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ABSTRACT 

T h i s  pape r  p r e s e n t s  t h e  r e s u l t s  o f  a  s e r i e s  o f  s t a b i l i t y  and 
q u a l i f i c a t i o n - l e v e l  environmental and pe r f o r r nance  t e s t s  on t w o  

I 
. - 

subsequen t  a d d i t i o n a l  work  have  r e s u l t e d  i n  a b e t t e r  u n d e r s t  n d i n g  o f  
83 i n s t a b i l i t y  mechanisms and p ro rn i se  a s t a b i l i t y  be l ow  1 x 10- o u t  t o  

: G & G ,  I n c . ,  has  been engaged s i n c e  e a r l y  1980 i r ~  a  p rog ram t o  d e v e l o p  a R u b i d i u m  
l ~ r e ~ u e n c ~  S t a n d a r d  ( R F S )  f o r  t h e  G l o b a l  P o s i t i o n i n g  s tem ( G P S ) .  The d e s i g n  o f  t h e  11 I .G&G GPS RFS was d e s c r i b e d  a t  t h i s  c o n f e r e n c e  i n  1981 , and t h e  b a s i c  concep ts  have  

I changed v e r y  1 i t t l e  sir:ce t h e n .  Subsequen t  r rork  has r e s u l t e d  i n  t h e  b u i l d i n g  and 
t e s t i n g  o f  t w o  p r o t o t y p e s  ( s e e  F i g u r e  1). 

F i g u r e  1. P h o t o g r a p h  o f  E G & G  GPS 2FS P r o t o t y p e s .  



One u n i t  was s u b j e c t e d  t o  l ong - te rm s t a b i l i t y  t e s t i n g  over a 73-month p e r i o d  w i t h o u t  
f a i l u r e  a t  t h e  N a t i o n a l  Bureau of Standards ( N B S ) .  The o t h e r  p r o t o t y p e  was s u b j e c t e d  
t o  qua1 i f  i c a t i o n  l e v e l s  of e l e c t r o m a g n e t i c ,  mechanical ,  and thermal  t e s t s .  That  u n i t  
was then p u t  on a  s t a b i l i t y  t e s t  which accumulated over  7  months o f  f a i l u r e - f r e e  
o p e r a t i o n .  T h i s  paper summarizes r e s u l t s  o f  t hose  t e s t s .  

140-DAY STABIL ITY  TEST 

The p r i m a r y  o b j e c t i v e  o f  t h e  140-day s t a b i l i t y  t e s t  was t o  de termine t h e  A l l  an v a r i a n c e  
of t h e  f requency  s c a t t e r  a t  ave rag ing  t imes  between l o 5  and 106 seconds. Secondary 
o b j e c t i v e s  were t o  observe t h e  phase and f requency reco rds ,  t o  de termine t h e  s t a b i l i t y  
a t  s h o r t e r  ave rag ing  t imes,  and t o  m o n i t o r  t h e  general  behav io r  of t h e  u n i t  over  an 
extended p e r i o d  of t ime.  

T h i s  t e s t  was conducted a t  NBS between September 1982 and January 1983 i n  a  s p e c i a l l y  
b u i l t  t e s t  se tup  t h a t  s i m u l a t e d  t h e  +35"C b a s e p l z t e  tempera ture  and vacuum c o n d i t i o n s  
t h a t  t h e  u n i t  would expe r ience  i n  o p e r a t i o n  on a  GPS s p a c e c r a f t .  The t e s t  f a c i l i t y  
i n c l u d e d  a  thermovac chamber, a  f a i  1  -safe power system, m o n i t o r i n g  equipment, and 
p r o v i s i o n s  f o r  measur ing  RFS performance a g a i n s t  t h e  NBS c l o c k  ensemble. The f requency 
was a d j u s t e d  t o  an a b s o l u t e  v a l u e  o f  about  -4.5 x  1 0 - l o  as r e q u i r e d  t o  compensate f o r  
t h e  i n - o r b i t  g r a v i t a t i o n a l  r e d  s h i f t .  

The RFS r a n  r ~ o r m a l l y  t h roughou t  t h e  t e s t  and d i d  n o t  e x h i b i t  any per formance deg rada t i on .  

The f requency  r e c o r d  i s  shown i n  F i g u r  2 and t h e  r e s i d u a l s  a f t e r  s u b t r a c t i o n  o f  t h e  
l i n e a r  l eas t - squa res  d r i f t  o f  -2 x 10-P3/day a r e  shown i n  F i g u r e  3. T h i s  d r i f t  was 
t w i c e  t h e  s p e c i f i e d  va lue  o f  21 x  10-13/day b u t  was smooth and h i g h l y  model ab le ,  and 
thus  was n o t  a  severe problem f o r  t h e  GPS ~ q p l i c a t i o n .  (The c u r r e n t  GPS r u b i d i u m  
c l o c k s  have a d r i f t  s p e c i f i c a t i o n  of +1 x 10-  /day.) Fur thermore,  subsequent t e s t i n g  
on P r o t o t y p e  No. 2 has i d e n t i f i e d  a  p robab le  dominant cause o f  d r i f t  t h a t ,  when 
e l i m i n a t e d ,  shou ld  r e s u l t  i n  a  s i g n i f i c a n t  i inprovement i n  t h i s  parameter .  The most 
p rominent  f e a t u r e s  o f  t h e  r e s i d u a l s  a r e  occas iona l  jumps o f  about  i-5 x  10-13. These 
a r e  t h e  p r i m a r y  l i m i t a t i o n s  on t h e  modeled l ong - te rm c l o c k  performance and were 
a p p a r e n t l y  r e l a t e d  t o  jumps o f  about  -0.25% i n  t h e  r u b i d i u m  lamp o u t p u t .  

