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conducting a n  eva lua t ion  of modern hydrogen masers i n  a program sponsored by 
t h e  National  Aeronaut ics  and Space Administrat ion (NASA). The goa l  was t o  per- 
form a series of tests and eva lua t ions  which would be as complete, a c c u r a t e  
and unbiased as poss ib l e .  Aboard of n a t i o n a l l y  recognized e x p e r t s  i n  hydrogen 
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The maser types  t e s t e d  were t h e  SAO VLG-11B, t h e  GSFC NR and, as a r e s u l t  
of t h e  t e s t i n g  process ,  t h e  JPL DSN. Themasers were t e s t e d  f o r  environmental 
s e n s i t i v i t i e s  (magnetic field, temperature,  barometr ic  pressure)  and long-term 
aging.  Al lan  va r i ance  runs  of 72 days were made i n  o rde r  t o  a t t a i n  averaging 
t imes from s e v e r a l  seconds t o  106 seconds. Auto- and c ros s -co r re l a t ion  tech- 
niques  w e r e  used t o  determine t h e  e f f e c t s  of uncont ro l led  parameters such as 
humidity. Three-cornered-hat and o t h e r  d a t a  reduct ion  techniques were used t o  
determine t h e  c h a r a c t e r i s t i c s  of the i nd iv idua l  masers. 
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INTRODUCTION 

The three maser types evaluated represent the newest models manufactured 
by the Jet Propulsion Laboratory (JPL), the Goddard Space Flight Center (GSFC) 
and the Smithsonian Institution Astrophysical Observatory (SAO). The character- 
istics that distinguish these from earlier laboratory models are: transport- 
able for routine field operation anywhere in the world, highly reliable, well 
documented, ease of servicing, equipped with built in instrumentation for strnpli- 
fied verification of performance and diminished dependence on the operating 
environment. 

The GSFC Hydrogen Maser is manufactured by Johns Bopkins University 
Applied Physics Laboratory (APL) as the model NR. GSFC and APL supplied 
serial number four ( 4 ) ,  identified in this paper as NR-4. The Smithsonian 
Astrophysical Observatory supplied one model VLG 11B serial P14 which is 
identified as SAO 14. Th,is test series was conducted in the Interim Frequency 
Standard Test Facility located at JPL in Pasadena, California. JPL designed and 
maintains t w o  reference Hydrogen Masers in this facility. These two fre- 
quency standards are identified as DSN2 and DSN3.  

A considerable amount of data was collected with the goal of assessing 
the current state of the art of active hydrogen maser technology and to gather 
information that will be used to evolve a development program for the next 
generation of atomic frequency standards used by NASA. 

The data in this paper is a small b u t  representative sample of all the 
data that was collected during the tests. An official JPL report will be pub- 
lished in three volumes under the heading "Hydrogen Maser Comparison Test." 
Volume I is an executive summary covering all aspects of the test but lim- 
ited in detail and amount of data. Volume I1 contains detailed descriptions 
of all tests and a complete set of all but the raw data. Volume 111 con- 
sists of all raw data such as magnetic tapes, strip charts, terminal print outs 
and log books. Due to the bulk of Volume I11 data specific records should be 
requested by those interested. 

TESTS PERFORMED 

A list of this test series is shown in Table 1. 

(1) Verification of Inputs, Outputs and Froper Functioning of Controls 

After rGceiving the masers, all subsystems were checked to make sure they 
were functi.oning according to JPL's and the manufacturer's expectations. Some 
anomalies were found and corrected by JPL or the manufacturer. The information 
g a i n e d  was that more thorough testing is essential prior to shipment. This 
operation guaranteed that all subsequent tests were done with properly operat- 
ing masers and assured a fair comparison of performance with minimal 



( 2 )  I . F .  Meter C a l i b r a t i o n  

To a l l o w  c o r r e c t  i n t e r p r e t a t i o n  of t h e  d a t a  t h a t  was c o l l e c t e d ,  c e r t a i n  
c o n d i t i o n s  must be s t a t e d .  Maser c a v i t y  o u t p u t  power i s  one of t h o s e .  S ince  
o u t p u t  power of a  maser i s  normal ly  i n d i c a t e d  on a  f r o n t  p a n e l  d i s p l a y ,  which 
is  d e r i v e d  from an I . F .  power measurement, t h e  d i s p l a y  i s  c a l i b r a t e d  w i t h  
r e f e r e n c e  t o  t h e  a c t u a l  maser c a v i t y  o u t p u t  power by s u b s t i t u t i n g  a p r e c i s e l y  
known s i g n a l  f o r  t h a t  of  t h e  c a v i t y  o u t p u t .  The r e s u l t i n g  c a l i b r a t i o n  c h a r t s  
are shown i n  F i g u r e s  1 and 2 .  

