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ABSTRACT 

I Th i s  paper p resen ts  t h e  r e s u l t s  of f u r t h e r  s t a b i l i t y  and q u a l i -  
1 f i c a t i o n - l e v e l  env i ronmenta l  t e s t s  on two p r o t o t y p e  rub id i um 

i f requency standards f o r  t he  GPS n a v i g a t i o n  s a t e l l i t e  program. 

One u n i t  was sub jec ted  t o  a 140-day thermovac s t a b i l i t y  r e t e s t  
t h a t  con f i rmed t h e  e f f i c a c y  o f  two improvements t h a t  reduce 
f requency d r i f t  and f requency and l i g h t  i n t e n s i t y  f l u c t u a t i o n s .  

I 
The observed d r i f t  was -1.4 x 10-14/day and t he  s t a b i l i t y  was 6 x 

1 

? 
10-14 a t  l o 5  seconds. T h i s  was accompl i shed  by us i ng  an abso rp t i on  
c e l l  made f rom g lass  hav ing low he l ium p e r m e a b i l i t y  and a lamp 
hav ing  a lower  (normal )  r ub i d i um f i l l .  4 

The o t h e r  u n i t  was s u c c e s s f u l l y  sub jec ted  t o  q u a l i f i c a t i o n  l e v e l s  
o f  thermal ,  mechanical and EM1 r e t e s t i n g .  Several  e l e c t r i c a l ,  h i g h  
temperature,  and mechanical problems assoc ia ted  w i t h  t he  ovenized 
c r y s t a l  o s c i l  l a t o r  were co r rec ted .  Improved des ign  and f i  1 t e r i n g  1 
o f  t h e  c o n t r o l / m o n i t o r  cab le  and power supp ly  s a t i s f a c t o r i l y  
r eso l ved  severa l  EM1 problems. 

INTRODUCTION 

EG&G, I nc .  began t h e  development o f  a  h i g h  performance r u b i d i  urn f requency i 
standard (RFS) f o r  t h e  Global  P o s i t i o n i n g  System ( G P S )  sate1 l i t e s  i n  e r l y  1980. 9 'B 

The des ign o f  t h a t  u n i t  was descr ibed  a t  t h i s  conference i n  1981 and t h e  
I r e s u l t s  o f  s t a b i  1  i t y ,  performance, and env i ronmenta l  t e s t s  on two p ro to t ypes  

were presented a t  t h i s  conference i n  1983. (2) Th i s  paper descr ibes  t h e  r e s u l t s  
o f  f u r t h e r  t e s t s  on these  u n i t s .  Dur ing  t h i s  l a t e s t  e f f o r t ,  severa l  des ign  i 
changes were made t o  c o r r e c t  p rev ious  d e f i c i e n c i e s  a n d  t o  improve performance. 
Th i s  has r e s u l t e d  i n  a f u l l y  comp l ian t  dev ice  w i t h  excep t i ona l  s t a b i l i t y  (3).  

CONTINUATION PROGRAM OBJECTIVES I 
I 

The r e s u l t s  o f  t he  p rev i ous  s t a b i l i t y ,  performance and env i ronmenta l  t e s t s  were 
e x c e l l e n t ,  b u t  d i d  l eave  severa l  ques t ions  and problems unreso lved.  

The purpose o f  t h e  l a t e s t  c o n t i n u a t i o n  e f f o r t  was t o  r e s o l v e  these m a t t e r s .  The 
1 

h 

s p e c i f i c  o b j e c t i v e s  were as fo l l ows :  j 
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1. I n v e s t i g a t e  and improve t h e  f requency d r i f t  and frequency and l i g h t  
i n t e n s i t y  jumps observed d u r i n g  s t a b i l i t y  t e s t i n g  a t  NBS. 

2. Con f i rm t h e  c o r r e c t i v e  a c t i o n s  taken  t o  f i x  severa l  d e f i c i e n c i e s  i n  t h e  
secondary 1 oop c r y s t a l  o s c i  11 a t o r .  

3. I n v e s t i g a t e  and c o r r e c t  t h e  d e f i c i e n c i e s  found i n  t h e  EM1 cha rac te r -  
i s t i c s  o f  t h e  u n i t .  