T h i s  u n i t  had a lamp w i t h  a  heavy r u b i d i u m  f i l l  (474 pgrams) as compared w i t h  a  normal 
f i l l  o f  70-100 pgrams which i s  adequate f o r  a  l i f e  g r e a t e r  than t h e  s p e c i f i e d  7.5 
yea rs .  I t  i s  b e l i e v e d  t h a t  t h e  heavy lamp f i l l  i s  r e s p o n s i b l e  f o r  t h e  jumps. No such 
behav io r  has been observed i n  t h e  o t h e r  u n i t ,  which has a  lamp w i t h  a  normal r u b i d i u m  

~ f i l l .  Both u n i t s  were t e s t e d  w i t h  t h e  lamp t i p  upward, so t h e r e  were oppos ing  thermal  
and g r a v i t a t i o n a l  f o r c e s  a c t i n g  on t h e  m o l t e n  rub id ium.  

The s c a t t e r  o f  t h e  d r i f t - c o r r e c t e d  f requency  f l u c t u a t i o n s  i s  shown on t h e  A l l a n  v a r i a n c e  
p l o t  o f  F i g u r e  4. The measured r e s u l t s  l i e  w e l l  be1 w t h e  s p e c i f i c a t i o n  l i m i t s  shown 
by t h  dashed l i n e  and meet t h e  goal  o f  1 x  10-13 a t  10 seconds, The u n i t  d i s p l a y s  a  2.8 
x 10-T2 r-f w h i t e  f requency  n o i s e  c h a r a c t e r i s t i c  i n  t h e  r e g i o n  below about  l o 4  seconds 
( c o r r  c t e d  f o r  t h e  r e f e r e n c e  n o i s e )  t h a t  i s  i n  good agreement w i t h  t h e o r e t i c a l  p r e d i c -  
t i o n s @ l ] .  A t  l o n g e r  ave rag ing  t imes t h e  l o t  shows a random-walk f requency  c h a r a c t e r -  
i s t i c  a t  a l e v e l  o f  about  3.0 x  10-16 ,'!. There i s  no s i g n i f i c a n t  r e g i o n  o f  f l i c k e r  
f requency no i se .  D u r i n g  those  i t e r v a l s  when no jumps occur red,  t h e  d r i f t - c o r r e c t e d  
A 1  I a n  v a r i a n c e  was about  5 x 1 0 - ~ 4  a t  105 seconds. 



Time, Days 

Figure 3. Tau = 2-hour res iduals  versus NBS c l o c k  ensemble a f t e r  
d r i f t  correct ion,  EG&G GPS RFS P r o t o t y p e  No. 1. 
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F i g u r e  4 .  Time-domain f requency s t a b i l i t y  measured a t  NBS 9/6/82- 
1/25/83, EG&G GPS RFS P r o t o t y p e  No. 1. 

The s u b t r a c t i o n  of a  l eas t - squares  l i n e a r  f requency d r i f t  tends t o  f i l t e r  o u t  l ong -  
te rm f l u c t u a t i o n s  and thus  g i v e  an o v e r l y  o p t i m i s t i c  r e s u l t  a t  l o n g  ave rag ing  t imes.  
Never the less ,  t h e  r e s u l t s  o f  an A R I M A  maximum l i k e l i h o o d  es t ima te  of s t a b i l i t y  made 
b y  NBS a r e  e  s e n t i a l l y  t e same as t h e  d r i f t - c o r r e c t e d  A l l a n  va r iance  va lues o u t  t o  E about 3 x 10 seconds. c 2 $  These d a t a  a r e  shown i n  F i g u r e  5. 
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F i g u r e  5. EG&G RB versus NBS ensemble. 



ADDITIONAL STABILITY TESTS 

I n  a d d i t i o n  t o  t h e  140-day s t a b i l i t y  t e s t ,  s h o r t e r  r u n s  were made between January  and 
A p r i l  1983 a t  maximum and minimum C - f i e l d  and a r e s t a r t  t e s t  was done. The C - f i e l d  
v a l u e  d i d  n o t  have any s i g n i f i c a n t  i n f l u e n c e  on t h e  RFS s t a b i l i t y .  The u n i t  showed a 
f r e q u e n c y  o f f s e t  o f  abou t  +3 x when r e s t a r t e d  a f t e r  a 3-day shutdown.  

