o r s  i s  r e c o r d e d  u s i n g  an  H-P 8405A V e c t o r  V o l t m e t e r .  F o r  
t h e  more i m p o r t a n t  measurements  t h e  d i f f e r e n c e s  between a t  l e a s t  
t h r e e  o s c i l l a t o r s  have  been r e c o r d e d  s i m u l t a n e o u s l y .  

From J u l y  79 t o  August  S O  we used  a n  H-P 5062C Cesiilrm Heam Kefe rence  
Frequency)" a s  t h e  s t a n d a r d ,  and measured t h e  long- t e rm d r i f t  o f  u n i t  
FRK-Hy368. We have  a l s o  used an  A r b i t e r  101 1C Prequency Comparator  
w i t h  t h e  ABC-TV s i g n a l . .  U n f o r t u n a t e l y ,  r e c e p t i o n  st  MITRE i s  n o t  
l i n e - o f - s i g h t ,  and t h e  s i g n a l - t o - n o i s e  r a t i o  i s  u s u a l l y  i n a d e q u a t e  
f o r  a c c u r a t e  f r e q u e n c y  measurements .  

We have  found i t  n e c e s s a r y  t o  p r o v i d e  s p e c i a l  s h i e l d i n g  o f  t h o  
o s c i l l a t o r s  t o  a v o i d  p h a s e - l o c k  e f f e c t s .  F o r  bexich t e s t i n g  w e  
e n c l o s e  t h e  u n i t s  i n  a n  aluminum box w i t h  d e c o u p l i n g  f i t t e d  t o  t h e  
f o u r  l e a d s  t h a t  a r e  b r o u g h t  o u t  (power  s u p p l y ,  c r y s t a l  o s c i l l a t o r  
v a r a c t o r  v o l t a g e ,  rub id ium lamp v o l t a g e ) .  

"This u n i t  was k i n d l y  l e n t  by N. F.  Yannoni (RADC). 



PHASE LOCKING AND STRAY COUPLING 

A l l  t h e  u n i t s  we have t e s t e d  s u f f e r  from i n t e r a c t i o n  e f f e c t s  when 
o p e r a t e d  i n  t h e  v i c i n i t y  o f  o t h e r  u n i t s .  Some l o c k  up t o  a n o t h e r  

u n i t  oven when t h e  f r e q u e n c y  d i f f e r e n c e  i s  g r e a t e r  t h a n  1 x  10-' . 
The phenomenon i s  d i s p l a y e d  a s  a  c o n s t a n t  p h a s e - d i f f e r e n c e  u n t i l  t h e  
f r e q u e n c y  d i f f e r e n c e  exceeds  t h e  ho ld - in  r a n g e ,  when t h e  phase  
jumps. With p roper  s h i e l d i n g  t h e r e  i s  no ev idence  of  phase l o c k .  

An exper iment  i n  which t h o  o u t p u t  o f  one u n i t  was coupled i n t o  
a n o t h e r  showed t h a t  t h e  s i g n a l  r e q u i r e d  t o  a,c$ieve p a r t i a l  phase  
l o c k  f o r  a  f r e q u e n c y  d i f f e r e n c e  o f  o n l y  1 x -10- was 0.1 v o l t  o r  14 
dB below t h e  o u t p u t  Level .  Before  p roper  s h i e l d i n g  was F i t t e d  t h e r e  
were many f a l s e  symptoms o f  c o u p l i n g  th rough  t h e  c o n n e c t i o n s  t o  t h e  
phase m e t e r ,  Other  exper iments  w i t h  unsh ie lded  u n i t s  have shown 
t h a t  t h e  f r e q u e n c i e s  o f  bo th  u n i t s  a r e  a f f e c t e d .  

When M100-018 was phase-locked t o  PRR-L 3610 t h e  phase  r e c o r d i n g  
a g a i n s t  a n  unlocked u n i t  showed s i n u s o i d a l  pe r tu rba t t ions  o f  2 n s  
peak-to-peak a t  s i x  p e r i o d s  p e r  100 n s  o f  t o t a l  change.  Another. 
s m a l l  p e r t u r b a t i o n  was d e t e c t e d  a t  42 p e r i o d s  p e r  100 n s  o f  t o t a l  
change. Subsequent  ~neasurements  o f  t h e  o u t p u t  s i g n a l  from a n o t h e r  
u n i t ,  H4548, showed harmonics o f  60 MHz e x t e n d i n g  t o  t h e  21 s t  (1260 
MI-IZ) and marly harmonics o f  10 MHz. The s t r o n g e s t  harmonics  were 20 
MHz a t  20 dB down and 240 MHz a t  35 dB down. The 420 MHz component 
was 77 dl3 below t h e  10 MHz Level. A non-harmonic o u t p u t  o f  277.125 
MHz was 39 dl3 below t h e  10 MHz o u t p u t .  

Many r e c o r d i n g s  have shown o c c a s i o n a l  c y c l i c  phase changes i n  a 
pe r iod  o f  approx imate ly  one t o  t e n  seconds  wi thou t  phase- locking and 
sometimes c y c l i c  changes o f  o n l y  a few hundred ths  o f  a nanosecond o r  
about  one t e n t h  o f  a degree .  Some r e c e n t  t e s t s  wi th  H3940 and L3311 
c l o s e  t o g e t h e r  and i n a d e q u a t e l y  s h i e l d e d  showed, i n  t h e  phase  
c o m p a r i s o n s  a g a i n s t  H3368, c y c l i c  c h a n g e s  a t  1/7 Hz a n d  
approx imate ly  1 /I 00 Hz. The e f f e c t  on LJgl I was t h e  g r e a t e r ,  w i t h  a 
peak t o  peak e x c u r s i o n  o f  Inore t h a n  3 ns .  The 1/7 IIz was p robab ly  
t h e  d i f f e r e n c e  between t h e  f r e q u e n c i e s  o f  t h e  two s e r v o  o s c i l l a l o r s ,  
i n d i c a t i n g  l e a k a g e  o f  modulated s i g n a l s  between t h e  two u n i t s .  
A f t e r  r e f i t t i n g  t h e  s h i e l d s  a t  t h e  r e a r  o f  t h e  c a b i n e t s ,  t h e  l e a k a g e  
e f f e c t s  were no l o n g e r  d e t e c t a b l e .  

