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INTRODUCTION 

I n  response  t o  a NASA Goddard Space F1 i g h t  Cen te r  (GSFC) Work 
Assignment, Bendix F ie1  d Eng i  n e e r i  ng Corpora t i o n  (BFEC) eva l  u a t e d  
t h e  per formance o f  t h e  O s c i l l  o q u a r t z  EFOS-2 hydrogen m s e r  a1 ong 
w i t h  t h a t  of NASA NX-3 and NP-2 hydrogen masers i n  e a r l y  1983. 
T h i s  paper  p r e s e n t s  t h e  r e s u l  t s  o f  t h a t  eval u a t i o n .  

The hydrogen maser was b r o u g h t  t o  BFEC's Hydrogen Maser F a c i l  i t y  
a t  Col umbia, Mary1 and  by O s c i l  1 o q u a r t z  personnel  a t  t h e  r e q u e s t  
o f  t h e  N a t i o n a l  Rad io  Astronomy Observa to ry  ( N R A O )  who purchased 
t h e  maser f r o m  O s c i l l  oquar t z .  F i g u r e  1 shows t h e  EFOS-2 maser 
soon a f t e r  a r r i v i n g  a t  t h e  BFEC Hydrogen Maser F a c i l i t y .  D u r i n g  
t h e  eval  u a t i o n  p e r i  od, t h e  maser was m i  n t a i  ned by 0 s c i l  1 o q u a r t z  
personne l .  BFEC woul d l i k e  t o  thank t h e  NRAO and O s c i l l  o q u a r t z  
personnel  who m d e  t h i s  eval u a t i o n  p o s s i h l  e and who he1 ped BFEC 
p e r f o r m  t h e  v a r i o u s  t e s t s  i nvol ved. 

D u r i n g  most  of t h e  t e s t s ,  t h e  EFOS-2 maser was in tercornpared w i t h  
t h e  NASA NX-3 and NASA NP-2 hydrogen m s e r s  wh ich  were b o t h  
o p e r a t i n g  i n hydrogen m s e r  thermal chambers b u i l  t by BFEC. F o r  
t h e  1 ong- term s t a b i l  i t y  and tempera tu re  c o e f f i c i e n t  t e s t s ,  EFOS-2 
was a1 so p l a c e d  i n  a BFEC thermal chamber. The measurement a rea  
w i t h  t h e  thermal  chambers i s  shown i n  F i g u r e  2. A t  NASA's 
request ,  t h e  eval  u a t i o n  was pe r fo rmed  on a b e s t  e f f o r t  b a s i s  
w i t h i n  t h e  c o n f i n e s  o f  e x i s t i n g  fund ing.  Some t e s t s ,  t h e r e f o r e ,  
such as  a p r e s s u r e  s e n s i t i v i t y  t e s t ,  were n o t  pe r fo rmed  because 
o f  f u n d i  ng and  t i m e  1 i m i  t a t i o n s  even though they woul d have been 
h i g h l y  d e s i r a b l  e. 

The r e m i n d e r  o f  t h e  r e p o r t  d e s c r i b e s  t h e  s p e c i f i c  t e s t s  t h a t  
were pe r fo rmed  and  t h e  r e s u l  t s  o b t a i  ned. Fa r  t h e  r e p o r t e d  
r e s u l t s ,  a l l  r e p o r t e d  e r r o r s  a r e  s t a n d a r d  e r r o r s .  These a r e  
i n d i c a t e d  i n  pa ren theses  and a r e  t o  be i n t e r p r e t e d  a s  e r r o r  
v a l  ues on t h e  1 a s t  p laces  o f  t h e  number s t a t e d .  







MAGNETIC TESTS 

For the magnetic tests, the EFOS-2 hydrogen maser was placed in a 
lar e solenoid as shown in Figure 3. The solenoid was switched 
bac 2 and forth between +0.2 gauss and -0.2 gauss while a 100 
second average frequency measurement was performed for each 
solenoid polarity after waiting about 20 seconds for the maser 
frequency to settle down. The measurements were made after 
Osci  1 loquartz personnel degaussed the EFOS-2 maser and set the 
maser to its recommended Zeeman and cavity settings. The results 
of the average of 10 measurements at each solenoid polarity are 
shown in Table 1. 

Table 1. Magnetic Sensitivity: 

Af/f/AH = 5.2(36)~10-~~/c~a~~s 
for AH = 0.4 gauss 

TEMPERATURE COEFFICIENT 

For the temperature coefficient test, the EFOS-2 maser was placed 
in a BFEC thermal chamber. After the EFOS-2 maser was in the 
thermal chamber more than 41 hours and after the maser was 
operating 22 hours without any environmental disturbances, the 
thermal chamber was stepped from 28C to 23C. Figure 4 shows the 
frequency response o f  the EFOS-2 maser to this temperature step. 
The results obtained from this data  are shown in Table 2. 