S t a b i  1  i t y  t e s t s  were a1 so conduc ted  on P r o t o t y p e  No. 2 a t  E G & G  a f t e r  q u a l  - l e v e l  t e s t i n g .  
T y p i c a l  o f  t h e  e x c e l l e n t  r e s u l t s  a r e  F i g u r e  6 wh i ch  shows a  d r i f t  w e l l  be low 1 x  
10-13/.day and F i g u r e  7 wh i ch  shows a  s c a t t e r  be low 3 x 1 0 - l 4  a t  l o 5  seconds. The 
s t a b i l i t y  a t  t h e  s h o r t e r  a v e r a g i n g  t i m e s  i s  1 i m i t e d  by t h e  ces ium r e f e r e n c e  (HP 5061A 
Opt .  004 ) .  No f r e q u e n c y  jumps were obse rved  o v e r  a 7-month t e s t  p e r i o d .  

QUALIFICATION-LEVEL TESTS 

Q u a l i f i c a t i o n - l e v e l  t e s t i n g  was pe r f o rmed  on E G & G  GPS RFS P r o t o t y p e  No. 2 d u r i n g  t h e  
p e r i o d  between Oc tober  1982 and March 1983.  The p r i m a r y  o b j e c t i v e s  were t o  d i s c o v e r  
and c o r r e c t  d e s i g n  d e f i c i e n c i e s .  The t e s t  c o n d i t i o n s  were as s p e c i f i e d  f o r  f o r m a l  
q u a l i f i c a t i o n ,  b u t  t h e  t e r m i n o l o g y  "qua l  l e v e l H  was used because t h e  t e s t  u n i t  was 
b u i l t  as a p r o t o t y p e ,  r a t h e r  t h a n  w i t h  h i g h  r e 1  i a b i l  i ty p a r t s  and s t r i c t  q u a l  i t y  c o n t r o l .  

Many of t h e  t e s t s  were conduc ted  more t han  once, as r e t e s t s  t o  v e r i f y  c o r r e c t i v e  a c t i o n s  
t o  t h e  t e s t  u n i t  o r  because o f  d e f i c i e n c i e s  i n  t h e  i n i t i a l  t e s t  equ ipment  o r  p r o c e d u r e .  

C e r t i f i c a t i o n  T e s t s  

T e s t i n g  o f  P r o t o t y p e  No. 2 began w i t h  a  s e r i e s  o f  expanded c e r t i f i c a t i o n  t e s t s  i n t e n d e d  
t o  e s t a b l  i s h  t h e  gene ra l  pe r f o rmance  o f  t h e  u n i t .  Bes ides  t h e  s t a n d a r d  f u n c t i o n a l  
t e s t s  conduc ted  a f t e r  each t e s t  sequence ( f r e q u e n c y  accu racy ,  dc power ,  and r f  o u t p u t  
power and h a r m o n i c s ) ,  t e s t s  were pe r f o rmed  f o r  phase n o i s e ,  backup t u n i n g ,  p r i m a r y  
t u n i n g ,  f r e q u e n c y  ve r sus  i n p u t  v o l t a g e ,  f r e q u e n c y  s t a b i l  i t y  a t  f i x e d  t e m p e r a t u r e ,  and 
f r e q u e n c y  ve r sus  norma l  o p e r a t i n g  t empe ra tu re .  Mos t  o f  t hese  t e s t s ,  as w e l l  as t h e  
above s t a b i l i t y  t e s t s ,  were pe r f o rmed  i n  vacuum t o  s i r n u l a t e  t h e  GPS env i r onmen t ,  t o  
p roduce  e f f e c t s  such as component t e m p e r a t u r e  i n c r e a s e  due t o  l o s s  o f  c o n v e c t i v e  
c o o l i n g ,  and t o  p r o v i d e  t h e  vacuum i n s u l a t i o n  f o r  w h i c h  t h e  p h y s i c s  package d e s i g n  i s  
o p t i r n i  zed. 

No s e r i o u s  d i f f i c u l t i e s  were e x p e r i e n c e d .  The o n l y  d i s c r e p a n c i e s  were a s s o c i a t e d  w i t h  
t h e  second r y  l o o p  OCVCXO.  The u n i t  had i n s u f f i c i e n t  v a r a c t o r  t u n i n g  r ange  ( -0 .9  t o  7 +1.8 x 10-  v e r s u s  t h e  s p e c i f i e d  +2 x l o - ' )  and c o u l d  n o t  m a i n t a i n  l o c k  above abou t  
+40°C ( v e r s u s  t h e  s p e c i f i e d  + 6 0 ° C ) .  These p rob lems a r e  expec ted  t o  be c o r r e c t e d  i n  
t h e  n e x t  u n i t .  

The RFS e a s i l y  n e t  i t s  phase n o i s e ,  p r i m a r y  t u n i n g  r ange  and v o l t a g e  c o e f f i c i e n t  
r e q u i r e m e n t s .  The measured v o l t a g e  c o e f f  i c  n t  was - 8  x  ~ o - ' ~ ~ / v .  The s t a b i  1  i f 3  t e s t  
gave a  l o 5  seconds A l l  an v a r i a n c e  o f  1 x  10qi5,  a f i n a l  d r i f t  r a t e  be low 1 x 1 0 -  /day,  
and a  TC o f  -1 x 10-13/'c. These r e s u l t s  show t h a t  t h e  RFS p r o t o t y p e  i s  c a p a b l e  o f  
e x c e l l e n t  s t a b i l i t y .  

