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ABSTRACT 

During the last two years t he  Jet Propulsion Laboratory (JPL) has been 
conducting an evaluation of modern hydrogen masers in a program sponsored by 
the National Aeronautics and Space Administration(NASA). The goal w a s  t o  per- 
form a series of tests and evaluations which would be as complete, accurate 
and unbiased as possible. Aboard of witionally recognized experts i n  hydrogen 
masers and i n  frequency and time w a s  selected t o  design the  tes t ing  program, 
supervise the tests and release the  f i n a l  report .  This board consisted of: 

Hugh Fosque NASA Headquarters Chairman 
Joe l  Smith JPL Convening Authority 
Norman Ramsey Harvard University 
Robert Vessot Smithsonian Astrophysical 

Victor Reinhardt Goddard Space Flight 
Observatory ( SAO) 

Center (GSFC) 
Richard Sydnor JPL 
James Barnes National Bureau of Standards, 

Gerno t Winkler United S ta tes  Naval 

Andrew Chi GSFC 
Arthur Zygielbaum JPL Executive Secretary 

Boulder (NBS) 

Observatory (USNO) 

The maser types tested were the SA0 V L G l l B ,  the GSFC NR and, as a r e s u l t  
of the  tes t ing  process, the JPL DSN. Themasers were tested f o r  environmental 
s e n s i t i v i t i e s  (magnetic f i e ld ,  temperature, barometric pressure) and long-term 
aging. Allan variance runs of 72 days were made i n  order t o  a t ta in  averaging 
times from several  seconds to  106 seconds. Auto- and cross-correlation tech- 
niques w e r e  used t o  determine the  e f fec ts  of uncontrolled parameters such as 
humidity. 
determine the charac te r i s t ics  of the individual masers. 

Three-cornered-hat and other data reduction techniques were used t o  

* 
The research described in t h i s  paper was car r ied  out by t h e  Jet Propulsion 
Laboratory, California I n s t i t u t e  of Technology, under contract  with the  
National Aeronautics and Space Administration. 
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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 simpli- 
fied verification of performance and diminished dependence on the operating 
environment. 

The GSFC Hydrogen Maser is manufactured by Johns Hopkins 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 SA0 14. 
Standard Test Facility located at JPL in Pasadena, California. JPL designed and 
maintains two reference Hydrogen Masers in this facility. These two fre- 
quency standards are identified as DSN2 and DSN3. 

This test series was conducted in the Interim Frequency 

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 but representative sample of all the 
data that was collected during the tests. 
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. 
of a l l  tests and a complete set of all but the raw data. 
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. 

An official JPL report will be pub- 

Volume I1 contains detailed descriptions 
Volume I11 con- 

TESTS PERFORMED 

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

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

After receiving the masers, all subsystems were checked to make sure they 
Some were functioning according to JPL's and the manufacturer's expectations. 

anomalies were found and corrected by JPL or the manufacturer. 
gained was that more thorough testing is essential prior to shipment. 
operation guaranteed that all subsequent tests were done with properly operat- 
ing masers and assured a fair comparison of performance with minimal 
interruptions. 

The information 
This 
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(2)  I ,F .  Meter Ca l ib ra t ion  

To allow c o r r e c t  i n t e r p r e t a t i o n  of the  d a t a  t h a t  w a s  co l l ec t ed ,  c e r t a i n  
condi t ions must be s t a t e d .  Since 
output power of a maser is  normally ind ica ted  on a f r o n t  panel  d i sp l ay ,  which 
is  der ived from an I.F. power measurement, t h e  d i sp lay  is  c a l i b r a t e d  with 
re ference  t o  the  a c t u a l  maser cav i ty  output power by s u b s t i t u t i n g  a p rec i se ly  
known s i g n a l  f o r  t h a t  of t he  cav i ty  output.  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  Figures  1 and 2.  

Maser cav i ty  output power i s  one of those.  