The PRK-L u n i t s  show n o i s e  o f  approx imate ly  1 /I 00 n s ;  f o r  t h e  FRK-H 
u n i t s  t h e  h i g h  f requency n o i s e  (>I Hz, b u t  n o i s e  bandwidth o n l y  -5 
HZ) d i s p l a y e d  on t h e  recorderb  i s  a p p r e c i a b l y  l e s s .  A r e c o r d i n g  o f  
L3610 v s  L33ll showed o c c a s i o n a l  c y c l i c  modula t ion  and o c c a s i o n a l  
j u m p s  o f  1 /I0 n s ,  

For  o u r  t ime-keeping r e q u i r e m e n t s ,  s m a l l  n ~ o d u l a t i o n  o f  t h e  phase  i s  

o f  n e g l i g i b l e  concern .  However, t h e  ev idence  o f  l eakage  i m p l i e s  
s t r a y  c o u p l i n g  between s u b u n i t s .  I t  is  s u s p e c t e d  t h a t  such c o u p l i n g  



may cause  changes i n  t h e  frbuquency when a u n i t  i s  s u b j e c t e d  t o  
mechanical  s t r e s s .  Although t h e  t u r n o v e r  e f f e c t s  a r e  u s u a l l y  
r e p r o d u c i b l e ,  MI 00-01 8 a:; o r i g i n a l l y  submit  tetl was fourld to s u f f e r  
from v a r i a b l e  s t r a y  coup l ing .  

C H A R A C T E K I Z A T L G I :  RESU I.,l1S 

Warm-llp arid R e t r u i : ~  

Measurbements o f  warm-up arid r c t r a c e  have beer1 111ade on a n  ad Ploc 
b a s i s  s o  t h a t  t h e  r e s u l t s  g i v e n  I n  Table  2 show v a l u e s  measured a t  
some conven ien t  t i m e ,  r a t h e r  than  a d e t a i l e d  r e c o r u  as a f u n c t i o n  o f  
time . 
Het racc  i s  n o t  e x a c t l y  d e f i n c d ,  and t h e  measuronient of  t h e  f r e q u e n c y  
was made withir i  two t o  e i g h t  hours  of '  s w i t c l ~ i n g  on. Thc f requency  
d i f f e r e n c e  i s  r e f e r r e d  to t} ,e  vi.lluc Lci'ore s h u x t i n g  down. The 
overshoo t  nleasured on some of  ti-ic t e s t s  s l lows t h e  d i f f i c u l t y  of' 
d e f i n i n g  r e t r a c e .  I t  apparburi t ly woillil be unwise t o  r e l y  upon 
a c h i e v i n g  t h e  l i m i t i n g  s t a b i l i t y  u n t i l  a u n i t  has  been o p e r a t e d  for. 
t e n  d a y s ,  a l t h o u g h  on a l l  our  t e s t s  t h e  f requency  reached a f t e r  two  
hours  was w i t h i n  2 x 10-' ' of  t h e  p r e v i o u s l y  e s t a b l i s h e d  v a l u e .  

A f r e q u e n c y  a c c u r a c y  o f  1 x 10-" shou ld  be a t t a i n e d  w i t h  15 minu tes  
a f t e r  s w i t c h i n g  on,  but  Inore experi .mental  d a t a  w i l l  be r e q u i r e d  i n  
o r d e r  t o  a s s e s s  t h e  p r a c t i c a l i t y  o f  : ; t a r t i n g  an a i r b o r n e  c l o c k  j u s t  
p r i o r  t o  t a k e - o f f .  

Temperature Cocf i ' ic ier i t  

M100-018 i s  t h e  o n l y  u n i t  wc i ~ a v c  Ineasurud over  s wide range o f  
t empera tu re .  R e s u l t s  a r e  shown i n  F i g u r e  2 .  The h y s t e r e s i s  
i n d i c a t e s  t h e  d i f f i c u l t y  oi' ~iiaking a c c u r a t e  measurements o f  t h e  
t empera tu re  c o e f f i c i e n t  i l l  t h e  r e g i o n  of tlic minimum. 

The u r i i t  was cool.eti f'rsom +77 t o  - 7 ~ 3 ~ ~  i n  two h o u r s  and t h e n  l e f t  
o v e r n i g h t  to  r each  the  lowes t  t empera tu re .  The t empera tu re  was t h e n  

0 r a i s e d  t o  60 C i n  t h r e e  hours  and a g a i n  t h e  u n i t  was al lowed t o  c o o l  
0 

o v e r n i g h t .  A f t e r  s e t t l i n g  a t  3'! C t h e  frequericy was i n  e x c e l  
agreement w i t h  t h e  v a l u e  me. ,idurbe;.d c7 a t  t h e  s t a r t  ( 1  x I 0  

I 0 

I 
Pol lowlng ~ r i v e s t i g a t l o n  of  thcrfilhl t r a n s l e r i t s  i n  t h e  reg ion  of 60 C 
t h e  t e m p e r a t u r e  c y c l e  was r e p e a t e d .  

I 0 
The cornperisation i s  w e l l  s u i t e d  f o r  a r;nge o f  -50 t o  +55 C, g i v i n g  

1 
I 

a  t o t a l  change o f  o n l y  6 x 10-I ' . I n  t h e  r e g i o ~ i  o f  30 t o  4 5 ' ~ ,  

I cor respond ing  t o  a range around normal ambient t e n ~ p e r a t ~ u r e  w i t h  t he  
I s r g e  h_ea$ s i n k  used f o r  environmental. t e s t i n g ,  t h e  c o e f f i c i e n t  i s  

0 - 2 x 1 0  p e r  C .  