4. Per form qua1 i f i c a t i o n - l e v e l  r e t e s t i n g  t o  v e r i f y  t h e  adequacy o f  t h e  
o v e r a l l  RFS package w i t h  improvements t o  meet t h e  s p e c i f i e d  env i r on -  
mental cond i t i ons .  

A l l  these o b j e c t i v e s  were met as descr ibed  i n  the f o l l o w i n g  paragraphs. 

STABILITY IMPROVEMENTS 

Dur ing  t h e  p rev ious  long- term thermovac s t a b i l i t y  t e s t i n g ,  b o t h  p r o t o t y p ~  u n i t s  
had a d r i f t  o f  about -2 x 1om13/day, t w i c e  t h e  s p e c i f i c a t i o n  o f  +1 x 10-'3/da . 4 An ex tens i ve  a n a l y s i s  e f f o r t  r u l e d  o u t  many p o s s i b l e  causes o f  t h i s  d r i f t . (  .) 
Then he l ium permeat ion through t h e  abso rp t i on  c e l l  envelope was i d e n t i f i e d  as a 
p o s s i b l e  cause o f  t he  observed d r i f t .  EG&G conducted exper iments t h a t  v e r i f i e d  
he l ium permeat ion as a  s i g n i f i c a n t  d r i f t  f a c t o r  (see Appendix). The Con t i nua t i on  -J 

Program t h e r e f o r e  i n c l u d e d  t h e  s u b s t i t u t i o n  o f  abso rp t i on  c e l l s  w i t h  l e s s  
permeable g l ass  and a 140-day s t a b i l i t y  r e t e s t  t o  c o n f i r m  t h e  expected improve- 
ment i n  d r i f t .  

The o r i g i n a l  P ro to t ype  No. 1 a b s o r p t i o n  c e l l ,  SIN 663, had an envelope made from 
Corn ing No. 7070 b o r o s i l  i c a t e  g l ass ,  chosen p r i m a r i l y  f o r  i t s  low d i e l e c t r i c  
cons tan t  (4.1) and low e l e c t r i c a l  l o s s  f a c t o r  (0.06% a t  1 MHz and +20°C). T h i s  
g l ass ,  howevsr, has a r e l a t i v e l y  h i g h  he l ium p e r m e a b i l i t y  ( 2  x 10-10 cc 
(STP)/sec/cm /mm/cm Hg a t  -t70°C). A s i m i l a r  b o r o s i l i c a t e  g l ass ,  Corn ing No. 
7056, has a  he l i um  permeat ion r a t e  about  50 t imes lower .  Thus t h e  e f f e c t  on 
f requency d r i f t  o f  he l i um  d i f f u s i n g  a t  f i r s t  i n t o  t h e  c e l l  d u r i n g  s to rage  and 
t e s t  i n  a i r ,  and then  o u t  o f  t h e  c e l l  d u r i n g  ope ra t i on  i n  vacuum, which i s  
s i g n i f i c a n t  f o r  a  No. 7070 c e l l ,  can be reduced t o  a  n e g l i g i b l e  f a c t o r  by u s i n g  
No. 7056 g lass .  The h i g h e r  l o s s  (0.15%) o f  t h i s  m a t e r i a l  i s  n o t  a problem. I t s  
h i g h e r  d i e l e c t r i c  cons tan t  (5.7) can be compensated f o r  by u s i n g  t h i n n e r  g lass .  
The o n l y  disadvantage o f  t h e  t h i n n e r  g l a s s  i s  a somewhat h i g h e r  (10 vs 7 x 
10-l l /atm) ba rome t r i c  c o e f f i c i e n t ,  which i s  n o t  impo r tan t  d u r i n g  cons tan t  vacuum 
ope ra t i on .  

A new abso rp t i on  c e l l ,  S/N 1216 hav ing  an envelope made f rom No. 7056 g l ass  w i t h  
t h i n n e r  w a l l s  (0.045 i n .  vs 0.060 i n . )  and windows (0.045 i n .  vs 0.075 i n . )  was 
t h e r e f o r e  s u b s t i t u t e d  i n t o  P ro to t ype  No. 1. A s i m i l a r  c e l l  a l s o  r ep laced  t h e  
o r i g i n a l  one i n  Pro to type  No. 2. 