(3) Pressure Control Se t t i ng  Dependent Parameters 

The operat ing po in t  of a maser is  a funct ion of the  hydrogen gas pressure  
s e t t i n g .  Output power, l i n e  Q, vacion cur ren t  and hydrogen source d issoc ia-  
t a r  e f f i c i ency  are determined by t h i s  s e t t i n g .  A l l  these  v a r i a b l e s  w e r e  
recorded f o r  d i f f e r e n t  pressure  c o n t r o l  s e t t i n g s  and the  d a t a  subsequently 
graphed. Of 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  of l i n e  Q vs .  output 
power. Knowledge of t h i s  da ta  is e s s e n t i a l  f o r  d iagnos t ic  purposes. This  
"baseline" da t a  w a s  a l s o  used t o  determine the  optimal operat ing condi t ions 
of each maser f o r  a l l  subsequent tests. The measurement r e s u l t s  are shown i n  
Figures 3, 4, 5 and 6.  

(4) Environmental T e s t s  

a. Output Frequency V s .  Input  Voltage 

The DC input  vo l t age  w a s  stepped between 22 and 3 1 V  while  t h e  output  f r e -  
quency w a s  monitored. Su f f i c i en t  t i m e  w a s  allowed between each vol tage  s t e p  
f o r  t he  maser frequency t o  s h i f t  and sett le.  This  test sequence w a s  repeated 
seve ra l  t i m e s .  The NR-4 showed no measurable frequency s h i f t  above the  
recorded noise  level of 1 x 10-14. 

The SAO-14 i nd ica t ed  v a r i a t i o n s  on the  order  of 5 x This va lue  is  
a t  the  l e v e l  of the measurement uncer ta in ty .  The r e s u l t s  shown are f o r  the 
e n t i r e  22 t o  31 VDC test range. Figure 7 shows t h e  output frequency var ia -  
t i ons  of NR-4 and a re ference  maser during t h e  above test sequence. 

b. Output Frequency V s .  Ambient Magnetic F ie ld  

A 90-inch diameter kielmholtz c o i l  w a s  placed about t h e  hydrogen maser 
under test t o  produce a DC magnetic f i e l d  a l igned with the  maser's v e r t i -  
cal axis. I n i t i a l  t e s t i n g  w a s  done by varying the  magnetic f i e l d  i n  small 
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 spec i f i ed  maximum value then back t o  
zero and then cont inuing i n  small s t e p s  i n  the  opposi te  d i r e c t i o n  up t o  
the  spec i f i ed  maximum value and aga in  back t o  zero.  Thus t h e  test went 
around the  "loop" once. Output frequency, Zeeman frequency and output 
power were measured and recorded a t  each s t ep  as shown i n  Figure 8. 
test i s  d i f f i c u l t  t o  perform s ince  any overshoot i n  f i e l d  v a r i a t i o n s  
causes h y s t e r e s i s  d i s t o r t i o n .  Repea tab i l i ty  w a s  poor. It 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 he  s lope i s  influenced 
by the  way the  test i s  done. 

This 
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A l l  subsequent t e s t i n g  w a s  done by s t epp ing  t h e  magnetic f i e l d  e q u a l l y  
above and below t h e  ambient f i e l d  f i v e  t i m e s ,  The c o r r e  nding ou tpu t  fre- 
quency s h i f t s  w e r e  averaged and t abu la t ed  i n  F igures  9 and 10. 
i n  genera l  t h e  hydrogen maser output  frequency is  more s e n s i t i v e  t o  changes 
i n  t h e  magnetic f i e l d  when t h e  maser is  ope ra t ed  a t  a h ighe r  hydrogen f l u x  
s e t t i n g  and a l s o  when t h e  ambient magnetic f i e l d  i s  v a r i e d  by smaller incre-  
ments. It should be  noted that t h e  d a t a  shown i s  f o r  homogeneous magnetic 
f i e l d  v a r i a t i o n s  app l i ed  t o  t h e  hydrogen maser's ver t ical  axis only.  