(3)  P r e s s u r e  C o n t r o l  S e t t i n g  Dependent Paramete rs  

The o p e r a t i n g  p o i n t  of a maser i s  a  f u n c t i o n  of t h e  hydroge-n g a s  p r e s s u r e  
s e t t i n g .  Output power, l i n e  Q ,  v a c i o n  c u r r e n t  and hydrogen s o u r c e  d i s s o c i a -  
t o r  e f f i c i e n c y  are determined by t h i s  s e t t i n g .  A l l  t h e s e  v a r i a b l e s  were 
recorded  f o r  d i f f e r e n t  p r e s s u r e  c o n t r o l  s e t t i n g s  and t h e  d a t a  subsequen t ly  
graphed. O f  p a r t i c u l a r  i n t e r e s t  i s  t h e  r e l a t i o n s h i p  nf l i n e  Q v s .  o u t p u t  
power. Knowledge of t h i s  d a t a  i s  e s s e n t i a l  f o r  d i a g n o s t i c  purposes .  Th i s  
" b a s e l i n e "  d a t a  w a s  a l s o  used t o  de te rmine  t h e  o p t i m a l  o p e r a t i n g  c o n d i t i o n s  
of each maser f o r  a l l  subsequent  t e s t s .  The measurement r e s u l t s  are  shown i n  
F i g u r e s  3 ,  4 ,  5 and 6 .  

(4)  Environmental  Tests 

a .  Output Frequency V s .  I n p u t  Vol tage 

The DC i n p u t  v o l t a g e  w a s  s t epped  between 2 2  and 31V w h i l e  t h e  o u t p u t  £ r e -  
quency w a s  moni tored.  S u f f i c i e n t  t i m e  was allowed between each v o l t a g e  s t e p  
f o r  t h e  maser f requency  t o  s h i f t  and s e t t l e .  Th i s  t e s t  sequence w a s  r e p e a t e d  
s e v e r a l  t imes .  The NR-4 showed no measurable  f requency  s h i f t  above t h e  
recorded  n o i s e  l e v e l  of 1 x 10-14. 

The SAO-14 i n d i c a t e d  v a r i a t i o n s  on t h e  o r d e r  of 5 x 10-15. T h i s  v a l u e  i s  
a t  t h e  l e v e l  of  t h e  measurement u n c e r t a i n t y .  The r e s u l t s  shown a r e  f o r  t h e  
e n t i r e  2 2  t o  31 VDC test range .  F igure  7 shows t h e  o u t p u t  f requency v a r i a -  
t i o n s  of NR-4 and a r e f e r e n c e  maser d u r i n g  t h e  above t e s t  sequence.  

b.  Output Frequency V s .  Ambient Magnetic F i e l d  

A 90-inch d iamete r  helmhol tz  c o i l  was p laced  about  t h e  hydrogen maser 
under t e s t  t o  produce a  DC magnet ic  f i e l d  a l i g n e d  w i t h  t h e  m a s e r ' s  v e r t i -  
c a l  a x i s .  I n i t i a l  t e s t i n g  was done by v a r y i n g  t h e  magnet ic  f i e l d  i n  smal l  
s t e p s  f i r s t  i n  one d i r e c t i o n  up t o  a s p e c i f i e d  m a x i m u m  v a l u e  t h e n  hack  t o  
z e r o  and t h e n  c o n t i n u i n g  i n  s m a l l  s t e p s  i n  t h e  o p p o s i t e  d i r e c t i o n  up  t o  
the s p e c i f i e d  maximum v a l u e  and a g a i n  back t o  z e r o .  Thus t h e  t e s t  went 
around t h e  "loop" once.  Output f requency ,  Zeeman f r e q u e n c y  and o u t p u t  
power were measured and recorded  a t  each  s t e p  a s  shown i n  F igure  8 .  Th is  
t e s t  i s  d i f f i c u l t  t o  perform s i n c e  any overshoot  i n  field v a r i a t i o n s  
c a u s e s  h y s t e r e s i s  d i s t o r t i o n .  R e p e a t a b i l i t y  was p n n r .  I t  does  however 
show t h e  e f f e c t s  of h y s t e r e s i s  and t h e  f a c t  t h a t  t h e  s l o p e  i s  in f luenced  
by t h e  way t h e  t e s t  i s  done. 



A l l  subsequen t  t e s t i n g  wa? done by s t e p p i n g  t h e  magne t i c  f i e l id  e q u a l l y  
above and below t h c  am13 iet l t  r i e l d  f i v e  t i m e s .  The cor rcqpond ing  out p u t  Fre- 
quency s h i 1 t s  were averaged and t a b u l a t e d  i n  F i g u r e s  9 and 1 0 .  N o t i c e  t l i , ~ t  
i n  g e n e r a l  t h e  liydrogen maser o u t p u t  I r equency  i s  more s e n s i t i v e  t o  changes  
ill tl-ie magnet ic  f i e l d  when t h e  maser i s  o p e r a t e d  a t  a  h i g h e r  hydrogel1 f lu-< 
s e t t l i n g  and a l s o  when t h e  ambient  magnet ic  f i e l d  i s  v a r i e d  by smaller i n c r c -  
ments .  It shou ld  b e  n o t e d  t h a t  t h e  d a t a  shown i s  f o r  llomogeneous rnagnetic 
f i e l d  v a r i a t i o m s  a p p l i e d  t o  t h e  hydrogen m a s e r ' s  v e r t i c a l  a x i s  o n l y .  