Th i s  change was h i g h l y  success fu l .  The d r i f t  observed d u r i n g  t he  l a s t  month o f  
t he  s t a b i l i t y  r e t e s t  was -2 x  10-14/day, as shown i n  F ig .  1. Th i s  i s  o n e - f i f t h  
t h e  s p e c i f i e d  va lue,  and an improvement o f  ten-to-one. 



N I Average Drift = 

Time, Days from Start of Test 

F ig .  1 - EGRG GPS RFS P-1 s t a b i l i t y  t e s t  i n  thermovac 2/12/85 t o  
3/12/85 ( l a s t  month). 

Dur ing  t he  p rev i ous  long- te rm s t a b i  1 i t y  t e s t i n g  a t  NBS ,(4) P ro to t ype  No. 1 showed 
f requency jumps of about 5 x 10-13 which were assoc ia ted  w i t h  jumps i n  l i g h t  
i n t e n s i t y  hav ing a  p e r i o d  o f  about 3 weeks. These jumps were t h e  ma jo r  l i m i t a -  
t i o n  t o  t h e  model led s t a b i l i t y .  A l l  ev idence i n d i c a t e d  t h a t  t h e  excess ive  Rb 
f i l l  i n  t h e  lamp was t h e  reason f o r  t h e  i n s t a b i l i t y .  There were no such f r e -  
quency jumps o r  l i g h t  f l u c t u a t i o n s  i n  Pro to type  No. 2, which had a normal lamp 
Rb f i l l .  

The o r i g i n a l  P ro to t ype  No. 1 lamp, S /N 719, which had a h i g h  (474 pgram) Rb 
f i l l ,  was removed on October 11, 1984. V isua l  i n s p e c t i o n  i n d i c a t e d  t h a t  most o f  
t he  r ub id i um was l o c a t e d  i n  t he  r e l a t i v e l y  coo l  upper t i p  o f  t h e  lamp i n  a  
"pool  ." J u s t  below t h e  edge o f  t h e  poo l ,  were do t s  o f  rub id ium.  I n  t h e  area 
where t h e  rub id ium extended f a r t h e s t  down t he  s i d e  (even beyond t he  d o t s ) ,  t h e  
f r o n t  o f  t h e  r ub id i um d e p o s i t  was shaped l i k e  a  d r i p .  Th i s  appearance sup- 
p o r t e d  t h e  exp lana t i on  t h a t  t h e  f requency jumps observed a t  NBS were due t o  
l i g h t  i nc reases  caused by t h e  sudden f l o w  o f  rub id ium,  under t h e  a c t i o n  o f  
g r a v i t y ,  on to  h o t t e r  su r faces  of t he  lamp and then t h e  gradual  r e t u r n  t o  t h e  
c o o l e r  t i p  o f  t he  lamp through v a p o r i z a t i o n  and condensat ion,  

The Cont i  nua t i on  Program t h e r e f o r e  i nc1 uded t he  s u b s t i t u t i o n  o f  a 1 amp hav ing  
normal Rb fill i n t o  Pro to type  No. 1 be fo re  per fo rming  i t s  s t a b i l i t y  r e t e s t .  The 
new lamp ( S / N  990) had a normal Rb f i l l  (103 p g ) .  I t  was burned i n  f o r  about 
11,000 hours ( = 15 months) i n  a t e s t  f i x t u r e  and i t s  Rb consumption was measured 



u s i n g  c a l o r i m e t r y . ( 5 )  A 22-year l i f e  i s  p r e d i c t e d  f o r  t h i s  lamp (us i ng  t h e  rnost 
p e s s i m i s t i c  fi model) ,  so t h i s  Rb f i l l  i s  d e f i n i t e l y  adequate t o  ensure lamp 
l i f e  f o r  t h e  7.5-year GPS miss ion.  

Th i s  change was a l s o  h i g h l y  success fu l .  No l i g h t  i n t e n s i t y  jumps were observed 
a t  any t i m  d u r i n g  t h e  140-day s t a b i l i t y  r e t e s t .  The u n i t  d i s p l a y e d  a  s t a b i l i t y  
o f  6 x a t  10 seconds, we1 1  below t h e  2 x 10 - I 3  requi rement .  