The ave rage  TC o f  -1 x ~ o - ~ ~ / " c  o v e r  t h e  norma l  o p e r a t i n g  t e m p e r a t u r e  r ange  o f  +20 t o  
+45"C was con f i rmed  t o  be smooth and was x10 l o w e r  t h a n  t h e  s p e c i f i c a t i o n  l i m i t .  The 
RFS i s  f r e e  o f  any r e g i o n  o f  l a r g e  i n c r e m e n t a l  t e m p e r a t u r e  s e n s i t i v i t y .  T h i s  was 
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F i g u r e  6, EG&G GPS RFS P r o t o t y p e  No. 2 s t a b i l i t y  t e s t ,  6/16/83-7/19/33. 
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F i g u r e  7. Time-domain s t a b i l i t y  o f  EG&G GPS RFS P r o t o t y p e  No. 2. 



c o n f i r m e d  by o b s e r v i n g  t h e  f r e q u e n c y  r e c o r d  w h i l e  v a r y i n g  t h e  b a s e p l a t e  t e m p e r a t u r e  
f r o m  20°C t o  45OC t o  20°C i n  1 ° C  s t e p s .  One h o u r  was a l l o w e d  f o r  each s t e p  w i t h  8 h o u r s  
a t  4 5 O C .  The r e s u l t s  a r e  shown i n  F i g u r e  8. The s c a t t e r  i n  t h e  d a t a  i s  d e t e r m i n e d  
p r i m a r i l y  by t h e  s t a b i l i t y  o f  t h e  ces ium r e f e r e n c e .  

E M 1  T e s t s  I 

. . . . - .. . - . J  

t e s t i n g ,  s e v e r a l  p rob l ems  were imp roved  cy ' ea t l y  by  a f i e r i n g  c a b l e  t e r m i n a . t i o n s .  These 
t e s t s  showed t h e  i m p o r t a n c e  o f  u t i l i z i n g  t h e  e x a c t  c a b l e s  and t e r m i n a t i o n s  t o  be used 
i n  f l i g h t  and a l s o  t h e  need t o  s i m u l a t e  t h e  space v e h i c l e  power s u p p l y .  I n p u t  r i p p l e  
measurements a r e  dependen t  on t h e  c h a r a c t e r i s t i c s  o f  t h e  s u p p l y .  

The re  was no  conduc ted  s u s c e p t i b i l i t v  a t  t h e  c r i t i c a l  s e r v o  m o d u l a t i o n  f r e a u e n c i e s .  

a s s o c i a t e d  w i t h  t h e  +5V o f  t h e  s w i t c h i n g  power' s u p p l y  and i t s  ' e f f e c t  o i  t h e  
s y n t h e s i z e r  phase d e t e c t o r  was c o r r e c t e d  by  t h e  a d d i t i o n  o f  a  r e g u l a t o r .  

The o n l y  o t h e r  s u s c e p t i b i 1 i t . v  o f  r e a l  conce rn  o c c u r r e d  as a  r e s u l t  o f  m o n i t o r  c a b l e  

. - . . . . . - 

may e l i m i n a t e  t h e  p rob lem.  

The few e x c e s s i v e  r a d i a t e d  e m i s s i o n s  were a l s o  a s s o c i a t e d  w i t h  t h e  m o n i t o r  c a b l e  and 
i t s  g r o u n d i n g  and t e r m i n a t i o n .  An e x c e s s i v e  power s u p p l y  conduc ted  r i p p l e  was observed  
and c o r r e c t e d .  

A d d i t i o n a l  t e s t i n g  w i l l  be r e q u i r e d  w i t h  improved  c a b l e s  t o  d e t e r m i n e  i f  o t h e r  
improvements a r e  needed. 



Temperatwe Cycl i ng Tests  

Temperature c y c l  i n g  between +50°C and -30°C was performed a t  1 atmosphere ( d r y  n i t r o g e n )  
and i n  vacuum. A t  each temperature  extreme, t h e  RFS was t u r n e d  o f f ,  then r e s t a r t e d  
a f t e r  30 minutes .  

The purpose o f  these t e s t s  was t o  e s t a b l i s h  p roper  RFS s t a r t u p  and o p e r a t i o n ,  a l t hough  
performance requ i rements  d i d  n o t  a p p l y  over  t h i s  temperature  range. The r e s u l t s  were 
s a t i s f a c t o r y  except  t h a t  secondary o s c i  11 a t o r  unlock occur red a t  t h e  h i g h  end. Th is  
r e s u l t e d  from use o f  a  c r y s t a l  h a v i n g  t o o  low a  tu rnove r  temperature  and has been 
co r rec ted .  