c. Output Frequency V s .  Ambient Temperature 

The m a s e r  w a s  placed i n  t h e  test chamber and two s e p a r a t e  temperature  
tests were performed. For one test t h e  maser w a s  allowed t o  s t a b i l i z e  a t  
approximately 23°C then  t h e  temperature  w a s  increased  by 3 degrees  cen t ig rade  
and h e l d  wi th in  2 . 1 " C  of t h e  s e t p o i n t  u n t i l  t h e  hydrogen maser output  f r e -  
quency w a s  s t a b l e .  Due t o  random w a l k  and ag ing  of t h e  tes t  and r e f e r e n c e  
hydrogen maser, t h e  " s t ab le  frequency" is  d i f f i c u l t  t o  determine over  a pe r iod  
of several hours .  Hence a minimum of f i ve  thermal  t i m e  cons t an t s  w a s  allowed 
be fo re  the  temperature  w a s  decreased by 3°C. The second test w a s  performed 
i n  a s i m i l a r  manner except  t h e  temperature w a s  s tepped between 21°C and 29°C. 
During t h i s  test as w e l l  as a l l  o t h e r s ,  environmental  d a t a  such as tempera- 
t u r e ,  humidity,  a tmospheric  p re s su re  and ambient magnetic f i e l d  w a s  cont in-  
u a l l y  recorded. It should b e  noted  t h a t  du r ing  t h e  temperature  test t h e  
humidity i n s i d e  t h e  test chamber va r i ed  apprec i ab ly  and i n  c o r r e l a t i o n  wi th  
temperature.  S ince  our  test  chamber is  n o t  equipped t o  c o n t r o l  humidi ty ,  i t  is 
d i f f i c u l t  t o  s e p a r a t e  the  i n f l u e n c e  t h a t  t h i s  parameter h a s  on t h e  hydrogen 
maser output  frequency. The measurement r e s u l t s  showed a c o e f f i c i e n t  
Af/f/"C of -7 x f o r  t h e  SAO-14 and -1.4 x f o r  t h e  NR-4. Tem- 
p e r a t u r e  test r e s u l t s  are shown i n  F igures  11 and 12. During t h i s  test 
t h e  l i n e  Q of SAO-14 w a s  1.7 X l o9  and t h a t  of NR-4 w a s  1.65 x l o9 .  

d. Output Frequency V s .  Barometric P res su re  

The maser w a s  placed i n  t h e  test chamber and t h e  temperature  w a s  h e l d  
cons t an t .  Seve ra l  tests w e r e  performed. The test chamber barometr ic  pres-  
s u r e  w a s  v a r i e d  212" H20 whi l e  t h e  hydrogen maser output  frequency w a s  
monitored. What d i s t ingu i shed  one test from another  w a s  t h e  rate a t  which 
t h e  (barometr ic)  p re s su re  w a s  changed and t h e  dwel l  t i m e .  It w a s  g e n e r a l l y  
found t h a t  f o r  f a s t  p re s su re  changes (A24" H20 i n  less than  30 minutes) ,  t h e  
output  frequency v a r i e d  s l i g h t l y  more than  f o r  slow p r e s s u r e  changes (A24" 
H20 i n  g r e a t e r  than  30 minutes) .  
w a s  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  an i n i t i a l  maximum d e v i a t i o n  t h e  
frequency tended t o  r e t u r n  towards the  o r i g i n a l  value.  Since t h e  frequency 
changes w e r e  g e n e r a l l y  s m a l l  f o r  t h e  212'' H20 p re s su re  s t e p ,  measurement 
unce r t a in ty  due t o  n o i s e  and random walk of t h e  test and r e fe rence  masers i s  
q u i t e  s i g n i f i c a n t  and the  u n c e r t a i n t y  is dependent on dwell  t i m e .  
f o r  a t y p i c a l  slow s t e p  t h a t  t h e  barometr ic  p re s su re  c o e f f i c i e n t  Af/f/llHg f o r  
t h e  SAO-14 i s  +5 x 10-15 k 5  x 10-15, and f o r  t h e  NR-4 is +1 
- +5 x Figures  13 and 14 show some t y p i c a l  d a t a  recorded dur ing  t h e  
barometer p re s su re  test. 