The o t h e r  u n l t s  have beer1 measured o v e r  a l i m i t e d  r e g i o n  by c o o l i n g  
w l t h  a f a n  o r  r a l s l r l g  t h e  tempe a-ture by b l o c k i n g  t h c  a i r  f low.  3' Following the  cxarnplu :ict e a r l l c r  the  compensation o f  u n i t s  L3311 
and 114548 has been a d j u s t e d .  We have found t h e  v a l u e  o f  t h e  
compensating r e s i s t o r  t o  be v e r y  c r i t i c a l ;  we a r e  u n c e r t a i r l  t h a t  
r e s u l t s  a r e  reproducible. A f t e r  r educ ing  t h c  v a l u e  of' R 2 8  by 0.5% 
i n  u n i t  114548, t h e  t e m p e r a t u r e  coefficient was s m a l l ,  b u t  
measurement was u n c e r t a i n ,  p a r t l y  because the l a b o r a t o r y  t e m p e r a t u r e  
var.1 ed a p p r e c i a b l y  and a f f e c t e d  t h e  f requency o f  t h e  r e f e r e n c e .  

E f f e c t s  o f  Magnetic F i e l d  

By p l a c i n g  the u n i t  wi th  t h e  o p t i c  a x i s  alorlg thc: ek i r th ' s  h o r i z o n t a l  
component, H ,  reversa l .  g i v e s  t h c  e f f e c t  of  a change o f  0.36 Oe 
( ~ e d f o r d  MA.)  Since t h o  change 1s i n s t a n t a n c o u s  ~t can be measured 
w i t h  p r e c i s i o n .  

Our e x p e r i e n c e  w i t h  L7311 i s  o f  s p e c i a l  i n t e r e s t .  When t e s  3 7 :  b e f o r e  i t s  r e t u r n  t o  Efratom i n  1979 t h e  e f f e c t  was 1.6 x 10 , 
a f t e r  t h e  r e t u r n  t o  MlTRE t h e  e f f e c t  was s m a l l .  Then i n  J u l y  1980 
t h e  r e s u l t  was the  same as  o r i g i n a l l y  measured. I n s p e c t i o n  r e v e a l e d  
a n  a p p r e c i a b l e  gap between two  s i d e s  o f  t h e  o u t e r  s h i e l d  and t h e  
mumetal p l a t e  f i x e d  t o  the  h e a t  s i n k ,  By clamping t h e s e  two s i d e s  
the  e f f e c t  of a r e v e r s a l  o f  ii wa:; a g a i n  sm:all. A plastic spacerb o f  
-010 i n ,  g p s e r t e d  i n  one s i d e ,  gave a c o n s i s t e n t  e f f e c t  of' 
0.6 x 1 0 -  

F i t t i n g  a clamp t o  H7368 d i d  n o t  lmprove t h e  magnet ic  s h i e l d i n g .  
Because we have used t h i s  u n i t  c o n t i n u o u s l y  a s  a l o c a l  r e f e r e n c e  we 
have n o t  i n v e s t i g a t e d  f u r t h e r .  However, t h e  poor s h i e l d i n g  r e s u l t e d  
i n  problems from a  choke i n  an a d j a c e n t  pGwer s u p p l y ,  and w i t h  one  
t y p e  of fa11 motor. The f a n  we f i n a l l y  f i t t e d  gave no d e t e c t a b l e  
e f f e c t  even a t  a  s p a c i n g  o f  on ly  one i n c h .  

The MI00 i s  f l t t c d  wl th  s fo lded  l l p  on  t h e  h e a t  s i n k  mumetal and 
t h e  resul-t;s :;howcd e x c e l l e n t  s h l c l d l n g .  however, a f t e r  complet ion 
o f  v i b r a t i o n  t e s t s ,  rnea:<uremeats showed a p p r e c l n b l e  s e r l s l t i v i t y  t o  
t h e  e a r t h ' s  f l e l d .  

Turnover ( c o n s t a n t  ~ c c e l e r a t i o n )  

Most u n i t s  d i s p l a y  t h e  l a r g e s t  t u r n o v e r  ef ' fec t  a long  the  o p t i c  a x i s ,  
p o s s i b l y  as a r e s u l t  of  smal l  p h y s i c a l  movements of t h e  

"phys package" and i s ,  pe rhaps ,  a f f e c t e d  by inhomogeneity of t h e  C F i e l d  . 
Unit  H4548 d i s p l a y e d  smal l  t u r n o v e r  e f f e c t s ,  b u t  a p p r e c i a b l e  change 
f o r  a r o t a t i o n  of  ?go around a  h o r i z o n t a l  axis which gave a  maximum 
e f f e c t  o f  12 x 10- . 



Table  3 

E f f e c t s  of Magnetic F i e l d  

-11 F r a c t i o n a l  Frequency Change x10 
Reversal o f  Hor izonta l  Estimated** E f f e c t  of 

Component of Ea r th ' s  Reversal  w i t h  Opt ic  
F i e l d  Ax i s  V e r t i c a l  

Unit (H = 0.18 Oe)* (Z = 0.54 Oe)* 

FRK-1, smal l  small  
3 31 1 (see  t e x t )  

- 
FRK- L 1. 3.j' 4r 
3610 

.- 
.I. 

FRK-H 2 .11  6.5' 
3362 
--- 
FRK-H smal l  s m a l l  
4548 (3 Tfumetal s h i e l d s )  
---up 

FRK-II 0.4' 1. . 2 4= 

3940 
----- 

MI00 smal l  smal l  
018 (see t e x t  ) ( see  t e x t )  - 

i$ Information from R. Hutcliinson (RATIC) 
** The e f f e c t  of a change of 2 Z i n  magnetic f i e l d  w a s  

c a l c u l a t e d  using t h e  r e s u l t s  f o r  a  change of 2H. 
t Lower frequency witti fins North 
*Higher  frequency f i n s  a t  t h e  top 



Turnover E f f e c t s  ( G r a v i t a t i o n a l  Changes) 
( p a r t s  x10-l1 p e r  2g )  

- --A- - - - 
U p t i c  AXIS Vert1calr  

F i n s  V e r t i c a l *  F i n s  H o r i z o n t a l  ( c o r r e c t e d  f o r  
Unit  O p t i c  Ax i s  E-W Optic  Axis E-W -- magnetic f i e l d )  

F RK- L 0 . 4  0 . 2  1. 8 - + 0. 2"' 
3311 - 
FRK- L I.. 7 1 . 6  

2 . 4 * 3610 - 

FRK-H 0.9 0.5 4.0' 
3368 -- - -- a 

FRK-11 0.2 0.3 0 . 3  
-f 

4548 
-- - - - 0.5* - - -- 

PKK- 11 0.7 1). 1 

* F i n s  V e r t i c a l  i s  e q u i v a l e n t  t o  Label  Top/Rottom 
1- Higher f r equency  w i t h  f i n s  a t  t o p  
T Lower  frequency w i t h  f i n s  a t  t o p  

B e c a u s e  measuremer i t s  w e r e  made o n  i331 1 f o r  t h r e e  d i f f e r e n t  
cond i t io r i s  o f  the  magnet ic  s h i e l d  we a r c  more c o n f i d e n t  of t h e  
measured r e s u l t  f o r  the o p t i c  a x i s  tnan  f o r  otdler u n i t s ,  a l t h o u g h  
t h e  accuracy  f o r  a l l  should  be w i t h i n  - + j n  IS-^(-. 