c .  Output Frequency V s .  Ambient Temperature  

The maser w a s  p l a c e d  i n  t h e  t e s t  cliambcr and two s e p a r a t e  tempe.rature 
t e s t s  were performed.  For  one t c s t  t h e  maser was a l lowed  t o  s t . a h i 1 i . z ~  a t  
approx imate ly  23°C t h e n  t h e  t e m p e r a t u r e  was i n c r e a s e d  by 3 d e g r e e s  c e n t i g r a d e  
and h e l d  witl-lin + . l ° C  of t h e  s e t p o i . n t  u n t i l  t h e  hydrogen maser ori tput  Fre- 
quency w a s  s t a b l e .  Due t o  random walk and a g i n g  oF t h e  tct-st and refcrencle  
hydrogen maser ,  t h e  " s t a b l e  f r equency"  i.s d i . f f i c . u l t  Co de te rmine  o v e r  a  p e r i o d  
of s e v e r a l  h o u r s .  Reilce a  minimum of f i v e  t h e r m a l  t ime c o n s t a n t s  was a l lowed  
b e f o r e  t h e  t e m p e r a t u r e  was decreasecl  by 3 ° C .  Tlze second t e s t  was performc-d 
i n  a s i m i l a r  manner e x c e p t  t h e  t e m p e r a t u r e  was s t e p p e d  be twcer~  2 1 ° C  and 29O.C. 
During t h i s  t e s t  a s  well. a s  a l l  o t h e r s ,  cnvironmenta.1 d a t a  such a s  tempera- 
t u r e ,  humid i ty ,  a tmospl ler ic  p r e s s u r e  and ambient  magncti  c  f i e l d  was c0nti .n-  
u a l l y  r e c o r d e d .  I t  shou ld  b e  n o t e d  t h a t  d u r i n g  t h c  t e m p e r a t u r e  t c s t  t h e  
humid i ty  i n s i d e  t h e  t e s t  chamber v a r i e d  i ipprec. iably and i n  c o r r e l a t i o n  wi.th 
t e m p e r a t u r e .  S i n c c  ou r  t e s t :  chamber :is n o t  equi.ppcd t o  c o r ~ t r o l  l l ~ l m i d i t y ,  i t  i s  
d i f f i c u l t  t o  s e p a r a t e  t h e  in f l .uence  t h a t  t h i s  pa ramete r  ha.s on t h e  hydrog;en 
maser o u t p u t  f r equency .  The tneasurement r e s u l t s  showed a  c o e f f i c i e n t  
A £  If / O C  of -7 n 10-l5 f o r  t h e  SAO-14 and -1 - 4  x f o r  t h e  NR-4. Tern-. 
p e r a t u r e  test r e s u l t s  a r e  sfiown i n  F i g u r e s  11 and 1 2 .  Dur ing t h i s  tct-st 

9 t h e  l i n e  Q of SAO-:L4 was 1 . 7  x and t h a t  of NR-4 w a s  1 .65  x 10 . 

I d. Output Frequency V s .  Baromet r i c  P r e s s u r e  I 
T h c  maser w a s  p l a c e d  i n  t h e  t e s t  chamber and t h e  temperaLllrc was h e l d  

c o n s t a n t .  S e v e r a l  t c s  ts were performed.  'l'lie t e s t  chamber 1)arometr ic  p r e s -  
s u r e  was v a r i e d  112" H20 w h i l e  t h e  'hydrogen maser o u t p u t  frerluency was 
moni tored.  What d i s t i n g u i s h e d  one t e s t  from a n o t h e r  was t h e  r a t e  a t  w1li1:h 
t h e  (baromc, t r ic)  p r e s s u r e  w a s  changed and t h e  d w e l l  t i m e .  T t  w x q  g e n e r a l l y  
found t h a t  f o r  f a s t  p r e s s u r e  changes  (A24 "  H20 i n  l e s s  t h a n  30 mi t lu tes ) ,  t h c  
o u t p u t  f requerzcy v a r i e d  s l i g h t l y  more t h a n  f o r  sl o w  p r c s s u r c  cllanges (1124" 
B20 i n  g r e a t e r  than  30 m i n u t e s ) .  It s h o u l d  be  n o t e d  t h a t  t h c  f rcql lency change 
was of a t r a n s i e n t  n a t u r e ,  t h a t  i s  a f t e r  a n  i n i t i a l  maximum deviation t l ie  
f r equency  tender1 t o  r e t t t r n  towards  t h e  o r i g i n a l  v a l u e .  S ince  t h e  f requcncy 
changes were g e n e r a l 1  y s m a l l  f o r  t h e  212'' 1120 p r e s s u r e  s t e p ,  mcas~trcrneilt 
u n c e r t a i n t y  dtle t o  n o i s e  and random walk of  t h e  t e s t  and r e f e r e n c e  masers  i s  
q u i t e  s i g n i f i c a n t  and tllc u ~ z c e r t a i n t  y i s  d e ~ > ~ n d c i l t  on rlwell t ime .  We found 
f o r  a t y p i c a l  s l c s w  s t e p  t h a t  t h e  b a r o m e t r i c  p r e s s u r e  c o e f f i c i e n t  A £ / f / " l ~ g  f o r  
t h e  SAO-14 i s  +5 x 10-1 5 i 5  x LO-15 , and f o r  the N R - 4  i s +1 x 10-14 

+5 x 1 0 ~ ~ ~ .  Figurt .5 1 3  nncl 14 show some t y p i c a l  d a t a  1-ecartlcd (Illring LIIE 
barometer  p r e s s u r e  t e s t .  
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e .  Output Frequency V s .  T i m e  