It should be  noted t h a t  t h e  frequency change 

W e  found 

x 
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e. Output Frequency Vs. Time 

The output frequency of a hydrogen maser at any given 
its random behavior, its susceptibility to the environment 
mechanism. 
dicted. A statistical technique of measuring this behavior is known as the 
Allan Variance which results in a sigma/tau plot of frequency stability vs. 
measurement time. This type of measurement was performed and will be dis- 
cussed in the following section. It should be clearly understood howe 
that when the systematic effects of the environment and aging on a mas 
put frequency dominate over its random behavior, which is usually the case for 
measurement times greater than a few thousand seconds, the Allan Variance plot 
ceases to convey random behavior and must be interpreted carefully. 
are methods of removing long term drift but the degree of success depends on 
precise knowledge of this drift. The method we used to determine long term 
behavior of output frequency vs. time was to manually spin exchange tune the 
masers periodically and plot the resulting maser cavity frequency as a func- 
tion of time. This was combined with measuring the relative frequency offset 
of the various masers involved at the time they were tuned to separate out- 
put frequency changes due to cavity aging from other effects. The resulting 
data clearly shows that cavity aging can be significant. 

Random behavior as a function of measurement time can be pre- 

There 

Figure 15 is a plot of cavity frequency vs. time for NR-4 over a 
500 day period. 
setting required for the maser to be tuned. Each dot represents a tuning 
event. We assumed the cavity Q to be constant. The line Q was periodically 
measured and found to be constant for a given operating point. Between days 
200 and 500 the The output frequency 
aging rate due to cavity pulling for this maser was thus determined to be 
-1.35 x 10’14/day at a hydrogen flux pressure control setting of 450 and a 
hydrogen line Q of 1.64 x 109. 
probably due to mechanical shock since work was done on the maser during 
that period. Between 10-22-81 and 1-1-82 the masers output frequency was 
monitored continuously against 3 other masers and no sudden shifts in output 
frequency between NR-4 and the reference masers was found. Furthermore, 
Figure 15 data suggests that the cavity shifted more than expected during that 
period by about 3000 bits. Actual output frequency measurements however 
indicated that less of a frequency change took place. 
is that the atomic operating frequency increased by 3.5 x 10-13 during that 
period. 

The ordinate scale of the graph is the cavity register bit 

Afo/f/cavity bit = 1.166 x 10-16. 

The frequency offset change near day 50 was 

A possible explanation 

A Zeeman frequency measurement showed no significant change. 

Figure 16 is a plot of cavity frequency vs. time for SAO-14 covering an 
800 day period. The ordinate scale of the graph is the cavity tuning varac- 
tor diode bias voltage setting required for the maser to be tuned. D = Drift 
per day and was calculated for consecutive time segments assuming a line Q 
of 1.84 x lo9 and corrected for diode nonlinearity. 
inversely proportional to operating point line Q. The large shifts shown on 
days 100, 150, 375 are due TO experimental work that was performed with the 
cavity RF probe output coax cable. Unlike the NR-4 maser the cavity fre- 
quency of SAO-14 changed at a fairly high rate when the maser was new but 

The value of D is 
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t h i s  aging o r  s e t t l i n g  r a t e  diminished s t e a d i l y  t o  about 5 x lO-lfi/day in  
terms of output frequency near t h e  end of t h e  test. 

5. Frequency S t a b i l i t y  - Allan Variance 

Figures 1 7  and 18 are two t y p i c a l  Allan Variance p l o t s .  These cover a 
t o t a l  uninterrupted t i m e  period of approximately 72 days. A l l  other Allan 
Variance test runs w e r e  of s h o r t e r  duration. The dashed l i n e  with a f ixed  
slope s t a r t i n g  a t  t h e  bottom of t h e  graph represents  t he  computer estimated 
d r i f t  between the  maser p a i r .  [*I 
sec t ion)  f o r  t he  3 masers involved during t h e  s a m e  t i m e  period are: 