Because t h e  30-minute O f f  t i m e  was n o t  s u f f i c i e n t  f o r  t h e  RFS ( i n  p a r t i c u l a r ,  t h e  
oven ized c r y s t a l  i n  t h e  secondary o s c i l l a t o r )  t o  s t a b i l i z e  a t  low temperature,  an 
a d d i t i o n a l  t e s t  was performed. The RFS, unpowered, soaked o v e r n i g h t  a t  -lg°C i n  vacuum, 
was r e s t a r t e d ,  and warmed up w i t h i n  1 hour. 

V i b r a t i o n  Tests  

The qual  i f i c a t i o n  random v i b r a t i o n  spectrum had a peak l e v e l  of 0.35 g 2 / ~ z  f rom 120 
t o  500 Hz and an o v e r a l l  l e v e l  of 1 7  g rms f rom 20 t o  2000 Hz . The d u r a t i o n  was 3 
minutes  pe r  a x i s .  The RFS was powered and mon i to red  d u r i n g  v i b r a t i o n .  I n  s e r v i c e ,  
t h e R F S w o u l d  n o t  be o p e r a t i n g  d u r i n g  ( l a u n c h )  v i b r a t i o n .  I t was powered and mon i to red  
d u r i n g  t e s t i n g  t o  d e t e c t  f a i l u r e s  such as i n t e r m i t t e n t s ,  n o t  t o  v e r i f y  performance. 
The shaker magnet ic  f i e l d  and i t s  e f f e c t s  on t h e  RFS were eva lua ted  and made acceptab le  
by m o d i f y i n g  t h e  setup. 

RFS Pro to type  No. 2 was sub jec ted  t o  v i b r a t i o n  t e s t i n g  on f o u r  occasions.  F a i l u r e s ,  
w i t h  t h e  excep t ion  of t h e  secondary o s c i  11 a t o r ,  were c o r r e c t e d  by minor  changes as 
desc r ibed  below and t h e  v i b r a t i o n  t e s t  passed. I n  t h e  f i n a l  t e s t i n g ,  a  l a b o r a t o r y  
s y n t h e s i z e r  f u n c t i o n a l l y  rep1  aced t h e  secondary o s c i l l  a t o r ,  which had no ou tpu t .  D u r i n g  
v i b r a t i o n ,  l o s s  o f  p r i m a r y  and secondary l o o p  l o c k  occur red,  b u t  l o c k  was recovered 
a f t e r  v i b r a t i o n  and thus  i s  n o t  cons idered a  f a i l u r e .  

Most o f  t h e  f a i l u r e s  which occu r red  d u r i n g  t h e  f i r s t  t e s t s  were assoc ia ted  w i t h  moun t ing  
o f  e l e c t r o n i c  components, such as f r a c t u r e  o f  l eads  and s o l d e r  j o i n t s .  The c o r r e c t i v e  
a c t i o n  was t o  bond h e a v i e r  components t o  t h e  p r i n t e d  c i r c u i t  boards w i t h  epoxy. 

A number of threaded f a s t e n e r s  came loose.  The c o r r e c t i v e  a c t i o n  was t o  l o c k  t h e  
th reads  by  a p p l y i n g  S o l i t h a n e  113/300 ure thane c o a t i n g  a t  assembly ( s p l i t  l o c k  washers 
and L o c t i  t e  a r e  p r o h i b i t e d ) .  

A problem was encountered where t h e  c e n t e r  conductor  i n  a  connector  on f l e x i b l e  c o a x i a l  
c a b l e  w i thdrew i n t o  t h e  connector  due t o  f l e x i n g  o f  t h e  c a b l e  f rom v i b r a t i o n  o r  hand1 ing .  
The connector  was changed t o  a des ign which has mechanical  suppor t  beh ind t h e  c e n t e r  
con tac t .  

A d iode  f a i l u r e  ( f r a c t u r i n g  o f  t h e  g lass  body) occur red on a  p r i n t e d  c i r c u i t  board 
which had been sub jec ted  t o  an u n c o n t r o l l e d  mechanical  shock due t o  t e s t  equipment 
m a l f u n c t i o n  b e f o r e  t h e  s t a r t  o f  t h e  qual  i f i c a t i o n - l e v e l  t e s t  program. A new board 
w i t h  f i v e  d iodes passed qua l  v i b r a t i o n .  



The seconda ry  o s c i l l a t o r  had two  f a i l u r e s  d u r i n g  v i b r a t i o n  t e s t i n g .  The f i r s t  was a  
change i n  f r e q u e n c y  wh i ch  was r e s e t  by t h e  s u p p l i e r .  The second f a i l u r e  was a  l o s s  
o f  o u t p u t .  I t  was d e t e r m i n e d  by  t h e  s u p p l i e r  t h a t  t h e  c r y s t a l  had b roken .  The c r y s t a l  
was r e p l a c e d  and r e p o r t e d l y  t h e  o s c i l l a t o r  was s u b j e c t e d  b y  t h e  vendor  t o  t h e  qua1 
v i b r a t i o n  l e v e l  and passed.  