I n  view o f  t h e  e a r l y  experience with  I~;lOCj-:IIE: anti t h e  ev idence  o f  
s t r a y  c o u p l i n g  e f f e c t s ,  wc su:;pcct t h a t  some of t h e  t u r n o v e r  e f f e c t s  
may be  t h e  r e s u l t  o f  c h a n g e s  i n  s i g n a l ,  c o u p l i n g ,  a l t i - i o u g h  
measurements have g i v e n  c o n s i s  t e n t  r e s u l t s  . 
A f t e r  v i b r a t i o n  t e s t i n g  o f  M10Cj-018 t h e  t u r n o v e r  t e s t s  g a v e  
d i f f e r e n t  r e s u l t s  ( c f  magnet ic  s h i e l d i n g  changes ) .  The s e n s e  of t h e  
change a long  t h e  o p t i c  a x i s  was reversed  and thc magnitude was twice  
t h e  p rev ious  v a l u e .  

The e x c e l l e n t  s t a b l l l t y  of H45118 a l o n g  t h e  o p t i c  a x i s  was 
demonstra ted  by drop t e s t s  on the bench. Only v e r y  smal l  ( b a r e l y  
d e t e c t a b l e )  phase t r a n s i e n t s  o occur red  (whereas  the  MI00 d i s p l a y e d  
phase changes a s  g r e a t  a s  40 ( 1  1 ns), and o u t p u t  l e v e l  t r a n s i e n t s  of 
1 dB when g i v e n  l e s s  s e v e r e  s h o c k s ) .  



Most u n i t s  show monotonic phase jumps f o r  shocks  a long  t h e  o p t i c  
a x i s  w i t h  r e v e r s a l  o f  s e n s e  f o r  t h e  o p p o s i t e  s e n s e  o f  shock.  The 
e f f e c t s  on t h e  f requency  a r e  small. 

C r y s t a l  Tuning and Aging 

A change i n  c r y s t a l  t u n i n g  e q u i v a l e n t  t o  a  v a r a c t o r  b i a s  change of 
more t h a q  1 0  v o l t s  caused a  f r e ~ y e n c y  change o f  no more t h a n  
2 x 10- onH7368 ,  a n d 8  x 10- on L7311 .  

The t u n i n g  o f  H3368 was s e t  t o  g i v e  a  v a r a c t o r  b i a s  v o l t a g e  o f  14 
v o l t s  on Aug. 79. The c r y s t a l  a g i n g  had been compensated by a 
change t o  7.2 v o l t s  by Oct. 81. 

P r e s s u r e  E f f e c t s  

With M100-018 t h e  f r e q u e  c y  change f o r  a change from atmosphe f+ 
p r e s s u r e  t o  vacuum ( lo-' a tmosphere)  was no worse t h a n  -5 x 10 . 

0 The t e m p e r a t u r e  was k e p t  c o n s t a n t  w i t h i n  1 C f o r  t h i s  t e s t .  

Supply Vol tage  

Measurement on H3368 gave a n  a v e r a g e  e f f e c t  o f  + 2  x 1 0- l2  per  v o l t  
of  change over  t h e  range 20 t o  30 v o l t s .  C o r r e c t i o n  f o r  t e m p e r a t u r e  
change would make the  c o e f f i c i e n t  s l i g h t l y  g r e a t e r ,  b u t  t h e  v a l u e  i s  
about  h a l f  t h a t  g i v e n  i n  t h e  s p e c i f i c a t i o n .  

S t a b i l i t y  and Aging 

Measuremerlts o f  t h e  s t a b i l i t y  f o r  p e r i o d s  o f  hours  have shown t h a t  
t h e  t e m p e r a t u r e  changes a r e  t h e  main f a c t o r .  A t y p i c a l  v a l u e  f o r  
t h e  s i x  hour  A l l a n  v a r i p c e  ( f o r  t h e  t h r e e  u n i t s  w i t h  f a n  c o n t r o l  
c i r c u i t s )  is  2.8 10- . However, i n  one week, t h e  r e s u l t  - f9 219940 was 5 .g x 1 O-'? whereas  L5911 and H9368 bo th  gave 2 .8  x 1 0  . 
I n  some t e s t s  t h e  e f f e c t  o f  a n  a p p a r e n t  d r i f t  was s i g n i f i c a n t ,  b u t  
t h e  c a l c u l a t i o n  was n o t  c o r r e c t e d  because  such  d r i f t s  a p p e a r  t o  be 
rand om. 

U n i t  H4548 h a s  been o p e r a t e d  w i t h o u t  t empera tu re  c o n t r o l  and t h e  
s ix -hour  v a r i a n c e  i s  c l e a r l y  a f f e c t e d  by t h e  changes i n  temper t u r e .  
The v a l u e  f o r  t h e  combined v a r i a n c e  w i t h  H3368 was 3 .5  x lo-' f o r  
one week -w&n t h e  t e m p e r a t u r e  was r e l a t i v e l y  s t a b l e .  It i n c r e a s e d  

0 
to  7 x 1 0  f o r  a week when t h e  t empera tu re  r o s e  t o  30 C d u r i n g  t h e  
day. Fa r  t h e  f a v o r a b l e  week t@ six-hour  v a r i a n c e  f o r  L33ll  and 
lI7768 combined was o n l y  1 .6 x 10  . 
R e s u l t s  f o r  t h e  s i x ,  twelve  and twenty-four  hour  v a r i a n c e s  f o r  H3940 
and 113368 o v e r  one p e r i o d  o f  t e n  days a r e  g i v e n  i n  Tab le  5 .  The 
e f f e c t  o f  d i u r n a l  changes  i n  t e m p e r a t u r e  can be s e e n  i n  t h e  
dependence of t h e  12 hour  v a r i a n c e  on t h e  t ime  o f  sampl ing.  An 



assumption o f  a  d a l l y  s i n u s o i d s l  f l u c t  i o n  o f  a m p l i t u d e  5.5 n s  ?@ 
would make t h e  c o r r u o t e d  v a l u e s  f i t  a T t l ependcnce ,  b u t  t h e  two 

weekends would d i s t o r t  t h e  d i u r n a l  e f f e c t .  