DSN-2 - 1.2 x 10 /Day @ Line Q = 6.7 x 10 , P.O. = -88.2 DBM 

The measured output dr i ' f t  ( s ee  previous 

-14 8 

-15 9 NR-4 - 8.6 x 10 /Day @ Line Q = 1 . 7  x 10 P.O. = -101.0 DBM 

9 SAO-14 + 6.5 x 10-15/Day @ Line Q = 1.65 x 10 , P.O. = -97.5 DBM 

These masers reach a minimum noise  level a t  about a 2000 second sampling 
period (T). Systematic e f f e c t s  dominate a t  a T of about 300,000 seconds. 
It appea r s  t h a t  i f  a m a s e r  is used as a clock only, continuous f lux  ga te  tuning 
could be appropriate.  
sigma. Figures 19, 20, 2 1  show t h e  Allan Variance f o r  each maser of t h e  set 
SAO-14, NR-4 and DSN-2. This d a t a  w a s  obtained 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 he  above hydrogen masers with each o ther .  "Three Corner 
H a t "  ana lys i s  b a s i c a l l y  involves solving the  th ree  simultaneous equations 
given by the  p a i r  d a t a  fo r  each maser. A l l  t he  p a i r  da t a  must be measured a t  
the  s a m e  t i m e  t o  give 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 should 
be l a r g e  a t  each value of tau. The spreading of the  ca lcu la ted  values a t  the  
higher taus  is t o  be expected s ince  the  number of samples i s  lower and a w e l l  
convergent value has not  been reached. 

The da ta  shown i n  Figures 1 7  and 18  is  f o r  t he  p a i r  

6. Power Spec t r a l  Density of Phase 
e 

The masers w e r e  measured i n  pairs and the  da t a  f o r  each ind iv idua l  maser 
w a s  derived from the  p a i r  da ta .  One maser i n  each p a i r  w a s  adjusted so  t h a t  
i t s  output s i g n a l  w a s  i n  quadrature with respec t  t o  the o ther .  These s i g n a l s  
were mixed and analyzed with a f a s t  fou r i e r  transform spectrum analyzer.  
Measurements w e r e  taken a t  t h e  5 and 100 MHz outputs.  The noise  as a func- 
t i o n  of o f f s e t  from t h e  carrier i s  p lo t ted  i n  Figures 22 and 23. Comparison 
of four masers with each o ther  y i e l d s  s i x  sets of da ta ,  each maser appears 
as one of t he  p a i r  i n  th ree  of those sets. The b e s t  no i se  c h a r a c t e r i s t i c  
curve w a s  s e l ec t ed  from the th ree  and a r b i t r a t i l y  assigned t o  the  maser. 
This method is j u s t i f i e d  i n  t h a t  t he  standard technique of solving simul- 
taneous equations y i e l d s  ca l cu la t ion  e r r o r s  which grow enormously w i t h  t h e  
measurement e r r o r s  and with t h e  d i s p a r i t y  i n  absolu te  no i se  l e v e l  of t h e  
var ious  sources. 
i s  considered t o  be reasonably conservative f o r  t h i s  appl ica t ion .  

Although t h i s  method has  i t s  own i n t r i n s i c  problems, it 

364 



7. Tuning Repeatab i l i ty  

I n  s impl i f ied  terms, a maser is considered t o  be tuned when the  cav i ty  
frequency is set equal  t o  the  atomic operating frequency. 
frequency s h i f t s  it "pulls" t h e  atomic l i n e  frequency t o  produce a maser out- 
put frequency t h a t  can be described by the  following equation: 

When the  c a v i t y  

Ql - f A =  ( f c -  f )  - 
A Qc 

f 
0 

where : 

f is  the  maser output frequency 

f A  is  the  atomic operating frequency 

Q, and Qc are t h e  l i n e  Q and cavi ty  Q of t h a t  p a r t i c u l a r  maser 

The tuning method which we employed cons is ted  of measuring the  change i n  
output frequency t h a t  occurred when the  masers l i n e  Q (Q ) w a s  changed from 
i ts  normal value t o  an a r b i t r a r i l y  higher value.  N o  chauge i n  output f r e -  
quency indica tes  t h a t  t h e  cav i ty  frequency is  properly set. 

0 

1 

It can be shown t h a t  f e  = Ik Af HLI 

where f e  i s  the  output frequency o f f s e t  due t o  cavi ty  mistuning. 
change i n  output frequency due t o  change i n  l i n e  Q, and 

AfHL is t h e  

where 

HIGH Q, 

For a given maser, k can be e a s i l y  determined and genera l ly  remains con- 
s t a n t .  It can be seen t h a t  t h e  reso lu t ion  of AfHL and t h e  value of k deter -  
mine t h e  prec is ion  t o  which a maser can be tuned. 