The o u t p u t  f requency  of a  hydrogen maser a t  any g iven  t ime  depends on 
i t s  random b e h a v i o r ,  i t s  s u s c e p t i b i l i t y  t o  t h e  environment and i t s  a g i n g  
mechanism. Random behav ior  a s  a  f u n c t i o n  of measurement t ime can be pre-  
d i c t e d .  A s t a t i s t i c a l  t echn ique  of measuring t h i s  behav ior  i s  known a s  t h e  
A l l a n  Var iance which r e s u l t s  i n  a s igrna/ tau p l o t  of f requency s t a b i l i t y  v s .  
measurement t ime.  [ I ]  T h i s  t y p e  of measurement was performed and w i l l  h e  d i s -  
cussed i n  t h e  f o l l o w i n g  sectio11. It shou ld  be c l e a r l y  unders tood however 
t h a t  when t h e  s y s t e m a t i c  e f f e c t s  oE t h e  environment and ag ing  on a masers  out-  
pu t  f requency dominate over  i t s  random b e h a v i o r ,  which i s  u s u a l l y  t h e  c a s e  f o r  
measurement t imes  g r e a t e r  t h a n  a few thousand seconds ,  t h e  A l l a n  Var iance p l o t  
c e a s e s  t o  convey random behav ior  and must be  i n t e r p r e t e d  c a r e f u l l y .  There 
are methods of removing long  term d r i f t  b u t  t h e  degree  of s u c c e s s  depends on 
p r e c i s e  knowledge of t h i s  d r i f t .  The method we used t o  de te rmine  long  term 
behav ior  of o u t p u t  f requency v s .  t ime was t o  manually s p i n  exchange t u n e  t h e  
masers  p e r i o d i c a l l y  and p l o t  t h e  r e s u l t i n g  maser c a v i t y  f requency  a s  a  func- 
t i o n  of t ime .  Th is  was combined w i t h  measuring t h e  r e l a t i v e  f requency o f f s e t  
of t h e  v a r i o u s  masers  invo lved  a t  t h e  t ime they were tuned t o  s e p a r a t e  ou t -  
p u t  f requency  changes due t o  c a v i t y  ag ing  from o t h e r  e f f e c t s .  The r e s u l t i n g  
d a t a  c l e a r l y  shows t h a t  c a v i t y  ag ing  can be s i g n i f i c a n t .  

F i g u r e  1 5  is  a p l o t  of c a v i t y  f requency v s .  t ime  f o r  NR-4 over  a  
500 day p e r i o d .  The o r d i n a t e  s c a l e  of t h e  graph i s  t h e  c a v i t y  r e g i s t e r  b i t  
s e t t i n g  r e q u i r e d  f o r  t h e  maser t o  be tuned.  Each d o t  r e p r e s e n t s  a  t u n i n g  
e v e n t ,  We assumed t h e  c a v i t y  Q t o  be  c o n s t a n t .  The l i n e  Q was p e r i o d i c a l l y  
measured and found t o  b e  c o n s t a n t  f o r  a  g iven  o p e r a t i n g  p o i n t .  Between d a y s  
200 and 500 t h e  A f o l f / c a v i t y  b i t  = 1.166 x 10-16. The o u t p u t  f requency 
a g i n g  r a t e  due t o  c a v i t y  p u l l i n g  f o r  t h i s  maser was thus  determined t o  be  
-1.35 x 1ov14/day a t  a  hydrogen f l u x  p r e s s u r e  c o n t r o l  s e t t i n g  of 450 and a 
hydrogen l i n e  Q of 1 .64  x 109. The f requency  o f f  s e t  change n e a r  day 50 w a s  
p robab ly  due t o  mechanical  shock s i n c e  work was done on t h e  maser d u r i n g  
that p e r i o d .  Between 10-22-81 and 1-1-82 t h e  masers  o u t p u t  f requency  w a s  
monitored c o n t i n u o u s l y  a g a i n s t  3 o t h e r  masers and no sudden s h i f t s  i n  o u t p u t  
f requency between NR-4 and t h e  r e f e r e n c e  masers  was found. Fur thermore,  
F i g u r e  15 d a t a  s u g g e s t s  t h a t  t h e  c a v i t y  s h i f t e d  more than expec ted  d u r i n g  t h a t  
p e r i o d  by abou t  3000 b i t s .  Actual  o u t p u t  f requency  measurements however 
i n d i c a t e d  t h a t  l e s s  of a  f requency change took p l a c e .  A p o s s i b l e  e x p l a n a t i o n  
is  t h a t  t h e  a tomic o p e r a t i n g  f requency i n c r e a s e d  by 3.5 x 10- l3  d u r i n g  t h a t  
p e r i o d .  A Zeeman frequency measurement showed no s i g n i f i c a n t  change,  

F i g u r e  1 6  i s  a p l o t  of c a v i t y  f requency v s .  t ime f o r  SAO-14 c o v e r i n g  an 
800 day p e r i o d .  The o r d i n a t e  s c a l e  of t h e  graph i s  t h e  c a v i t y  t u n i n g  varac-  
t o r  d iode  b i a s  v o l t a g e  s e t t i n g  r e q u i r e d  f o r  t he  maser t o  be  tuned.  D = D r i f t  
per  day and was c a l c u l a t e d  f o r  c o n s e c u t i v e  t i m e  segments assuming a l i n e  Q 
of 1 .84  x l o 9  and c o r r e c t e d  f o r  d iode  n o n l i n e a r i t y .  The v a l u e  of D i s  
i n v e r s e l y  p r o p o r t i o n a l  t o  o p e r a t i n g  p o i n t  l i n e  Q.  The l a r g e  s h i f t s  shown on 
days  100, 150,  375 a r e  due t o  e x p e r i m e n t a l  work t h a t  w a s  performed w i t h  t h e  
c a v i t y  RF probe o u t p u t  coax c a b l e .  Unl ike  t h e  NR-4 maser t h e  c a v i t y  £ r e -  
quency af SAO-14 changed a t  a  f a i r l y  h igh  r a t e  when t h e  maser was new b u t  



t h i s  ag ing  o r  s e t t l i n g  r a t e  d iminished s t e a d i l y  t o  about  5 x 10-15/day i n  
terms of o u t p u t  f requency  n e a r  t h e  end of t h e  t e s t .  