Aging d a t a  were o b t a i n e d  on Hj31;U by r c f c r r i r i g  t o  t h e  ces ium 
r e f e r e n c e ,  s t a r t i n g  a f t e r  two months o f  p r i o r  o p c r a t i o n .  T h i s  u n i t  
showed n e g a t i v e  a g i n g  i n  f i r s t  f o u r  months w i t h  t h e  r a t e  s l o w i n g  
t o  a p p r o x i ~ n a t e l y  -5 x 10- p e r  month. A f t e r  a t h r e e  month g a p  t h e  
r e s u l t  f o r  the  s u b s e q u e n t  f i v e  mont@ was a p o s i t i v e  change  a t  an  
a v e r a g e  r a t e  o f  l e s s  t h a n  5 x 1 0 -  per. month. The r e c o r d s  f o r  
o t h e r  u n i t s  a r e  p u r e l y  r e l a t i v e  and m o s t l y  s p o i l e d  by i n t e r r u p t i o n s .  
However, u n i t s  I13940 and L331 1 have  r e c e n t l y  been  o p e r a t e d  w i t h o u t  
i n t e r r u p t i o n  o r  a d j u s t m e n t  . T h e i r  f r e q u e n c i e s  co~npareri w i L 9  ? I 1 7 6 8  
f o u r  mon s a f t e r  s e t t i n g  t o  a s1:1:31.L rlif 'f 'erence were -4 x 1 0  

- f 9  arid 
+5 x 10 r e s p e c t i v e l y ,  a l t h o u g h  L371 1 has c h a n ~ e d  +s much ss 
+8 x l o u 1 *  i n  one  t e n d a y  p e r i o d ,  arid -5 x 19-~' in a  five-day 
p e r i o d .  The c l o c k s  were r e s y n c h r o n i z e d  : l3  weeks a f t e r  t h e  i n i t i a l  
f requer lcy  a d j u s t m e n t ,  and t h e  accumula tad  tirnc d i f ' f ' e rences  a f t e r  a  
f u r t h e r  s e v e n  weeks were + '1.1 p s  f o r *  Ii3340 and -4 77.2  p s  f o r  2391 1 . 
One a d d i t i o n a l  measurerne w i t h  U n i t  1i4548 showed a mono t o n i c  change  -Tf . of  a  t o t a l  of  -2 .5  x 10 In t h r e e  months ,  compared w i t h  H7768, 

We have  riot made e x t e n s i v e  c a l c u l a t i o n  of the  v a r i a n c e  f o r  s h o r t e r  
p e r i o d s  because  t h i s  r e q u i r e s  r e c o r d i n g  w i t h  enhanced r e s o l u t i o n .  
One measurement f o r  L331 1 ,and HJ360 combined g a v e  t h e  two-h -73'' v a r i a n c e  v a l u e  o f  2.71 x 1 0 ~ '  and tile one-hour v a l u e  o f  1 -9 x 10 . 
Uni t  H7940 i s  d i s t i n c t l y  less s t a b l e  f o r  t h e  s h o r t e r  pe r io t l  and -7 3 the one-hour  v a r i a n c e  f o r  i t  combined w i  tk~ L3 71 1 was 7 .'7 x  10 . 

U n i t  H5415 was p u t  on t e s t  i n  Oc tobe r  1981 b u t  {,he f r e q u e n c y  
i n s t a b i l i t y  i s  s o  much worse  t h a n  f o r  a n y  o t h e r  u n i t  t h a t  a c c u r a t e  
c h a r a c t e r i z a t i o n  w o u l d  r e q u i r e  e x t r a o r d i n a r  c a r e .  F r e q u e n c y  
changes  o f  1 x  10-I i n  t e n  rmirlutes and 3 x 10 -3 2 . 

I n  one  hour  were  
obse rved .  

TABLE 5 
Combined V a r i a n c e ?  f o r  6 ,  1 2  2nd  l?b v o ~ l r  Tntervnls 

[Jnits H3940 and H3368. April 1 7  to 2 7 .  1981 

INTERVAL 

,Variance x 10 
I 

- -- ." 



Uni t  H3368 h a s  o c c a s i o n a l l y  d i s p l a y e d  a sudden p o s i t i v e  jump i n  
f requency  l a s t i n g  abou t  h a l f  a n  hour  and t h e n  r e t u r n i n g  t o  t e  

- I  f p r e v i o u s  v a l u e .  Tho l a r g e s t  c h a n g e  s e e n  was  + 5  x  1 0  . 
C o i n c i d e n t a l l y ,  t h e s e  changes have u s u a l l y  occur red  a t  n i g h t  o r  on 
weekends, a l t h o u g h  s m a l l e r  changes  have occur red  whi le  t h e  r e c o r d i n g  
was be ing  observed.  

On Sunday Augus t9 ,  1981, u n i t  L3311 l o s t  lock of  three occasions i n  a 
s i x - h o u r  p e r i o d ,  o p e r a t i n g  i n  t h e  s e a r c h  mode f o r  approx imate ly  h a l f  
a n  hour  on t h e  secorid occas ion .  F u l l  r e c o v e r y  a f t e r  r e g a i n i n g  l o c k  
took f i v e  hours .  The r e s u l t a n t  e f f e c t  was a  t ime l o s s  o f  6 ps i n  

I & '  h o u r s  e q u i v a l e n t  t o  a  mean f r e q u e n c y  d i f f e r e n c e  o f  -1.5 x  1 0  . 
This  i s  t h e  o n l y  o c c a s i o n  when l o s s  o f  l o c k  h a s  occur red  w i t h o u t  
power f a i l u r e .  