The following values of k were obtainable f o r  t he  masers involved 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 so lu t ion  of 55 x t h e  worst case frequency 
o f f s e t  e r r o r  due t o  cavi ty  mistuning of t h e  NR4 - S A 0 1 4  maser p a i r  is esti- 
mated t o  be +5 x (12 + 5.5) = 8.75 x 
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During a 48 day test period t h e  masers w e r e  manually tuned four t i m e s  
while t he  frequency w a s  cont inua l ly  monitored. Figure 24 i s  a p l o t  of t h e  
frequency d i f f e rence  between NR-4 and SAO-14. The da ta  was  derived from 
d a i l y  phase measure ts and no cor rec t ions  o r  o f f s e t  changes were made. 
Af te r  t h e  masers were i n i t i a l l y  tuned they d r i f t e d  apart a t  a rate which 
w a s  determined earlier. (Refer t o  paragraph 4e) (Output frequency 
vs. Time). The masers were tuned 3 more t i m e s  during t h e  48 day period as 
indica ted  by arrows a t  the  top of t h e  char t .  The da ta  shows t h a t  t h e  mea- 
sured tuning r e p e a t a b i l i t y  is  b e t t e r  than predic ted  f o r  t h i s  pa i r .  
see t h e  clean t i m e  r e s idua l s  and t h e  c h a r a c t e r i s t i c  parabolas f o r  t h e  p a i r  
of masers i n  Figure 25. 

One can 

8 .  Absolute Cal ibra t ion  Against NBS 

I n  order t o  cont inua l ly  t r a c k  long term s t a b i l i t y ,  we ca l ib ra t ed  each 
maser with re ference  t o  NBS, 
a r b i t r a r i l y  set by means of t h e  receiver synthes izer ,  cav i ty  frequency and 
cav i ty  magnetic f i e l d  bias.  
w a s  tuned as p r e c i s e l y  as possible.  
i s  +3  x 10-14 due t o  cavi ty  mistuning. 
spec i f i ed  and t h e  corresponding Zeeman frequency measured. 
rece iver  synthes izer  w a s  then set t o  a value t h a t  produced an output f r e -  
quency equivalent t o  t h e  na t iona l  standard. The process 'involved maintain- 
i n g  a Cesium frequency standard ensemble as t h e  l o c a l  re ference  aga ins t  which 
t h e  masers were measured. The ensemble o f f s e t  from NBS w a s  determined by 
making severa l  clock t r i p s  t o  NBS with a po r t ab le  Cesium standard. A t  t h e  
test conclusion t h e  "standard" synthes izer  s e t t i n g  w a s  thus  determined f o r  
each maser. The p a r t i c u l a r  synthes izer  s e t t i n g s  derived f o r  the  two test 
masers, given tuned cavities are: 

Each hydrogen maser's output frequency can be 

For c a l i b r a t i o n  purposes each maser cav i ty  
The t y p i c a l  output frequency uncer ta in ty  

The magnetic f i e l d  b i a s  was 
Each maser 

Maser Synthesizer Se t t i ng  Zeeman Frequency 

NR-4 5751.689467 Hz 400 Hz 

SAO-14 405751.68900 Hz 700 Hz 

It should be noted however t h a t  when a maser physics u n i t  is opened up 
and a new s torage  bulb o r  t e f l o n  coating i s  i n s t a l l e d  t h e  c a l i b r a t i o n  becomes 
void. 
ou t  a corresponding change i n  cav i ty  frequency o r  Zeeman frequency. Addi- 
t i o n a l l y  w e  have found t h a t  when a maser is  opened up f o r  vacion element 
replacement t h e  maser's output frequency may o r  may not be a f fec ted  due t o  
some unknown mechanisms. 
t e r m ,  may be of l imi t ed  value f o r  long term purposes. 
t a i n t y  of t h i s  experiment is estimated t o  be +1 x 

Furthermore, t h e r e  is evidence the  maser output frequency changes with- 

A maser c a l i b r a t i o n ,  however use fu l  over t h e  s h o r t  
The c a l i b r a t i o n  uncer- 
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9. Correlation of Measured Parameters  

I n  order t o  gain add i t iona l  i n s igh t  i n t o  t h e  dependence of maser 
performance on environmental parameters, t h e  au to  and c ross  co r re l a t ion  
matrices w e r e  computed f o r  a l l  poss ib le  combinations of d a t a  sets. This d a t a  
w a s  co l lec ted  during t h e  uninterrupted 72 day Allan Variance test. 
s i g n i f i c a n t  f ind ing  w a s  a s t rong  co r re l a t ion  between output frequency and dew 
poin t  f o r  two of t h e  four masers (NR-4 and DSN-2) as shown i n  Figure 26. 