STABILITY RETEST 

The purpose o f  t h e  s t a b i l i t y  r e t e s t  on P ro to t ype  No. 1 was t o  c o n f i r m  t h e  
improvements made as a  r e s u l t  o f  t h e  f requency d r i f t  and jump i n v e s t i g a t i o n s .  
Th i s  140-day s t a b i l i t y  r e t e s t  was conducted under thermovac c o n d i t i o n s  a t  EG&G 
between October 10, 1984 and March 12, 1985. The t e s t  set -up i s  shown i n  F i g .  2. 
The major  e lements  of t h e  RFS t e s t  set -up a re  as  f o l l o w s :  

1. thermovac chamber w i t h  basep la te  temperature c o n t r o l l e r ,  

2 .  dc power supp ly  and b a t t e r y  f o r  RFS, 

3. ground t u n i n g  s imu la to r ,  

~ 4. f requency measur ing system, 

5. mon i t o r  da ta  l ogge r ,  and 

6. u n i n t e r r u p t i b l e  power system f o r  computer. 

The t e s t  set -up i s  s i m i l a r  t o  t h e  one used f o r  t h e  o r i g i n a l  s t a b i l i t y  t e s t  a t  
N B S . ( ~ )  The main d i f f e r e n c e  i s  t h a t  t h e  r e fe rence  f o r  t h e  f requency measurements 
i s  a  s i n g l e  cesium beam standard.  Th i s  i s  adequate t o  determine t h e  f requency 
d r i f t  and jump c h a r a c t e r i s t i c s  o f  t h e  RFS under t e s t ,  b u t  t h e  s i n g l e  cesium 
reference has i n s u f f i c i e n t  s t a b i l  i t y  t o  d e f i n e  t h e  s h o r t -  and medium-term 
performance o f  t h e  RFS. 

The complete f requency r e c o r d  f o r  t h e  140-day s t a b i l i t y  r e t e s t  o f  P ro to t ype  No. 
1 i s  shown i n  F ig .  3. Th i s  r eco rd  shows t h e  7 = 1 hour  f requency da ta  versus a 
HP 5061A o p t i o n  004 cesium standard.  The gaps i n  t h e  r e c o r d  a re  due t o  f a i l u r e s  
o f  t h e  thermovac chamber, t h e  f requency measur ing system, o r  un lock  o f  t h e  
cesium standard,  The l o n g e s t  gaps i n  t h e  r e c o r d  a re  d u r i n g  pe r i ods  o f  p a r t i a l  
l o s s  o f  vacuum. The excurs ions  a t  days 70-71 a re  due t o  t h e  RFS i t s e l f .  The 
sho r t - t e rm  s c a t t e r  i s  determined p r i m a r i l y  by t h e  cesium re fe rence .  

The r e c o r d  beg ins  on October 22, 1984 s h o r t l y  a f t e r  tu rn -on  and pump-down, 
f o l l o w i n g  i n s t a l l a t i o n  o f  a new lamp and abso rp t i on  c e l l .  The new lamp rep laced  
one hav ing  excess ive r ub id i um f i l l  t h a t  caused occas ional  jumps i n  l i g h t  o u t p u t  
and frequency. The new abso rp t i on  c e l l  rep laced  one made from a t ype  o f  g l a s s  
more permeable t o  he l ium,  which was t he  dominant d r i f t  f a c t o r .  

The u n i t  r e q u i r e d  about 1 week t o  se\$le i n  f requency and about 3 weeks t o  reach 
a s teady d r i f t  below t h e  1 x 10 -  /day s p e c i f i c a t i o n  l i m i t .  Opera t ion  was 
uneven t f u l  f o r  t h e  f i r s t  48 days o f  t he  t e s t .  



F ig .  2 - 140-day thermovac stability test set-up a t  EG&G. 

Time, Days 

Fig. 3 - EG&G GPS RFS P-1  s t a b i l i t y  test in thermovac 10/22/84 to 3/12/85. 