Table 2. Temperature Sensitivity in Thermal Chamber: 

Af/f//AT = -7 .oo(47)xlo-14/~ 
for AT = -5.4C and after 22 hours 

Time Constant in Thermal Chamber = 4.02(33) hours 

Caution must be used, however, in using this data because the 
time constant of the hydrogen maser was severely shortened in the 
thermal chamber because of the high-speed air flow around the 
maser. (In a room with relatively still air, the maser was 
observed to have a time constant of  more than 12 hours.) The 
measurement results given represent a good measurement of a 
static temperature sensitivity (theoretically one with infinite 
settling time), but do not give a true picture of the maser 
behavior after 22 hours in a normal laboratory environment. In a 
normal laboratory environment, from the difference in the time 
constants, one would expect the temperature sensitivity after 22 
hours to be 16 percent lower or about -6xl@l4/c. 



Figure 3 .  EFOS-2 i n  t h e  Test  S o l e n o i d  



EFOS-2 TEMPERATURE STEP DATA 
(EFOS-2 VS NX-3) 

F i g u r e  4. EFOS-2 Frequency R E S ~ O ~ S ~  t o  Temperature S t e p  



The e r r o r s  i n  Tab le  2 a r e  based t o t a l l y  on t h e  s h o r t -  
t e r m  n o i s e  o f  t h e  data .  The d a t a  i n  F i g u r e  4 though, seems t o  
i n d i c a t e  t h a t  t h e  d a t a  i s  n o t  c o m p l e t e l y  d e s c r i b e d  b y  a s i n g l e  
t i m e  c o n s t a n t .  W i t h  h i n d s i g h t ,  i t  would have been b e t t e r  t o  have 
t a k e n  d a t a  f o r  ano the r  day b u t  t i m e  c o n s t r a i n t s  f o r c e d  us t o  move 
on t o  o t h e r  t e s t s .  

SHORT TERM STABILITY 

S h o r t - t e r m  s t a b i l i t y  t e s t s  were r u n  comparing EFOS-2 t o  NP-2 and 
N X - 3 ,  b u t  an anomalous n o i s e  l e v e l  o f  about  0.6ps, p r o b a b l y  
caused by ground loops  between t h e  masers i n  t h e  t h e r m a l  
chambers, c louded  t h e  da ta .  We t h e r e f o r e  r e r a n  t h e  t e s t s  w i t h  
b o t h  p o r t s  o f  o u r  measurement system measur ing  EFOS-2 ve rsus  NX-3  
i n  o r d e r  t o  s u b t r a c t  o u t  t h e  n o i s e  o f  t h e  measurement system. 
The t h e o r y  beh ind  t h i s  t e c h n i q u e  i s  as f o l l o w s .  

The t i m e  average o f  t h e  f r a c t i o n a l  f requency  o f f s e t s  ou t  o f  t h e  
two b e a t  f requency  p o r t s  i s  g i v e n  by: 

where y~ and y~ r e p r e s e n t  t h e  t o t a l  o f f s e t s ,  where y, and yb 
represent  t h e  c o n t r i b u t i o n s  of t h e  2 measurement systems, and 
where y r e p r e s e n t s  t h e  c o n t r i b u t i o n  o f  EFOS versus NX-3 .  
D i f f e r e n c i n g  ( l a )  and ( l b ) ,  we o b t a i n  app rox ima te l y :  

Tak ing  t h e  A l l a n  v a r i a n c e  o f  t h i s  q u a n t i t y  y i e l d s  an e s t i m a t e  o f  
t h e  t o t a l  system n o i s e :  

assuming t h e  n o i s e  processes a r e  independent.  Summing ( l a )  and 
( l b )  y i e l d s :  



The Allan variance of this becomes: 

again assuming that all noise processes are independent. 
Combining (3) and (5) yields our desired estimate of the Allan 
variance of the masers alone: 

If all the noise sources are not independent, there would be 
deviations from (6) due to correlations between y, a, and b. 
These correlations could only occur through some environmental 
parameter affecting the measurement system and the masers or 60 
Hz interference. Temperature and other similar environmental 
parameters usual ly affect the performance of masers and 
measurement systems only for averaging times of 1000 seconds or 
longer. Since we are only considering stabilities up to 100 
seconds, these effects would not cause any problems. 