M a g n e t i c  S u s c e p t i b i l i t y  

The RFS c o n t a i n s  t h r e e  m a g n e t i c  s h i e l d s  t h a t  r e d u c e  i t s  s u s c e p t i b i l i t y  t o  f r e q u e n c y  
changes caused by e x t e r n a l  m a g n e t i c  f i e l d s .  A t  maximum i n t e r n a l  C - f i e l d  (250 m G ) ,  t h e  
p h y s i c s  package has a  w o r s t - c a s e  m a g n e t i c  s e n s i t i v i t y  o f  4.2 x 1 0 - ~ / 6  a l o n g  t h e  o p t i c a l  
a x i s .  T h i s  r e q u i r e s  an o v e r a l l  s h i e l d i n g  f a c t o r  o f  126,000 t o  meet  t h e  m a g n e t i c  
s u s c e p t i b i l i t y  r e q u i r e m e n t  o f  1 x  1 0 - l 2 / 3  gauss. 

S h i e l d i n g  f a c t o r  measurements were made u s i n g  Model 124A EG&G l o c k - i n  a m p l i f i e r ,  a  
Model DH-200 a u d i o  power a m p l i f i e r ,  a  custommade p i c k - u p  c o i l  t h e  s i z e  o f  t h e  a b s o r p t i o n  
c e l l ,  and a  H e l m h o l t z  c o i l .  A f r e q u e n c y  o f  2 3  Hz w i t h  an amp1 i t u d e  of 8 V rms (6  gauss 
peak t o  peak)  was used t o  d r i v e  t h e  Helmhol  t z  c o i l .  W i t h  a l l  t h r e e  s h i e l d s  hydrogen  
annea led  and n e s t e d  and t h e  p i c k - u p  c o i l  i n  t h e  same l o c a t i o n  as t h e  a b s o r p t i o n  c e l l ,  
a s h i e l d i n g  f a c t o r  o v e r  200,000 was measured. 

S h i e l d i n g  f a c t o r s  were a l s o  measured d u r i n g  assembly  o f  t h e  p h y s i c s  package i n  o r d e r  
t o  d e t e r m i n e  i f  and when any d e g r a d a t i o n  o f  i t s  two  s h i e l d s  o c c u r r e d  due t o  r ewo rk  and 
assembly  o p e r a t i o n s .  No s i g n i f i c a n t  changes were measured. The two  n e s t e d  c y l  i n d r i c a l  
s h i e l d s  had a  s h i e l d i n g  f a c t o r  o f  11,400 i n i t i a l l y  and 10,400 a f t e r  assembly .  

An o v e r a l l  m a g n e t i c  s u s c e p t i b i l i t y  t e s t  was conduc ted  on RFS P r o t o t y p e  No. 2. As e x -  
p e c t e d  f r o m  t h e  s h i e l d i n g  f a c t o r  measurements, t h e  o v e r a l l  r e s u l t s  were e x c e l  l e n t .  
Under w o r s t  case  c o n d i t i o n s  o f  maximum i n t e r n a l  C - f  i e l d  and o r i e r ~ t a t i o n  o f  t h e  e x t e r n a l  
f i e l d  a l o n g  t h e  p h y s i c s  package o p t i c a l  a x i s ,  t h e  ma n e t i c  s u s c e p t i b i l i t y  was 1 x  

P3 10-12/6 gauss ( r e v e r s a l  o f  a 3-gauss f i e l d )  o r  2 x  10 -  /gauss.  T h i s  i s  a t  l e a s t  2:l 
b e t t e r  t h a n  s p e c i f i e d  and t h e  a c t u a l  s u s c e p t i b i l i t y  i s  p r o b a b l y  even l e s s ,  s i n c e  t h e  
measurement r e s o l u t i o n  i s  1  i m i t e d  by t h e  s t a b i l i t y  o f  t h e  r e f e r e n c e  and t h e  u n i t  under  
t e s t .  

A c c e l e r a t i o n  T e s t  

RFS P r o t o t y p e  Yo. 2, w i t h  t h e  seconda ry  o s c i l l a t o r  r e p l a c e d  by  a  dumny l o a d ,  was 
s u b j e c t e d  t o  a c c e l e r a t i o n  o f  20 g  f o r  5 m i n u t e s  i n  each d i r e c t i o n  o f  t h r e e  m u t u a l l y  
p e r p e n d i c u l a r  axes ( t o t a l  o f  6 r u n s )  u s i n g  a c e n t r i f u g e  w i t h  a  4 - f o o t  r a d i u s .  D u r i n g  
exposure ,  t h e  RFS was powered and t h e  i n p u t  c u r r e n t  was m o n i t o r e d .  Between exposures ,  
c o m p l e t e  s e t s  of  m o n i t o r  r e a d i n g s  were t a k e n .  

A s l i g h t  i n c r e a s e  i n  i n p u t  c u r r e n t  was obse rved  d u r i n g  a c c e l e r a t i o n .  A f t e r  a c c e l e r a t i o n  
i n  t h e  +Z d i r e c t i o n ,  t h e r e  was an i n c r e a s e  i n  t h e  l i g h t  and s i g n a l ,  a p p a r e n t l y  due t o  
rlivvement of  ( m o l t e n )  r u b i d i u m  f r o m  t h e  back o f  t h e  1  amp o n t o  t h e  h o t t e r  s u r f a c e s .  T h i s  
c o n d i t i o n  d i d  n o t  r e s u l t  i n  any m a l f u n c t i o n  and was p a r t i a l l y  r e v e r s e d  by  subsequen t  
a c c e l e r a t i o n  i n  t h e  o p p o s i t e  (-2) d i r e c t i o n  and was f u l l y  c o r r e c t e d  by  o v e r n i g h t  
o p e r a t i o n .  