During days 49-50, the u n i t  experienced a p a r t i a l  loss  o f  vacuum. The pressure 
ins ide the b e l l  j a r  increased t o  about 50 Torr, which caused thermal and baro- 
metr ic  changes ins ide the RFS. A f t e r  r epa i r  o f  the thermovac system, the RFS 
frequency and a l l  monitor readings returned t o  normal. There was no permanent 
frequency of fset  o r  change i n  d r i f t  o r  scat ter .  The con t inu i t y  o f  the t e s t  was 
therefore not  affected. 

During days 70-71, the u n i t  showed two separate frequency excursions o f  about +2 
x 10 -I2 and back t ha t  las ted  f o r  several hours. Each t r a n s i t i o n  was abrupt and 
involved only the RFS signal  and frequency. There was no change i n  the l i g h t  o r  
any other monitor ind icat ion.  There was no permanent frequency o f f s e t  o r  change 
i n  d r i f t  o r  scat ter .  During the excursions, the s ignal  change was about -8%. 
Such a s ignal  change (without a l i g h t  o r  temperature change) i s  almost ce r t a i n l y  
due t o  a change i n  cav i t y  microwave power, 

These excursions were d e f i n i t e l y  not  the same as the jumps t ha t  were observed 
during the NBS t e s t  w i t h  the heavy fill lamp. Those jumps involved the l i g h t  
leve l ,  and they d i d  not  recover abruptly. 

These excursions seem charac te r i s t i c  o f  a d isc re te  effect, such as the making 
and breaking o f  an e l e c t r i c a l  contact, probably causing a change i n  the micro- 
wave power. The exact cause was, however, never determined. 

On days 94-97 there was another episode o f  poor vabum. The RFS monitors and I 

frequency recovered normally a f te r  good vacuum was restored. 
1 

Thereafter, except f o r  two computer outages between days 103-105 and 107-108, 
the s t a b i l i t y  t e s t  continued wi thout  in ter rupt ion.  

The u n i t  accumulated the required 140 days of uninterrupted operation and 
showed exce l lent  s t a b i l i t y .  A p l o t  o f  the l a s t  month's s t a b i l i t y  record was 1 

shown i n  Fig. 1. The average d r i f t  dur ing the l a s t  30 days was -2.1 x 10-14/day, 
wel l  below the ~1 x 10-13/day spec i f i ca t ion  and xlO lower than observed dur ing 
the o r i g i n a l  s t a b i l i t y  t e s t  a t  NBS. This improvement i s  due t o  the lower helium 
permeation absorption c e l l  envelope. The u n i t  showed no jumps i n  l i g h t  i n t e n s i t y  
as i t  d i d  before subs t i tu t ion  o f  a lamp w i t h  normal rubidium f i l l .  

A de ta i led  teardown and inspect ion a f t e r  the 140-day s t a b i l i t y  t e s t  revealed no 
i n te rna l  problems o r  f a i  1 ures. 

A p l o t  o f  the time-domain s t a b i l i t y  i s  shown i n  Fig. 4. The s t a b i l i t y  i s  con- 4 

siderably b e t t e r  than the previous run f o r  long averaging times, due p r ima r i l y  
t o  the absence o f  the larnp-induced frequency jumps. The medium-tern s t a b i l i t y  i s  
1 i m i  t ed  by the s ing le  cesium reference. 

Overal l ,  the resu l t s  of the 140-day s t a b i l i t y  t e s t  were exce l lent  and a l l  
object ives were met. 

DESIGN CHANGES 

Several changes were made t o  the RFS design dur ing the Continuation Program. 
E lect ron ic  design changes were made t o  improve the EM1 character is t ics .  
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Averaging T~rne, T ,  Sec 

F i g .  4 - D r i f t - c o r r e c t e d  t i m e  domain f r e q u e n c y  s t a b i l i t y  o f  EG&G GPS RFS P-1. 

Mechan ica l  d e s i g n  changes were made t o  s t i f f e n  t,he V C X O  mount ing .  These d e s i g n  
changes r a i s e d  t h e  t o t a l  RFS f a i l u r e  r a t e  s l i g h t l y  f r o m  5 .61  t o  5.68 p e r  106  
hours .  The p r e d i c t e d  r e l i a b i l i t y  o f  t h i s  c l o c k  f o r  t h e  7.5-year space m i s s i o n  i s  
now 0.688, s t i l l  b e l i e v e d  t o  be t h e  h i g h e s t  r e l i a b i l i t y  o f  any o f  t h e  Kockwe l l -  
sponsored GPS c l o c k s .  