The most 

Table 2 shows t h e  four test masers dew po in t  coeffic’ient and t h e  delay 
a f t e r  change of dew poin t .  
DSN-2 and NR-4 had a s i g n i f i c a n t  response t o  dew point.  

From t h i s  t a b l e  it can be determined t h a t  only 

The cause of t h i s  co r re l a t ion  between humidity and output frequency has  
not been resolved a t  t h i s  t i m e .  

10. R e l i a b i l i t y  and Repai rab i l i ty  

A l l  problems and malfunctions were c a r e f u l l y  logged during the  test 

It seemed appropriate t o  categorize and separa te  t h e  problems i n t o  
period. Most discrepancies w e r e  found during t h e  i n i t i a l  v e r i f i c a t i o n  
tests. 
two groups i n  order t o  gain 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 these  masers. 

Table 3 summarizes the  f ind ings  regarding maser r e l i a b i l i t y .  It i s  
expected t h a t  with t h e  knowledge gained by t h i s  evaluation s u b s t a n t i a l  test- 
ing  w i l l  be performed before masers a r e  re leased  t o  the  f i e l d  and problems 
such as i n  Group I w i l l  have been corrected a t  t h e  manufacturers f a c i l i t y .  
It is  obvious t h a t  vacion pump f a i l u r e s  cons t i t u t ed  the  most s e r ious  problem 
a f f e c t i n g  t i m e  ou t  of se rv ice .  Other than 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 extensive series of tests which w e r e  run as p a r t  of t h i s  program 
y ie ld  t h e  most d e f i n i t i v e  set of d a t a  t o  d a t e  on performance and ope rab i l i t y  
of t he  Hydrogen maser frequency standard. Based on t h e  da t a ,  t h e  experi- 
menters conclude t h a t  t he  t e s t ed  masers ind ica t e  t h a t  t h e  state of t he  tech- 
nology provides frequency s t a b i l i t y  of about 1 x 
2000 seconds under conditions of an extremely w e l l  cont ro l led  environment. 
A s  a frequency standard,  t he  Hydrogen masers are a f a c t o r  of 100 b e t t e r  than 
the  b e s t  C e s i u m  standards ava i l ab le  fo r  s h o r t  term s t a b i l i t y .  In  t e r m s  of 
long term s t a b i l i t y ,  t h e  tests ind ica t e  t h a t  t h e  masers age a t  t h e  rate on 
the  order of 

over 1000 t o  

p e r  day and are retunable t o  b e t t e r  than 
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Environmental f a c t o r s  can a f f e c t  a maser output frequency by as much as 
a p a r t  i n  This suggests t h a t  t o  ob ta in  t h e  u l t imate  performance avail- 
ab le ,  t h e  masers must be kept i n  an  environment 10 times more s t a b l e  than 
t h a t  of a normal o f f i c e  o r  labora tory .  
acterize and expla in  and then t o  cor rec t  t h e ,  as y e t ,  mysterious dependence 
of frequency upon humidity. 

Additional work is  needed t o  char- 

F ina l ly ,  t h e  Hydrogen masers appear t o  be l imi ted  i n  r e l i a b i l i t y  by 
t h e i r  vacuum systems. The vacion pumps proved t o  be a continuing problem. 
Nevertheless, when subjected t o  a very pro tec ted  environment, t h e  masers 
were su rp r i s ing ly  r e l i a b l e ,  showing a "down-time" of less than 2.5%. 
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Table 1 .  Tests Performed 