The RFS showed norma l  f r e q u e n c y  and f r e q u e n c y  s t a b i l i t y  a f t e r  t h e  t e s t .  



Shock Test  

RFS P r o t o t y p e  No. 2, w i t h  t h e  secondary o s c i l l a t o r  r e p l a c e d  by a dumny load,  was 
s u b j e c t e d  t o  t h r e e  p y r o  shocks i n  each of t h r e e  axes ( b o t h  d i r e c t i o n s  e x c i t e d  by each 
shock).  The shock spectrum extended f rom 100 t o  10,000 Hz w i t h  a  peak v a l u e  o f  1250 g  
f rom1250  t o  3200 Hz. An e lec t rodynamic  shaker and shock s y n t h e s i z e r  were used. D u r i n g  
exposure, t h e  RFS was n o t  powered. M o n i t o r  read ings  were taken between axes, d u r i n g  
which an i n t e r m i t t e n t  s h o r t  c i r c u i t  was d iscovered.  The cause was c o n t a c t  between t h e  
lamp o s c i l l a t o r  enc losu re  and t h e  main chass i s  due t o  a m isa l i gnmen t  i n  t h e  phys i cs  
package mount ing.  T h i s  was c o r r e c t e d  by i n s e r t i n g  a s t r i p  o f  i n s u l a t i o n  between t h e  
enc losu re  and t h e  chass is .  A f t e r  subsequent shock t e s t i n g ,  m o n i t o r  read ings  were 
normal . 
Concl us ions Obtained from Qua1 i f  i c a t i o n - L e v e l  Tests  

The q u a l i f i c a t i o n  l e v e l  t e s t i n g  o f  RFS Pro to type  No. 2 i n d i c a t e s  t h a t  t h i s  des ign i s  
capable o f  mee t ing  t h e  GPS requ i rements .  Most o f  t h e  f a i l u r e s  were minor  and were 
e a s i l y  co r rec ted .  They r e f l e c t e d  t h a t  t h e  t e s t  u n i t  was a p ro to type ,  n o t  i n i t i a l l y  
c o n s t r u c t e d  as a  qua l  i f i c a t i o n  u n i t  w i t h  s t r i c t  qua l  i t y  c o n t r o l .  The o n l y  ma jo r  f a i l u r e  
was w i t h  t h e  secondary o s c i l l a t o r ,  which a l s o  was an e n g i n e e r i n g  model n o t  i n i t i a l l y  
c o n s t r u c t e d  f o r  q u a l i f i c a t i o n  t e s t i n g .  C o r r e c t i v e  a c t i o n s  t o  t h e  o s c i l l a t o r  have been 
implemented and have r e p o r t e d l y  been v e r i f i e d  by t h e  vendor. The packag ing des ign o f  
t h e  RFS, which p r o v i d e d  easy access f o r  i n i t i a l  assembly, a l s o  f a c i l i t a t e d  
t r o u b l e s h o o t i n g  and rework.  

DEVELOPMENT TESTS 

Besides t h e  s t a b i l i t y  and qua l  l e v e l  t e s t i n g  o f  t h e  RFS p ro to types ,  a s i g n i f i c a n t  
amount o f  o t h e r  t e s t i n g  was performed on v a r i o u s  assembl i e s .  The purpose was t o  o b t a i n  
e m p i r i c a l  des ign data ,  t o  measure performance, and/or t o  v e r i f y  r e l i a b i l i t y .  A b r i e f  
l i s t  o f  t h e  more i m p o r t a n t  t e s t s  f o l l o w s :  

1. Lamp a g i n g  w i t h  measurements o f  r u b i d i u m  consumption by c a l o r i m e t r y ,  

2. Measurements o f  thermal  c o n t a c t  r e s i s t a n c e s  i n  vacuum f o r  hea t  s i n k s  and b o l t e d  
j o i n t s ,  i n c l u d i n g  PC board mounting. 

3. Temperature c y c l i n g  o f  p o t t e d  t h e r m i s t o r s  w i t h  measurements o f  d i s s i p a t i o n  
constants ,  c o a x i a l  c a b l e  assembl ies w i t h  X-rays, and t h e  l a r g e  area pho tode tec to r  
assembly (manufactured i -n house). 

4. Measurements of oven temperature  s t a b i l i t y ,  thermal  gain o f  oven temperature  
c o n t r o l l e r s ,  and thermal  t i m e  cons tan ts  o f  ovens, heaters ,  and t h e r m i s t o r s .  

5.  Measurements o f  magnet ic  f i e l d  u n i f o r m i t y  i n  C - f i e l d  c o i l s  o f  va r ious  
conf  i g u r a t i  ons. 