O C V C X O  IMPROVEMENTS 

D u r i n g  t h e  p r e v i o u s  qua l  i f i c a t i o n - l e v e l  t e s t i n g  t h e r e  were s e v e r a l  d e f i c i e n c i e s  
associated w i t h  t h e  secondary l o o p  O C V C X O  o f  t h e  RFS. 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  range,  i n s u f f i c i e n t  upper  tempera tu re  range,  l a c k e d  dc i s o l a t i o n  
t o  i t s  case and had inadequa te  ruggedness.  The O C V C X O  f a i l e d  t w i c e  d u r i n g  
v i b r a t i o n  t e s t i n g  and was neve r  exposed t o  shock t e s t i n g .  A l so ,  t h e  O C V C X O  was 
n o t  a b l e  t o  m a i n t a i n  l o c k  a t  h i g h  tempera tu res  d u r i n g  the t he rma l  vacuum and 
the rma l  c y c l i n g  t e s t s .  A new O C V C X O  was purchased t o  he f u l l y  c o m p l i a n t  w i t h  i t s  
s p e c i f i c a t i o n s  i n  o r d e r  t o  c o r r e c t  t hese  d e f i c i e n c i e s .  The C o n t i  n u a t i o n  Program 
t h e r e f o r e  i n c l u d e d  q u a l  i f i c a t i o n - l e v e l  r ~ t e s t . i n g  t o  c o n f i r m  t h a t  t h e  new O C V C X O  
was s a t i s f a c t o r y .  These t e s t  r e s u l t s  were a l s o  s u c e s s f u l .  

EM1 IMPROVEMENTS 

D u r i n g  t h e  p r e v i o u s  t e s t ,  t h e r e  were s e v e r a l  d e f i c i e n c i e s  i n  t he  EM1 c h a r a c t e r -  
i s t i c s  o f  t h e  u n i t .  



S i g n i f i c a n t  improvements were made i n  t h e  r a d i a t e d  and conducted emi ss i on  
c h a r a c t e r i s t i c s  of t h e  u n i t  by changes i n  t h e  c o n s t r u c t i o n  o f  t h e  e x t e r n a l  
c o n t r o l / m o n i t o r  cab le  and by adding i n t e r n a l  f i l t e r s  f o r  a l l  c o n t r o l / m o n i t o r  
leads.  D e f i c i e n c i e s  assoc ia ted  w i t h  t h e  conducted s u s c e p t i b i l i t y  o f  t h e  u n i t  
were c o r r e c t e d  by t he  a d d i t i o n  of an i n t e r n a l  5V d i s s i p a t i v e  r e g u l a t o r  and o t h e r  
m inor  power supply  changes. These changes r e s u l t e d  i n  s a t i s f a c t o r y  EM1 compl i- 
ance as  conf i rmed by r e t e s t i n g  o f  a l l  p rev i ous  EM1 d e f i c i e n c i e s .  

ENVIRONMENTAL RETESTS 

Environmental  r e t e s t s  were performed on P ro to t ype  No. 2 because o f  t he  O C V C X O  
problems d u r i n g  t h e  i n i t i a l  t e s t  program. The env i ronmenta l  r e t e s t i n g  a1 so 
v e r i f i e d  t h e  thermal  and s t r u c t u r a l  adequacy o f  t he  improvements f o r  d r i f t  and 
EM1 . The t e s t s  performed were thermal -vacuum, temperature c y c l  i n g  , v i b r a t i o n ,  
and shock. 

The o r i g i n a l  t e s t  procedures were repeated except  t h a t  i n  t h e  thermal  vacuum 
t e s t ,  t he  marg in  between t h e  s p e c i f i e d  maximum o p e r a t i n g  temperature and t h e  
maximum ach ievab le  ope ra t i ng  temperature was determined. 