5 .  Frequency S t a b i l i t y  - A l l a n  Var iance  

F i g u r e s  1 7  and 1 8  a r e  two t y p i c a l  A l l a n  Var iance  p l o t s .  These cover  a  
t o t a l  u n i n t e r r u p t e d  t i m c  p e r i o d  of approx imate ly  7 2  days .  A l l  o t h e r  Al lan  
Var iance t e s t  r u n s  were of s h o r t e r  d u r a t i o n .  The dashed l i n e  w i t h  a  f i x e d  
s l o p e  s t a r t i n g  a t  t h e  bot tom of t h e  graph r e p r e s e n t s  t h e  computer e s t i m a t e d  
d r i f t  between t h e  maser p a i r .  t2] The measured o u t p u t  d r i f t  ( s e e  p r e v i o u s  
s e c t i o n )  f o r  t h e  3 masers invo lved  d u r i n g  t h e  same t ime p e r i o d  a r e :  

8 DSN-2 - 1 . 2  x I . O - ~ ~ / D ~ ~  @ Line  Q = 6 .7  x 10 , P . 0 .  = -88.2 DRM 

NR-4 - 8.6 x 1 0 - 1 5 / ~ a y  B Line  Q = 1 . 7  x l o 9  P.O.  = -101.0 DBM 

9 SAO-14 + 6 . 5  x @ L i n e  Q = 1 . 6 5  x 1.0 , P .O. = -97.5 DBM 

These masers  r e a c h  a minimum n o i s e  l e v e l  a t  abou t  a  2000 second sampling 
p e r i o d  ( T ) .  Sys temat ic  e f f e c t s  dominate a t  a T of abou t  300,000 seconds .  
It a p p e a r s  t h a t  i f  a  maser i s  used a s  a c l o c k  o n l y ,  con t inuous  f l u x  g a t e  t u n i n g  
cou ld  be a p p r o p r i a t e .  The d a t a  shown i n  F i g u r e s  17  and 18 i s  f o r  t h e  p a i r  
sigma. F i g u r e s  19 ,  20,  21 show t h e  A l l a n  Var iance  f o r  each maser of the  s e t  
SAO-14, NR-4 and DSN-2. T h i s  d a t a  was o b t a i n e d  from p a i r  d a t a  t h a t  r e s u l t e d  
i n  comparing a l l  of t h e  above hydrogen masers w i t h  e a c h  o t h e r .  "Three Corner 
Hat" a n a l y s i s  b a s i c a l l y  i n v o l v e s  s o l v i n g  t h e  t h r e e  s imul taneous  e q u a t i o n s  
g i v e n  by t h e  p a i r  d a t a  f o r  each maser.  A l l  the p a i r  d a t a  must b e  measured a t  
t h e  same t i m e  t o  g i v e  s a t i s f a c t o r y  r e s u l t s  and t h e  number of samples shou ld  
b e  l a r g e  a t  each v a l u e  of t au .  The s p r e a d i n g  of t h e  c a l c u l a t e d  v a l u e s  a t  t h e  
h i g h e r  t a u s  i s  t o  be expec ted  s i n c e  the number of samples i s  lower and a w e l l  
convergent  v a l u e  h a s  n o t  been reached .  

6.  Power S p e c t r a l  Dens i ty  of Phase 

The masers were measured i n  p a i r s  and t h e  d a t a  f o r  each i n d i v i d u a l  maser 
was d e r i v e d  from the  p a i r  d a t a .  One maser i n  each  p a i r  was a d j u s t e d  s o  t h a t  
i t s  o u t p u t  s i g n a l  was i n  q u a d r a t u r e  w i t h  r e s p e c t  t o  t h e  o t h e r .  These s i g n a l s  
were mixed and ana lyzed  w i t h  a f a s t  f o u r i e r  t r a n s f o r m  spectrum a n a l y z e r .  
Measurements were t a k e n  a t  the 5 and 100 MHz o u t p u t s .  The n o i s e  a s  a func- 
t i o n  of o f f s e t  from t h e  c a r r i e s  i s  p l o t t e d  i n  F i g u r e s  22 and 23. Comparison 
of f o u r  masers w i t h  e a c h  o t h e r  y i e l d s  s i x  sets of d a t a ,  each  maser a p p e a r s  
a s  one of t h e  p a i r  i n  t h r e e  of t h o s e  s e t s .  The b e s t  n o i s e  c h a r a c t e r i s t i c  
curve  was s e l e c t e d  from t h e  t h r e e  and a r b i t r a t i l y  a s s i g n e d  t o  t h e  maser.  
T h i s  method i s  J u s t i f i e d  i n  t h a t  t h e  s t a n d a r d  t echn ique  of s o l v i n g  simul- 
t aneous  e q u a t i o n s  y i e l d s  c a l c u l a t i o n  e r r o r s  which grow enormously w i t h  t h e  
measurement e r r o r s  and w i t h  t h e  d i s p a r i t y  i n  a b s o l u t e  n o i s e  l e v e l  of t h e  
v a r i o u s  s o u r c e s .  Although t h i s  method h a s  i t s  own i n t r i n s i c  problems,  i t  
i s  c o n s i d e r e d  t o  b e  r e a s o n a b l y  c o n s e r v a t i v e  f o r  t h i s  a p p l i c a t i o n .  