6 .  Magnet ic  s h i e l d i n g  f a c t o r  measurements o f  nes ted s h i e l d s  w i t h  v a r i o u s  end gaps. 

7. V i b r a t i o n  t e s t i n g  o f  lamps t o  i n v e s t i g a t e  t h e  d isp lacement  of (mo l ten )  rub id ium.  

8. Thermal p r o f i l e  o f  t h e  RFS: measurement o f  temperatures i n  vacuum t o  v e r i f y  t h a t  
component j u n c t i o n  temperatures do n o t  exceed 125°C. 



1 CONCLUSIONS 

T h i s  paper  has p r e s e n t e d  t e s t  r e s u l t s  on two p r o t o t y p e  r u b i d i u m  f r e q u e n c y  s t a n d a r d s  
t h a t  a r e  among t h e  b e s t  such d e v i c e s  y e t  r e p o r t e d .  A summary o f  t h e i r  c h a r a c t e r i s t i c s  
i s  shown i n  T a b l e  1. They have demons t ra ted  e x c e l l e n t  s t a b i l i t y  and re1 i a b i l i t y  when 
o p e r a t e d  many months under  GPS thermovac c o n d i t i o n s .  They showed l o w  s e n s i t i v i t y  t o  
e n v i r o n m e n t a l  f a c t o r s  such as t e m p e r a t u r e ,  m a g n e t i c  f i e l d ,  and s u p p l y  v o l t a g e ,  and 
t h e y  a r e  c a p a b l e  o f  m e e t i n g  t h e  GPS e n v i r o n m e n t a l  r e q u i r e m e n t s  o f  shock,  v i b r a t i o n ,  
a c c e l e r a t i o n ,  and t e m p e r a t u r e  c y c l i n g .  T h i s  has been accomp l i shed  b y  c a r e f u l  a t t e n t i o n  
t o  a l l  a s p e c t s  o f  c l a s s i c a l  RFS d e s i g n .  I t  has been s a t i s f y i n g  t o  see how s u c c e s s f u l l y  
t h e  s i z e ,  w e i g h t ,  power,  and s i g n a l - t o - n o i s e  advan tages  o f  r u b i d i u m  c l o c k  t e c h n o l o g y  
c o u l d  be combined w i t h  l o w  p h y s i c s  package p a r a m e t r i c  s e n s i  t i v i  t e s  and o t h e r  d e s i g n  
d e t a i l s  t o  a c h i e v e  e x c e l l e n t  o v e r a l l  pe r f o rmance .  

I T a b l e  1. C h a r a c t e r i s t i c s  o f  E G & G  GPS RFS. 

S i z e :  4.46" X 8 .36"  X 6.89" h i g h  
Weigh t :  10 l b .  
Power : 1 3  w a t t s  ( a t  t 3 5 O C  b a s e p l a t e  i n  vacuum) 
O p e r a t i n g  Tempera tu re  Range: +20 t o  + 4 5 O C  

Drift: f l  x 10-13/day ( s p e c )  
S t a b i  1  i t v :  2.8 x 10-l2 .c-4 + 3.0 x 10-l6 .c+j 

Tempera tu re  C o e f f i c i e n t :  -1 x 10 -13 / " c  ( t y p i c a l  ) 
M a g n e t i c  S u s c e p t i b i l i t y :  2 x 1 0 - ~ ~ / ~ a u s s  ( t y p i c a l  ) 
MTBF: 178,000 hou rs  ( c a l c u l a t e d )  
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QUESTIONS AND ANSWERS 

MR. WARD : 

Sam Ward, J.P.L. How about t h e  pro jec ted  l i f e  between cesium and the  
rubidium? 

MR. RILEY: 

Well, e a r l i e r  rubidium had lamp problems. That i s  why we emphasize t h i s  
lamp problem, but  we b e l i e v e  we have i t  l i c k e d .  Cesium seems t o  have a 
f i n i t e  l i f e ,  depending on t h e  design.  Myself, being very  pre judiced ,  I 
would guess t h a t  t h e  rubidium could be extended ou t  over a longer  per iod 
of t i m e  than  t h e  cesium, but  t h a t  i s  a  very  pre judiced  po in t  of view, 

A VOICE: 

Some of your competi tors  a r e  i n d i c a t i n g  25 yea r s  l i f e  f o r  rubidium 
s tandards ,  can you comment on t h a t ?  

MR. RILEY: 

The u n i t  I'm desc r ib ing  i s  twenty years .  Tha t ' s  almost e n t i r e l y  an 
e l e c t r o n i c  number. Twenty yea r s  on the lamp does not  f r i g h t e n  us;  twenty 
yea r s  on t h e  o t h e r  c e l l s  would f r i g h t e n  US even l e s s .  

A VOICE: 

What i s  going i n t o  t h e  p re sen t ,  t h e  new b i r d s  rubidium, cesium o r  a 
combination? 

MR. RILEY: 

1t 's  a  f i f t y - f i f t y  mix, I understand;  two each, and not  one of t h i s  design.  
We have go t t en  t o  t h e  pro to type  s t age ,  and t h a t ' s  a s  f a r  a s  t h e  new design 
has been taken. 