The q u a l - l e v e l  r e t e s t i n g  v e r i f i e d  t h e  adequacy o f  t h e  newly acqu i red  OCVCXO and 
t h e  improvements made t o  t h e  RFS. There was a  marg in  o f  10°C i n  vacuum 
above t he  h i g h  temperature s p e c i f i c a t i o n  o f  50°C. The RFS remained i n  l o c k  
d u r i n g  v i b r a t i o n .  

ADDITIONAL TESTING AT NRL 1 

The two EG&G GPS RFS p r o t o t y p e  u n i t s  have now been t r a n s f e r r e d  t o  t h e  Naval 
Research Labora to ry  where they  a re  undergo ing a d d i t i o n a l  t e s t i n g ,  P r e l i m i n a r y  
r e s  I t s  have conf i rmed t h e i r  e x c e l l e n t  s t a b i l i t y ,  i n c l u d i n g  a s c a t t e r  below 
l o M Y  a t  10 seconds. 

CONCLUSIONS 

A l l  o b j e c t i v e s  o f  t he  EG&G GPS RFS Con t i nua t i on  Program were met as scheduled. 
S i g n i f i c a n t  improvements were made i n  t h e  two most impo r tan t  RFS performance 
f a c t o r s ,  d r i f t  and long- term s t a b i l i t y .  A1 1  p rev i ous  qua1 i f i c a t i o n - l e v e l  t e s t  
d e f i c i e n c i e s  were co r rec ted .  

The development o f  a second-source rub id i um c l o c k  f o r  t he  GPS n a v i g a t i o n  s a t e l -  
l i t e s  i s  t he re fo re  complete. Th i s  program has r e s u l t e d  i n  t h e  h i g h e s t  p e r f o r -  
mance and most r e l i a b l e  such dev ices  y e t  repor ted .  

ACKNOWLEDGMENTS 

Th i s  work was suppor ted by Rockwel l  I n t e r n a t i o n a l  S a t e l l i t e  Systems D i v i s i o n  and 
t h e  U.S. A i r  Force Space D i v i s i o n .  

Many persons c o n t r i b u t e d  t o  t h e  success o f  t h i s  e f f o r t  a t  EG&G. I n  p a r t i c u l a r ,  
J. McDonald superv ised  t h e  p rocess ing  o f  t h e  improved abso rp t i on  c e l l s  and P. 
Labrecque and K. Lyon were deeply  i n v o l v e d  w i t h  t he  RFS t e s t i n g  a c t i v i t i e s .  



REFERENCES 

1. W .  J. R i l e y ,  " A  Rubidium Clock f o r  GPS," Proceedings o f  t h e  1 3 t h  Prec ise  Time 
and Time I n t e r v a l  ( P T T I )  A p p l i c a t i o n s  and P lann ing  Meet ing,  pp. 609-630, 
December 1981. 

2, T.J. Lynch and W.J. R i l e y ,  "Test  Resu l t s  f o r  P ro to t ype  GPS Rubidium Clocks," 
Proceedings o f  t h e  15 th  P rec i se  Time and Time I n t e r v a l  ( P T T I )  A p p l i c a t i o n s  
and Planning Meet ing,  p p .  269-280, December 1983. 

3. " F i n a l  Technica l  Report  f o r  EG&G GPS RFS Con t i nua t i on  Program," EG&G, Inc., 
Salem, MA, June 7, 1985. 

4. " F i n a l  Report ,  140-day S t a b i l i t y  Test ,  EG&G GPS RFS P ro to t ype  No. 1," EG&G, 
Inc , ,  Salem, MA, February 1983. 

5. C. Vo lk  e t  a l ,  " L i f e t i m e  and R e l i a b i l i t y  o f  Rubidium Discharge Lamps For  Use 
I n  Atomic Frequency Standards," Proc. 38th Annual Frequency Con t ro l  Sym- 
posium (1984),  pp. -387-400. 

6. P.L. Bender, E.C. Beaty,  and A.R. Ch i ,  "Op t i ca l  D e t e c t i o n  o f  Narrow R B * ~  
Hype r f i ne  Absorp t ion  L ines, "  Phy. Rev. L e t t e r s ,  Vol. 1, No. 9, Nov. 1958, 
pp, 311-313. 