7. Tuning R e p e a t a b i l i t y  

I n  s i m p l i f i e d  terms, a  maser i s  cons idered  t o  be  tuned when t h e  c a v i t y  
f requency is  s e t  e q u a l  t o  t h e  a tomic o p e r a t i n g  f requency .  When t h e  c a v i t y  
f requency  s h i f t s  i t  " p u l l s "  t h e  a tomic  l i n e  f requency  t o  produce a maser out-  
p u t  f requency t h a t  can be  d e s c r i b e d  by t h e  f o l l o w i n g  e q u a t i o n :  

where : 

f i s  t h e  maser o u t p u t  f requency 
0 

f  i s  the a tomic  o p e r a t i n g  f requency A 

Q1 and Qc are t h e  l i n e  Q and c a v i t y  Q of t h a t  p a r t i c u l a r  maser 

The t u n i n g  method which we employed c o n s i s t e d  of measur ing t h e  change i n  
o u t p u t  f requency  t h a t  o c c u r r e d  when t h e  masers  l i n e  Q ( Q  ) was changed from 

1 i t s  normal v a l u e  t o  an  a r b i t r a r i l y  h i g h e r  v a l u e .  No change i n  o u t p u t  Ere- 
quency i n d i c a t e s  t h a t  t h e  c a v i t y  Erequency i s  p r o p e r l y  s e t .  

It can b e  shown t h a t  f e  = Ik Af  HLI 
where f e  i s  t h e  o u t p u t  f requency  o f f s e t  due to c a v i t y  mis tun ing .  AfHL is  t h e  
change i n  o u t p u t  f requency  due t o  change i n  l i n e  Q,  and 

where 

HIGH Ql 
r = LOW Q 

1 

For  a  g i v e n  maser, k can  be  e a s i l y  determined and g e n e r a l l y  remains  con- 
s t a n t .  It can be s e e n  t h a t  t h e  r e s o l u t i o n  of AfHL and t h e  v a l u e  of k d e t e r -  
mine t h e  p r e c i s i o n  t o  which a maser can be tuned.  

The f o l l o w i n g  v a l u e s  of k w e r e  o b t a i n a b l e  f o r  t h e  masers  invo lved  i n  t h i s  
test.  

NR-4 k = 1 2  DSN 2 k = 3.0 

SAO-14 k = 5 .5 DSN 3 k = 4.8  

With a measurement r e s o l u t i o n  of +5 x 10-l5 t h e  wors t  c a s e  f requency  
o f f s e t  e r r o r  due t o  c a v i t y  mis tun ing  of t h e  NR4 - SA014 maser p a i r  i s  e s t i -  
mated t o  be  45 x 10-l5 ( 1 2  + 5.5) = 8.75 x 10-14, 



During a 48 day test period the masers were manually tuned four times 
while the Erequency was continually monitored. Figure 24 is a plot of the 
frequency difference between NR-4 and SAO-14. The data was derived from 
daily phase measurements and no corrections or offset changes were made. 
After the masers were initially tuned they drifted apart at a rate which 
was determined earlier. (Refer to paragraph 4e) (Output frequency 
vs. Time), The masers were tuned 3 more times during the 48 day period as 
indicated by arrows at the top of the chart. The data shows that the mea- 
sured tuning repeatability is better than predicted for this pair. One can 
see the clean time residuals and the characteristic parabolas for the pair 
of masers in Figure 25. 

8. Absolute Calibration Against NBS 

In order to  ont ti nu ally track long term stability, we calibrated each 
maser with reference to NBS. Each hydrogen maser's output frequency can be 
arbitrarily set by means of the receiver synthesizer, cavity frequency and 
cavity magnetic field bias. For calibration purposes each maser cavity 
was tuned as precisely as possible. The typical output frequency uncertainty 
is + 3  x 10-14 due to cavity mistuning. The magnetic field bias was 
specified and the corresponding Zeeman frequency measured. Each maser 
receiver synthesizer was then set to a value that produced an output fre- 
quency equivalent to the national standard. The process -involved rnaintain- 
ing a Cesium frequency standard ensemble as the local reference against which 
the masers were measured. The ensemble offset from NBS was determined by 
making several clock trips to NBS with a portable Cesium standard. At the 
test conclusion the "standard" synthesizer setting was thus determined for 
each maser. The particular synthesizer settings derived for the two test 
masers, given tuned cavities are: 

Maser Synthesizer Setting Zeeman Frequency 

It should be noted however that when a maser physics unit is opened up 
and a new storage bulb or teflon coating is installed the calibration becomes 
void. Furthermore, there is evidence the maser output frequency changes with- 
out a corresponding change in cavity frequency or Zeeman frequency. Addi- 
tionally we have found that when a maser is opened up for vacion element 
replacement the maser's output frequency may or may not be affected due to 
some unknown mechanisms. A maser calibration, however useful over the short 
term, may be of limited value for long term purposes. The calibration uncr-r- 
tainty of this experiment is estimated to be +I x 10-13. 