Var ious  d i f f i c u l t i e s  were encoun te red  i n  t h e  exper iments  w i t h  t h e  
p o r t a b l e  c l o c k s  b u t  n o t  w i t h  t h e  r u b i d i u m  o s c i l l a t o r s .  Two 
s u c c e s s f u l  exper iments  gave a  maximum change o f  75 n s  between any  
p a i r  a f t e r  r e t u r n i n g  some 7  h o u r s  l a t e r .  This change i s  l e s s  t h a n  
t h e  100 n s  r e s o l u t i o n  of t h e  c o u n t e r s .  The t e s t s  were made i n  h o t  
w e a t h e r  a n d  t e m p e r a t u r e s  w e r e  h i g h e r  t h a n  a l l o w e d  f o r  d u r i n g  
t r a n s p o r t a t i o n .  

V I B R A T I O N  

The e f f e c t s  o f  v i b r a t i o n  were ~neasured  u s i n g  a Ling Model A300 
s h a k e r  a t  t h e  A i r  Force  Geophysics Laboratory .  P r e l i m i n a r y  t e s t s  
showed t h a t  t h e  s t r a y  m a g n e t i c - f i e l d  e f f e c t  on M100-018 was  
n e g l i g i b l y  s m a l l  a f t e r  a  few minu tes  d e l a y .  

Resonance e f f e c t s  were exp lo red  w i t h  s i n e  wave e x c i t a t i o n  o v e r  t h e  
r a n g e  20-2000  H z .  The f r e q u e n c y  d i f f e r e n c e  compared  w i t h  a  
r e f e r e n c e  was s e t  t o  a  small v a l u e  b e f o r e  t e s t i n g  and bo th  t h e  phase 
d i f f e r e n c e  and t h e  v a r a c t o r  v o l t a g e  were recorded .  The r e c o r d e r  
r e sponse  f a l l s  above 2 Hz t o  abou t  one t e n t h  ampl i tude  a t  20 Hz. 

When v i b r a t e d  a t  a f requency c l o s e  t o  t h e  s e r v o  c a r r i e r  f r equency  
( n o m i n a l l y  127 H Z )  t h e  10 MHz o u t p u t  changes were dependent  upon t h e  
e x c i t a t i o n  r a t e  o f  sweep. HesuLts of a slow sweep, w i t h  r e v e r s a l s  
i n  s e n s e  around 1 30.5 Hz, u s i n g  u n i t  H4548, a r e  shown i n  F i g u r e  4 
The v a r a c t o r  v o l t a g e  showed ~ n o d u l a t i o n  o f  approxinla te ly  1 x  10  -9 
peak-to-peak,  which was u n d e t e c t a b l e  a s  phase  modulatiorl u n t i l  t h e  
v i b r a t i o n  f requency  was c l o s e  t o  t h a t  o f  t h e  s e r v o .  The phase  
e x c u r s i o n s  f o r  low b e a t  f r e q u e n c i e s  became q u i t e  s i g n i f i c a n t ,  and i n  
many o f  t h e  t e s t s  t h e  u n i t s  l o s t  l o c k  f o r  v i b r a t i o n  a t  t h i s  
f r equency ,  o r  even a t  some harmonic. 



I M100-018 was v i b r a t e d  a l o n g  t h e  o p t i c  axi:: anti t h e  t w %  axe:? 
d e s i g n a t e d  A & B i n  Yigure 5 .  The inc1in:j  Lion of' 22 1 /2  w i t h  

The performance of Ml(j(3-018 was c : lear ly  bes t  f ' o r  v i b r . a t i o n  a long  t h e  
o p t i c  a x i e .  whereas t h e  t u r n o v e r  e f f e c t s  were wors t  alonb; t h i s  a x i s .  

1 Pronounced e f f e c i s  were produced i n  the  f requency range 2 0  t o  50 Hz,  

1 of l o c k ,  b u t  s t r a n g e l y ,  t h e r e  was a s  niuc21 e f ' f e c t  when p a s s i n g  250 Hz 
a s  when pass i r ig  125 Hz.  The v i b r a t i o n  frctluency range o f  20-2000 IIz 
was swept th rough  i n  1 j 1 /Z m i n u t e s ,  i . e .  a t  a  r:*te of  1 %  p e r  2 

I seconds .  Wheri v i b r a t e d  a long  axis A t h e r e  were mxrkecl e f f e c t s .  A t  
3g peak a ~ n p l i t u t i e  the avcr;ge f requency  cl-iange was Illore t h a n  
+3 x lo-' when t h e  r i ? j ~ + t i o n  Frsquency w a s  bi.low ?Oh.z, b u t  t h e n  
changed s e n s e  t o  -5  xIO i 'or v1k)r.i- tio on i n  thc r9t-inge 40  t o  110 Hz. 
I n  t h e  v i b r a t i o r l  f r equency  range 375 ,Liz t o  7 5 0  I i z  the uni-t was o u t  
of  l o c k  f o r  two minu tes .  

- p; 
F o r  a x i s  B t h e  f requency  change was as  l a r g e  a s  1 0  f o r  v i b r a t i o n  
below 30 Hz. There was a  phase  t r a n s i e n t  a t  125 Hz, a s m a l l  e f f e c t  
a t  250 He arid l o s s  o f  l o c k  from 375 Hz t o  approx imate ly  480 IIz 
( a b o u t  one m i n u t e ) .  

Uni t  I14548 performed ~nucki b e t t e r ,  b u t  when v i b r a t c d  a t  130 tiz a l o n g  
t h e  o p t i c  a x i s  t h e  s e r v o  went o u t  o f  l o c k  f o r  a v i b r a t i o n  ampl i tude  
g r e a t e r  than 0.42g. E x c c p t  for t h i s  problem, the  pk.ase change:; were 
s m a l l  a l t h o u g h  v a r a c t o r  v o l t a g e  re::onances werc d i s p l a y e d  a t  1 0 5 ,  
210,  330, 390, 1500 anti 2020 j i z .  O the r  e f f e c t s  were p robab ly  
a s s o c i a t e d  w i t h  v i b r a  t i o r ~  harmonics c o i n c i d i n g  w i t h  130 o r  330 l i x .  
Only t h e  resonance  a t  105 112 caused a s i g n i f i c a n t  phase change, of' 
a b o u t  -12 ns with  a v i b r a t i o n  ampl i tude  of  Ig. 