APPEND I X 

HELIUM TESTING OF RFS 

T e s t i n g  was performed on EG&G GPS RFS P ro to t ype  No. 2 t o  determine i f  he l i um  
permeat ion o f  t h e  abso rp t i on  c e l l  cou ld  be a cause o f  f requency d r i f t .  A he l i um  
b o t t l e  w i t h  a p ressure  r e g u l a t o r  and f l o w  meter  was connected t o  a  vacuum 
r e g u l a t o r  and a micrometer  l e a k  va l ve  t o  t h e  vacuum system t o  a l l o w  f l o w  o f  
he l i um  i n t o  t h e  thermovac chamber su r round ing  t he  RFS. The chamber was evacuated 
and he l ium was a l lowed t o  f l o w  i n t o  t h e  chamber w i t h  t h e  va l ve  t o  t h e  d i f f u s i o n  
pump p a r t i a l l y  c losed. The s e t t i n g s  o f  t he  va r i ous  r e g u l a t o r s  and va lves  were 
ad jus ted  u n t i l  a s teady p ressure  o f  about 12 microns o f  he l ium was achieved. 
( T h i s  i s  about 3X t he  concen t ra t i on  o f  he l i um  i n  a i r . )  Pressure was s e t  i n i -  
t i a l  l y  us i ng  a G ranv i l  l e - P h i l  l i p s  Se r i es  275 Vacuum Gauge and mon i to red  us i ng  
t he  vacuum system thermocouple gauge; p ressure  va lues shou ld  be cons idered  
nominal on l y .  As shown by t h e  f i r s t  e leven  days o f  F i g .  A l ,  t h e  RFS f requency 
e x h i b i t e d  a d r i f t  o f  +8.5 x 10-13/day w h i l e  exposed t o  12 microns o f  hel ium. 

48 1 With 12 Microns Helium Without Helium 

Time, Days 

F ig .  A 1  - EG&G GPS RFS P-2 s t a b i l i t y  w i t h  and w i t h o u t  he l i um  5/12/83 - 6/6/83. 

The he l i um  f l o w  was then  shu t  o f f ,  and t h e  chamber pumped down t o  hard  vacuum 
f o r  t h e  remainder o f  t h e  24-day t e s t  pe r i od .  Upon exposure t o  hard  vacuum, t h e  
RFS frequency d r i f t  changed i n  magnitude and d i r e c t i o n  t o  -4.2 x 10-13/day. 



Hel ium was a g a i n  i n t r o d u c e d  i n t o  t h e  chamber i n  an a t tempt  t o  e l i m i n a t e  t h e  
d r i f t .  Us ing t h e  two d r i f t  va lues cor responding t o  he l ium pressures o f  12 
ni icrons and 0 ( ha rd  vacuum), t he  r e q u i r e d  p ressure  was c a l c u l a t e d  t o  be about 4 
microns,  which would presumably be t he  p a r t i a l  p ressure  o f  he l ium i n s i d e  t h e  
abso rp t i on  c e l l .  The r e s u l t s  o f  t h e  f i r s t  month o f  t e s t  a r e  shown i n  F i g .  A2 ,  
which shows T = l o4  seconds frequency da ta  versus a  l a b o r a t o r y  cesium standard.  
The RFS f requency e x h i b i t e d  a ve ry  l ow  and s t a b l e  d r i f t .  

406 1 
Avg Dr~f t  = 

T~me,  Days 4 
F ig .  A2 - EG&G GPS RFS P-2 s t a b i l i t y  i n  4.5 microns He 6/16/83 t o  7/18/83. 

These r e s u l t s  show t h a t  he l i um  permeat ion can be a s i g n i f i c a n t  c o n t r i b u t o r  t o  
t h e  d r i f t  o f  a  r ub id i um f requency standard.  The observed d r i f t  w i t h  and w i t h o u t  
he l i um  i s  i n  good agreement w i t h  t h a t  p r e d i c t e d  by cons ide r i ng  t h e  p ressure  
s h i f t  c o e f f i c i e n t  o f  he1 ium ( t 720  Hz /Tor r )  ( 6 )  and t h e  he1 ium p e r m e a b i l i t y  o f  t h e  
abso rp t i on  c e l l  envelope a t  i t s  o p e r a t i n g  temperature.  