1. VERIF~CAT~ON INPUTS, OUTPUTS, PROPER FUNCTIONING OF CONTROLS 

2, I.F. METER CALIBRATION 

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

4. ENV I RONMENTAL TESTS: 
a. OUTPUT FREQUENCY VS. ACI DC INPUT VOLTAGE 
b. OUTPUT FREQUENCY VSo AMBIENT MAGNETIC FIELD 
c. OUTPUT FREQUENCY VS. AMBIENT TEMPERATURE 
de OUTPUT FREQUENCY VS. AMBIENT BAROMETRIC PRESSURE 
e. OUTPUT FREQUENCY VS. TIME 

5, FREQUENCY STABILITY - ALLAN VARIANCE IS <?< 1 x lo6, 

6. POWER SPECTRAL DENSITY OF PHASE 

7. TUNING REPEATABILITY 

8. ABSOLUTE CALIBRATION AGAINST NBS 

9. CORRELATION OF MEASURED PARAMETERS 

10. RELIABILITY AND REPAIRABILITY ASSESSMENT 
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Figure 1. NR-4 Output Power Cal ibra t ion  
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Figure 2. SAO-14 Output Rower Calibration 
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HYDROGEN PRESSURE CONTROL SETTINGS 

Figure 3. NR-4 Pressure Dependent Parameters 
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Figure 4 .  SAO-14 Pressure Dependent Parameters 

373 



374 



u
 3 
a
 

u
 3 
0
 

$ C 

37 5 



Figure 7 .  NR-4 Output Frequency S h i f t  vs DC Input Voltage 
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Figure 8.  SAO-14 Plagnetic Field Test - 1st Series 
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FIELD 
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5.% 

4.77 

NOTES: 1. ALL Af / f  VALUES HAVE AN UNCERTAINTY FACTOR OF *5 x 
2. AMBIENT TEMPERATURE = 23°C 
3. ZEEMAN FREQUENCY = 400 Hz 

4. THE UNCERTAINTY OF A H  IS 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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NOTES: 1. ALL Af I f  VALUES HAVE AN UNCERTAINTY FACTOR OF *5 x 
2. AMBIENT ~MPERATURE = 24°C 
3. ZEEMAN FREQUENCY = 700 Hz 
4. THE UNCERTAINTY OF AH IS ESTIMATED TO BE *5% 
5. ALL MEASUREMENTS AVERAGE OF 5 STEPS 

Figure 10. SAO-14 Frequency Shift  vs. Magnetic F i e l d  
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Figure 11. NR-4 Temperature Test 
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Figure 13. NR-4 Barometric Pressure Test 
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Figure 14. SAO-14 Barometric Pressure Test 
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Figure 16. SAO-14 Cavity Tuning 
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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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SAMPLING TIME, T (seconds) 
Figure 19. SAO-14 Three Corner H a t  Analysis 

SAMPLING TIME, T t seconds 1 
Figure 20. IJR-4 Three Corner H a t  Analysis 
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Figure 21. DSN-2 Three Corner Hat Analysis 
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Figure 24. Tuning Repeatabil i ty  of NR-4 and SAO-14 
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Figure 25. T i m e  Residuals  Between NR-4 and SAO-14 
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R 

LAG NUMBER (12 HOURS) 
DEW POINT US. NR-41 DSN-3 CROSS-CORRELATION 

Figure 26. Dew Point vs. NR-4/DSN-3 Cross-Correlation 

Table 2. Coefficients: Masers vs. Dew Point 

NR-4r DSN-3 

SAO-141 DSN-3 

NR-4 SAO-14 
DSN-21 DSN-3 

DSN-Z/ SAO- 14 
DSN-21 NR-4 

0.895 

-0.729 

0.911 
0.878 

0.861 

0.789 

DELAY 
(DAYS) 

1.5 

0 

1.0 

2.5 

2.0 

3.5 

COEFFICIENTS: MASERS VS. DEW POINT 
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I have a suggestion concerning tha t  hump, tha t  mysterious hump beyond 
400,000 - 500,000 seconds. We have seen i n  several of our data a weekly 
spectrum line, and i t ' s  typical f o r  human act ivi ty .  And there is even 
multiples of t h a t  because when we s t a r t  a week, on Monday o r  Tuesday, 
you pick up sometimes again on Thursday o r  Friday. There are  powerful 
equations which go w i t h  a weekly rate.  And I would suggest to  take a look 
a t  t h a t  influence. 

MR. KIRK: 

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 .  
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