9. C o r r e l a t i o n  o f  Measured Paramete rs  

In o r d e r  t o  g a i n  a d d i t i o n a l  i n s i g h t  i n t o  t h e  dependence of maser 
performance on env i ronmenta l  p a r a m e t e r s ,  t h e  a u t o  and c r o s s  c o r r e l a t i o n  
m a t r i c e s  were computed f o r  a l l  p o s s i b l e  combinat ions  of d a t a  s e t s .  T h i s  d a t a  
was c o l l e c t e d  d u r i n g  t h e  u n i n t e r r u p t e d  7 2  day A l l a n  Var iance  t e s t .  The most 
s i g n i f i c a n t  f i n d i n g  was a s t r o n g  c o r r e l a t i o n  between o u t p u t  f requency  and dew 
p o i n t  f o r  two of t h e  f o u r  masers  (NR-4 and DSN-2) a s  shown i n  F i g u r e  26.  

Tab le  2 shows t h e  f o u r  t e s t  masers  dew p o i n t  c o e f f i c i e n t  and t h e  de lay  
a f t e r  change of dew p o i n t .  From t h i s  t a b l e  i t  can be  determined t h a t  on ly  
DSN-2 and NR-4 had a s i g n i f i c a n t  r esponse  t o  dew po in t .  

The c a u s e  of t h i s  c o r r e l a t i o n  between humid i ty  and o u t p u t  f requency h a s  
n o t  been r e s o l v e d  a t  t h i s  t i m e .  

10 .  R e l i a b i l i t y  and R e p a i r a b i l i t y  

A l l  problems and m a l f u n c t i o n s  were c a r e f u l l y  logged d u r i n g  t h e  test  
p e r i o d .  Most d i s c r e p a n c i e s  were found d u r i n g  t h e  i n i t i a l  v e r i f i c a t i o n  
tests. It seemed a p p r o p r i a t e  t o  c a t e g o r i z e  and s e p a r a t e  t h e  problems i n t o  
two groups  i n  o r d e r  t o  g a i n  some r e a l i s t i c  i n s i g h t  i n t o  t h e  r e l i a b i l i t y  
of t h e s e  masers .  

Tab le  3 summarizes t h e  f i n d i n g s  r e g a r d i n g  maser r e l i a b i l i t y .  It i s  
expec ted  t h a t  w i t h  t h e  knowledge gained by t h i s  e v a l u a t i o n  s u b s t a n t i a l  t e s t -  
i n g  will b e  performed b e f o r e  masers  a r e  r e l e a s e d  t o  t h e  f i e l d  and problems 
such a s  i n  Group 1 w i l l  have been c o r r e c t e d  a t  t h e  manufac tu re r s  f a c i l i t y .  
It i s  obvious  t h a t  v a c i o n  pump f a i l u r e s  c o n s t i t u t e d  t h e  most s e r i o u s  problem 
a f f e c t i n g  t ime o u t  of s e r v i c e .  Other  t h a n  t h a t ,  t h e  masers  promise t o  be  
q u i t e  r e l i a b l e .  

CONCLUSIONS 

The e x t e n s i v e  s e r i e s  of t e s t s  which were run  a s  p a r t  of t h i s  program 
y i e l d  t h e  most d e f i n i t i v e  s e t  of d a t a  t o  d a t e  on performance and o p e r a b i l i t y  
of t h e  Hydrogen maser f requency  s t a n d a r d .  Based on t h e  d a t a ,  t h e  e x p e r i -  
mente r s  conclude t h a t  t h e  t e s t e d  masers  i n d i c a t e  t h a t  t h e  s t a t e  of t h e  tech-  
nology p r o v i d e s  f requency s t a b i l i t y  of about  1 x 10-15 over  1000 t o  
2000 seconds  under c o n d i t i o n s  of a n  ex t remely  w e l l  c o n t r o l l e d  environment .  
As a f requency  s t a n d a r d ,  t h e  Hydrogen masers  are a f a c t o r  of 100 b e t t e r  t h a n  
t h e  b e s t  Cesium s t a n d a r d s  a v a i l a b l e  f o r  s h o r t  term s t a b i l i t y .  I n  terms of 
l o n g  t e r m  s t a b i l i t y ,  t h e  t e s t s  i n d i c a t e  t h a t  t h e  masers  age  a t  t h e  r a t e  on 
t h e  o r d e r  of 10-14 p e r  day and a r e  r e t u n a b l e  t o  b e t t e r  than  10-13. 



Environmental factors can affect a maser output frequency by as much as 
a part in loi4. This suggests that to obtain the ultimate performance avail- 
able, the masers must be kept in an environment 10 times more stable than 
that of a normal office or laboratory. Additional work is needed to char- 
acterize and explain and then to correct the, as yet, mysterious dependence 
of frequency upon humidity. 