The 60 Hz interference, however, is another matter. It would 
cause short term correlations which could generate positive or 
negative correlation terms. (Positive terms would cause our 
estimate of the masers' stability to be high and negative terms 
would cause our estimate of the masers' stability to be low.) The 
sign of 60 Hz correlations is a periodic function of the 
averaging time with a period equal to the 60 Hz period, so 60 Hz 
interference usually causes Allan deviate data,as a function of 
averaging time,to have scatter from a smooth power law behavior 
larger than the  statistical error bars associated with the data 
(unless the averaging times under consideration just happen to be 
exact multiples of the 60 Hz period). Therefore, smoothness of 
the data is a good test for the presence of 60 Hz effects, In 
the data presented later in the paper using this analysis, there 
is no such evidence of 60 Hz correlation problems. 

Equation (2) is only approximately true because, if the zero 
crossings o f  the beats of the 2 ports are not exactly 
synchronized, there will be an extra terrn equal to: 

where: 



I f  t h e  s y n c h r o n i z a t i o n  e r r o r  between t h e  beats ,  (I-, i s  much l e s s  
than, t, , t h e  c o r r e l a t i o n  t i m e  o f  t h e  low-pass f i l t e r s  i n  t h e  
phase comparators used t o  generate  t h e  beats,  ( 7 )  makes a  
n e g l i g i b l e  c o n t r i b u t i o n  t o  A l l a n  d e v i a t e .  N u m e r i c a l l y  f o r  t: << 

t,, ( 7 )  y i e l d s  an A l l a n  d e v i a t g  o f :  

o r ,  because t h e  dominant n o i s e  f o r  s h o r t  averag ing  t imes  i s  w h i t e  
n o i s e :  

For t h e  d a t a  taken, : ; 0.4 ms and t, = 12  ms, (2-, i s  o n l y  0.047 
t i m e s  :Ty .  Thus, f o r  ou r  case, :, makes a n e g l i g i b l e  c o n t r i b u t i o n  
i n  e s t i m a t i n g  :; 

Y' 

The r e s u l t s  o b t a i n e d  a f t e r  t h e  system n o i s e  i s  s u b t r a c t e d  o u t  a re  
shown i n  Table  3. 

Table 3. Short-Term S t a b i l i t y  o f  EFOS-2 Versus NX-3: 

NOTE: A l l  A l l a n  d e v i a t e s  a re  d i v i d e d  by an e x t r a  square 
r o o t  o f  2 t o  no rma l i ze  t o  one maser d e v i a t e .  The 
n o i s e  bandwidth i s  approx imate ly  12  Hz. The s t a t i s -  
t i c  used  i s  o- ( 2 , ~ ,  -r + I s ) .  

Y 
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LONG-TERM STABILITY 

Long-term s t a b i l i t y  data  was taken f o r  3.75 days comparing NX-3 
w i t h  EFOS-2 and NP-2. The data  was taken a s  n e a r l y  cont iguous 
1054 second averages o f  t h e  two in tercornpar ison bea t  p e r i o d s  of 
t h e  5 MHz s i g n a l s  f r o m  t h e  masers,  Fo r  measurement puposes, NX-3 
was o f f s e t  approx imate ly  0.95Hz lower than  t h e  o t h e r  masers. The 
p e r i o d  counters  used t o  t a k e  t h e  da ta  were r e s e t  between read ings  
so t h e  dead t i m e  between t h e  data  and t h e  l a c k  o f  s y n c h r o n i z a t i o n  
between t h e  data  channels i s  on t h e  o r d e r  o f  1 second. I n  o r d e r  
t o  o b t a i n  a  d i r e c t  comparison of EFOS-2 and NP-2,  t h e  EFOS-2 
versus NX-3 and NP-2 versus NX-3 da ta  was d i f f e r e n c e d  t o  produce 
a d e r i v e d  EFOS-2 versus NP-2 channel o f  data .  The da ta  i s  
p l o t t e d  i n  F i g u r e  5 w i t h  f requency d r i f t s  removed and w i t h  
a r b i t r a r y  f requency o f f s e t s  so t h e  d a t a  can be compared on t h e  
same p l o t .  





To analyze the d a t a ,  a sliding Allan variance technique was used 
(D. Allan and J. Barnes, "A Modified 'Allan Variance' with 
Increased Oscillator Characterization Ability," 35th Annual 
Frequency Control Symposium, Philadelphia, 27-29 May, 1981). In 
our version of this technique, 2 consecutive frequency averages 
over N samples were generated by arithmetically averaging the 
first N consecutive samples and the next N consecutive samples. 
In general, arithmatic averages are not equivalent to the time 
averages normally used to generate the Allan variance. However, 
when the A1 lan fractional frequency deviate behaves as 7'  -'> where 
!- -> = 0, a time average is equivalent t o  an arithmetic average of 
smaller time averages for computing variances. This is true for 
the hydrogen masers under consideration for averaging times of 
100 seconds or greater (which can be verified a posteriori). 