Tests on u n i t  H4Cj48 a l o n g  t h e  t w o  axes  rlorrnal t o  t,he s i d e s  showetl 
t h a t  t h e  a x i s  rlormal t o  t h e  l a b e l l c d  s i d e  was b e s t ,  w i t h  o n l y  s m a l l  
changes  i n  v a r a c t o r  voltage d i s p l a y e d  a t  170, 260 & 7'30 I-Iz. The 
b i g g e s t  change of' 0 . 2  v o l t  occur red  i n  t h e  r e g i o n  1950 t o  2010 He. 
The o n l y  change i n  t h e  10 MI-Iz phase w s s  about  1 ns  a t  ahout  45 Hz 
v i b r a t i o n .  

I ~ T e s t s  w i t h  n o i s e  e x c i t a t i o r l  ( w h i t e  fro~ri 15 t o  lr3GC H z ,  f a l l i n g  by 6 
dB at 2000 Hz, viz. MIL-STD-UlOC Figure 51 4.2-221) were made or1 
M100-018, with t h e  r e s u l t s  summarized i n  Tab le  6 .  We s u s p e c t  t h a t  
t h e  f requency change i s  main ly  caused by t h e  low f requency  n o i s e ,  
i n  view o f  t h e  e f f e c t s  observed wi th  sirlu::oidnl v i b r a t i o n .  

U n i t ,  H4518 was t e s t e d  f o r  15  minu tes  w i t h  n o i s e  e x c i t a t i o n  o f  
L 

-048 /Hz. This  was t h e  maximum t ime  o b t a i n a b l e  b e f o r e  t h e  t h e r m a l  
o v e r l o a d  s w i t c h  o f  the  s h a k e r  tr ippeci  open. Only b r i e f  t e s t s  w i t h  I 



n o i s e  were made f o r  t h e  o t h e r  two axes s i n c e  o u r  o b j e c t i v e  was t o  
prove t h a t  t h e  d e f i c i e n c i e s  o f  M100-018 were n o t  endemic t o  t h e  
b a s i c  des ign .  

F i g u r e  6 shows t h e  record  o f  t h e  f ive -minu te  r u n  on MIOO-018 f o r  
n o i s e  v i b r a t i o n  of' 6,4g rms a long  t h e  o p t i c  a x i s ,  F i g u r e  7 shows a  
p o r t i o n  of t h e  15 minute  record  f o r  n o i s e  v i b r a t i o n  o f  8 g  a long  t e  !I b e s t  a x i s  f o r  H4548  The f requency f l u c t u e b e d  - b y  ' pa r t s '  i n  10 , 
but  t h e  average  rate was o n l y  about  2 x 1 0  s i n c e  t h e  n e t  change 
was l e s s  t h a n  150 n s  i n  900 seconds,  and should be compared wi th  t h e  
r e s u l t s  shown i n  Tab le  6 .  

Tab le  6 

Noise V i b r a t i o n  MI 00-01 8 

We b e l i e v e  t h a t  t h e  d i f f i c u l t i e s  encountered w i t h  v i b r a t i o n  a t  t h e  
s e r v o  f requency  w i l l  be overcome by u s i n g  v i b r a t i o n  i s o l a t o r s .  
However w i t h  u n i t s  t h a t  a r e  a f f e c t e d  by v i b r a t i o n  below 30 Hz,  i t  
w i l l  be n e c e s s a r y  t o  u s e  i s o l a t o r s  having a  v e r y  low r e s o n a n t  
f requency.  

FUTURE POSSIBILITIES 

Average Frequency D i f f e r e n c e  

-1 1 
-7 x  1 o-l 

-1 1 x 
-30 x 10 

A p p r o x i m a t e l y  -100 x 10-I  

Noise Level 

I t  is contended t h a t ,  by t h e  19905, t h e r e  w i l l  be many a v i o n i c s  
sys tems r e q u i r i n g  a c c u r a t e  t ime and t h a t  t h e  needs  o f  all w i l l  be 
b e s t  s a t i s f i e d  by each a i r c r a f t  c a r r y i n g  a  mas te r  c l o c k .  We b e l i e v e  
that c lock  should use  a  rubidium c e l l .  

D n s i t y  9 
g /Hz 

0004 
-001 6  
-0064 

-0256 
4 

Many systems w i l l  be des igned t o  o p e r a t e  from an i n t e r n a l  s t a n d  
t h a t  w i l l ,  pe rhaps ,  be a common d e s i g n  o f  c r y s t a l  o s c i l l a t o r .  a57 
However, w i t h  a  mas te r  c l o c k  i n  t h e  a i r c r a f t  t h e  sys tems could  be 
des igned s o  t h a t  when the  m a s t e r  i s  a v a i l a b l e  i t  a u t o m a t i c a l l y  
c o r r e c t s  all t iming  and p rov ides  a r e f e r e n c e  f o r  t h e  f r e q u e n c i e s  o f  
i n t e r n a l  o s c i l l a t o r s .  The p lann ing  o f  t h i s  c o n c e p t u a l  u s e  o f  
a b s o l u t e  t ime  w i l l  need t o  be f l e x i b l e .  We f e a r  t h e r e  is  risk of 

r m s  
'g' 

0.8 
1.6 
7.2 

6 - 4  



encouriter.-irlg major. d i f f i c u l t i e s  b e f o r e  tihe o p e r a t i o r l a 1  s t a g e  i s  
r eached  bec:iu::u o f  u n f o r e s e e n ,  o r *  i g n o r e d ,  hurnan f a c t o r s .  