Finally, the Hydrogen masers appear to be limited in reliability by 
their vacuum systems. The vacion pumps proved to be a continuing problem. 
Nevertheless, when subjected to a very protected environment, the masers 
were surprisingly reliable, showing a "down-time" of less than 2.5%. 
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Table  1. Tests Performed 

1. VERIFICATION OF INPUTS, OUTPUTS, PROPER FUNCTIONING OF CONTROLS 

2. I.F. METER CALIBRATION 

3. PRESSURE CONTROL SETTING DEPENDENT PARAMETERS 
BASELINE FOR REMTIONSH I P OF LINE- Q, POWER OUTPUT, PRESSURE 

4. ENV I RONMENTA L TESTS: 

a. OUTPUT FREQUENCY VS. ACI DC INPUT VOLTAGE 
b. OUTPUT FREQUENCY VS, AMBIENT MAGNET1 C FIELD 
c. OUTPUT FREQUENCY VS. AMBIENT TEMPERATURE 
d, OUTPUT FREQUENCY VS. A M 0  IENT BAROMETRIC PRESSURE 
e. OUTPUT FREQUENCY VS. TIME 

5. FREQUENCY STABILITY - A L M N  VARIANCE 1s < s< 1 x 106s 

6. POWER SPECTRAL DENS ITY OF PHASE 

7. TUNING REPEATABILITY 

8. ABSOLUTE CALI BRATION AGAINST NBS 

9. CORRELATION OF M EASURED PARAMETERS 

10. R E L l A B I L l l Y  AND REPAIRABILITY ASSESSMENT 



Figure 1. NR-4 Outpnt Power C a l i b r a t i o n  
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F i g u r e  2 .  SAO-14 Output Power C a l i b r a t i o n  



Figure 3 .  NR-4 Pressure Dependent Parameters 



PRESSURE S E l l I N G  

F i g u r e  4. SAO-14 Pressure Dependent Parameters 







0000 1200 0000 1200 
7-30 7-30 7-31 7-31 

I I I 1 I I I I I I I I 1 I I 1 I 

- - 
DSN2 - NR4 Aflf 

- - > -- I 

-4 .29~ 10-14 4 k - 

T H RS 

- - 
31 VDC - 

- 

I I I I I I I I 
0940 1240 l540 1840 2140 0000 0400 07W loo0 1300 - - 

1 I I 1 I I I I I I 1 1 1 1 I I 1 ,  

Figure 7. NR-4 Output Frequency Shift vs DC Input Voltage 
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Figure 8. SAO-14 EIagnetic F i e l d  Tes t  - 1st Series 



NOTES: 1. ALL Af I f  VALUES HAVE AN UNCERTAINTY FACTOR OF *5  x 10'15 

2. AMBIENT TEMPERATURE = 23°C 

3. ZEEMAN FREQUENCY = 400 Hz 

4. THE UNCERTAINTY OF A H  I S  ESTIMATED TO BE *5% 

5. ALL MEASUREMENTS AVERAGE OF 5 STEPS 
Figure 9. NR-4 Frequency Shift vs .  Magnetic F i e l d  
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2. AMBIENT TEMPERATURE = 24OC 

FRACTIONAL FREQ SHIFT PER GAUSS 

3. ZEEMAN FREQUENCY = 700 HZ 
4. THE UNCERTAINTY OF A H  I S  ESTIMATED TO BE &5% 
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Figure 10. SAO-14 Frequency Shift vs. Magnetic Field I 
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Figure 17 .  Allan Variance with Computed Drift Removed Between DSN-2 and NR-4 
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Figure  18. Allan Variance with Computed Drift Removed Between DSN-2 and SAO-14 
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F i g u r e  19.  SAO-14 Three Corner H a t  Analysis 



Figure 21. DSN-2 Three Corner H a t  Ana lys i s  
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Figure 2 4 .  Tuning R e p e a t a b i l i t y  of NR-4 and SAO-14 

BOTH MASERS TUNED 

-4.8M-08 - 
-2.20E-08 - 

-3.93E-08 - 
-5.65E-08 - 

-7.38E-08 - 

-9.10E-08 - 

-1.08E-07 - - 

-1.25E-07 - - 

-1.43E-07 I I I I 1 1 V I I 

0 5 10 15 20 25 30 35 40  45 
DAYS 

PLOT OF TIME RESIDUALS AFTER REMOVING A MEAN 
FREQUENCY OFFSET OF -1.61 x 10-l3 

F i g u r e  2 5 .  T i m e  Residuals  Between NR-4 and SAO-14 

389 



5 10 15 20 25 30 35 40 45 50 55 60 65 70' 
LAG NUMBER (12 HOURS) 

DEW POINT VS. NR-41 DSN-3 CROSS-CORRELATION 

Figure 26. Dew Point vs. N R - ~ / D S N - ~  Cross-Correlation 

Table  2 .  Coefficients: Masers vs. Dew Po in t  

COEFFICIENTS: MASERS VS. DEW POINT 

FREQUENCY 
STANDARD 
PA I R 

NR-41 DSN-3 

SAO-14 DSN-3 -0.729 0 

NR-41 SAO-14 0.911 1.0 

DSN-Z/ DSN-3 0.878 2.5 

DSN-21 SAO-14 0.861 2.0 

DSN-21 NR-4 0.789 3.5 
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QUESTIONS AND ANSWERS 

DR. WINKLER: 

I have a suggestion concerning t h a t  hump, t h a t  mysterious hump beyond 
400,000 - 500,000 seconds. We have seen i n  several of our  data a weekly 
spectrum l i n e ,  and i t ' s  t y p i c a l  f o r  human a c t i v i t y .  And the re  i s  even 
mu1 t i p l e s  of t h a t  because when we s t a r t  a week, on Monday o r  Tuesday, 
you p i c k  up sometimes again on Thursday o r  Fr iday. There are powerful 
equations which go w i t h  a weekly ra te .  And I would suggest t o  take a l ook  
a t  t h a t  inf luence. 

MR. K IRK :  

Yes. I t h i n k  t h a t ' s  a very  good comment. -- That 's  the  t h i n g  t o  look  for .  