Some o f  t h e  a r e a s  r e q u i r i n g  s p e c i a l  n t t e r i t i o r l  a r e :  

Q e n g i n e e r i n g  d e s i g n  o f  a c l o c k  package  t o  r e d u c e  t h e  
cnvi roruner l ta l  e f f e c t s  o f  v i b r a t i o n ,  t e m p e r s t u r e  , p r , ? s s u r e ,  m a g n e t i c  
f i e l d s  and power s u p p l y  t r a n s i e n t s ;  

Q c h o i c e  of '  t h e  t e c i - ~ n - ~ q u c  t h a t  w i l l  b e s t  s e r v e  t o  e n s u r e  
a c c u r a t e  s y n c h r o n i z a t i o n  b e f o r e  t a k e - o f f ;  

p r o v i s i o n  o f  r.odu:i:'lant di.3seniiriatiori - t echn iques  i n  t h e  rriany 
l j ~ l k s  bc t~ i ee r l  t h e  USNtj ar;;i t a c t i c a l  a i r c r a f t .  

Wc b e l i e v e  t h a t  t h e  best, way t o  tr~11:if(:i' t i m e  t o  a n  a i r c r a f t  from 
t h e  l o c a l  t ime  c e n t e r  w i l l  be t,o c a r r y  on a s m a l l  c l o c k  r a t h e r  t h a n  
:-1 s i g n a l  t r a n u ~ a i s s i o n  ( a 1  though a L:dsur. sy s t em cou ld  s a t i s f y  t h e  
need f o r  c o v c r t n e s s ) .  Consequen t ly ,  we envi::ion t h a t  u c rew member 
w i l L  c a r r y  t h e  master c l o c k  on board  where i t  w i l l  be plugged i n t o  
i t s  s p e c i a l  mount ing .  The i n t e r n a l  b a t t e r y  w i l l  h ave  2 c a p a c i t y  o f ,  
p e r h a p s ,  on1.y 10 rn inutcs .  Use o f  t h e  m a s t e r ,  t l i r c c t l y ,  shoul.d bc  
s u p e r i o r .  t o  c a r r y i r l g  o u t  a c l o c k  t o  s y n c h r o n i z e  t h e  on-board c l o c k  
a f t e r  warm up. 

To p r o v i d e  t h i s  f a c i l i t y  eve ry  base w i l l  need a ?lime C e n t e r  i n  wkiici-1 
a n  a p p r o p r i a t e  number. o f  portable u n i t s  w i l l  be k e p t  i.n c o n t i n u o u s  
o p e r a t i o n .  Thu p o r l a b l e  rnastcr. c l o c k s  can be morii.torbod and a d j u s t e d  
p e r i o d i c a l l y .  P i ck -up  of' a c l o c k  w i l l  become :-1 p a r t  o f  t h o  s c r a m b l e  
d r i l l .  

On t h e  b a s i s  o f  o u r  e x p e r i e n c e  w i t h  compact r u b i d i u m - c o n t r o l l e d  
o s c i l l a t o r s  w e  b e l i e v e  t h a t  i t  w i l l  e v e n t u a l l y  be p o s s i b l e  t o  
a c h i e v e  b e t t e r  t h a n  orlc microsecond a c c u r a c y  on t a c t i c a l  a i r c r a f t  
w i th  a  u n i t  t h a t  can  e a s i l y  b e  c a r r i e d  on a  b c l t  o r  by hand.  



+5 

1 4  

I ', 

- 

xlO." 
-- 

-- 

FRACTIONAL 
FREQUENCY 11 
DIFFERENCE 50 

I 
+5ll Ilr5 l hll 



/ !. 3 2  V O L T S  

SLOVY SWEEPS 
I HRDUGH SERVO 
FRCQUENCY 

4 

IiO SECS 

1 

VlHRATlON 
FREO H, 

__-- PHASE 

70 N.S 



PHASE ' '\* 
- VARACTOH 
VOLTAGE 



1 .  W .  Brbidt.e,  "The Kole of E'recisc :lime in I F F , "  pr.oc. j?t,h 
Annual PTTl Meeting ( this i s s u e )  . 
2. R. 'i'. A l l e n ,  " A  R e v i e w  o f '  t!le U.S. Navy ' s  Precise T i m e  arid T i r n c  
lnterval Program," Proc. 1 O t i - 1  Amual .  PTT: Mreti.ng November 1978, 
NASA Tech. Memo 80250. 

3. H .  He l lw ig  and A .  X. Walnwrbight ,  " A  P o r t a b l e  Kubidium C l o c k  f o r  
P r e c i s i o n  Time T r a n s p o r t , "  P r ~ o c .  7 t h  Annual PTTI  Meeting, December 
1 975. 

4. T. C. E n g l i s h ,  E.  J .  J e c h a r t  and T. M .  Kwon, "Elimination of t h e  
Light S h i f t  i n  Rubidium (:ell Frequency S t a n d a r d s  u s i n g  P u l s e d  
Op t i ca l  Pu~nping," P r o c .  1 0 t h  Annual PTTI Mccting, 'Jovember. 1 978. 

5. N. F. Yannoni, " P r e c i s e  Time Technology Cor Selected Air Force 
Sys t ems :  ? r e s e n t  S t a t u s  ur~ti F u t ~ i r ' c  Requi.re.ments," Proc .  1 2 t h  
Annual PTTT Meeting, December 1980, NASA Conference Publication 2175 .  



QUESTIONS AND ANSWERS 

DR. VICTOR REINHARDT,  NASAIGoddard 

Since you have measured the environmental performance of your rubid- 
iums, have you considered monitoring the ambient temperature and 
pressure, and f i t t i n g  that  out of your data before you take the 
A1 lan variance t o  see how well you can do? 

MR. HOULDING: 

The best uni ts  were actually operated with a simple bang, bang Servo 
control ler ,  but  even so i f  the room temperature varies about 8"C, as 
i t  sometimes does, things are  not too good for the best resu l t s ,  
shall we say. 

In the paper, I do mention some resu l t s  taken on the unit that  
d idn ' t  have temperature -- special control. 

DR.  REINHARDT: 

What I mean i s ,  instead of trying t o  control the temperature, since 
you have measured the temperature coeff ic ient ,  just  monitor i t ?  

MR. HOULDING: 

I don ' t  be1 ieve i n  that .  We have evidence that  thermo transients do  
very odd things, and I find i t  very dubious. I don ' t  believe in 
much of t h i s  modeling because you can ' t  t r ea t  a l l  these things as 
independent variables. 

DR.  REINHARDT: 

That's true.  