The first estimate for the sliding Allan variance is then created 
by squaring the difference between these two consecutive 
arithmetic averages and dividing by 2. Succesive Allan variance 
estimates are generated by sliding each of the 2 consecutive 
averages by one 1054-second data point and by similarly 
differencing, squaring, and dividing the data by 2. This process 
is carried out until there are no longer 1054-second data pcints 
to create successive averages. Then, all the estimates are 
averaged to produce a single estimate. In summary, the formula 
used i s :  

2 1 N'  M + j - 1  2 M + j - 1  
5 ( " )  = T M T  . I yi - c yi. 

Y 
1 

j=1 i=j i = M + J  
( 9  

where N' = N-2M+1 and M is the averaging time in multiples of the 
averaging time of the original data y i .  

The advantage of using the sliding Allan variance technique is 
that it produces a better estimate of t h e  theoretical Allan 
variance, especially for small data samples. When the Allan 
fractional frequency deviate behaves as -r' where r_  .;-= -I the 
sliding technique produces a statistically better estimaie for 
the same number of ;amples. When the Allan fractional frequency 
deviate behaves as T where E- :- , the formal statistical 
advantage of the sliding variance tends to disappear, but the 
sliding variance still produces an estimate which is much more 
representative of an ensemble average for relatively small 
samples. For example, for quasi-periodic noise processes, the 
sliding variance averages over all phases of the process with a 
data sample only 3 times the quasi-period. Of course, one of the 
reasons this is true is that the sliding estimate technique is 
closer to the infinite time averaging used in theoretical 
definition o f  the Allan variance. 
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The conven t iona l  method f o r  e s t i m a t i n g  t h e  A1 l a n  va r i ance  y i e l d s  
a  f r a c t i o n a l  e r r o r  f o r  t h e  A l l a n  d e v i a t e  es t imate  g iven  by: 

when t h e  d i f f e r e n c e s  o f  t h e  average f requenc ies used t o  compute 
t h e  A l l a n  va r iance  a re  n o r m a l l y  d i s t r i b u t e d .  F  i s  t h e  number o f  
degrees o f  freedom and i s  g i ven  by: 

where NT i s  t h e  number o f  average f requency samples used t o  
compute t h e  A l l a n  var iance.  For t h e  s l i d i n g  average technique, 
(10) i s  used t o  d e f i n e  t h e  number o f  degrees o f  freedom. For t h i s  
technique, F i s  u s u a l l y  g r e a t e r  than it i s  f o r  t h e  conven t iona l  
method. As a wors t  case i t  i s :  

where r i s  t h e  averag ing t i m e  and T i s  t h e  t o t a l  e lapsed t ime  
f o r  t h e  s e t  o f  data .  Th is  worst-case va lue  o f  F i s  used t o  
es t ima te  t h e  e r r o r s  of t h e  s l i d i n g  A l l a n  va r iances  computed i n  
t h i s  r e p o r t .  

The r e s u l t s  o f  a s l i d i n g  A l l a n  va r iance  computat ion on t h e  EFOS-2 
versus NX-2 data, t h e  NP-2 versus NX-3 data, and t he  d e r i v e d  
EFOS-2 versus NP-2 da ta  a re  shown i n  Table  4. N o t i c e  t h e  
anomalously h i g h  va lue  i n  t h e  de r i ved  EFOS-2 versus NP-2 da ta  f o r  
1054 seconds. Th i s  i s  an a r t i f a c t  o f  us i ng  a  de r i ved  channel as 
opposed t o  a  d i r e c t l y  measured channel. Because t h e  f requency 
averages o f  t h e  d i f f e r e n c e d  channels a re  no t  comp le te ly  
synchronized, t h e  c o n t r i b u t i o n  of NX-3 t o  t h e  da ta  does n o t  
comp le te ly  cancel .  A r e s i d u a l  te rm i s  l e f t  of t h e  d i f f e r e n c e  of 
t h e  average f r a c t i o n a l  f requency o f f s e t  o f  NX-3 o f  t h e  same fo rm 
as Equat ion 7. When t h e  da ta  p o i n t s  a re  averaged over  N values, 
t h i s  NX-3 te rm ac t s  l i k e  a  w h i t e  no i se  term because o n l y  
f l u c t u a t i o n s  over 1054 seconds w i l l  c o n t r i b u t e  t o  t h e  N X - 3  
d i f f e rence .  Th is  means t h a t  the NX-3 c o n t r i b u t i o n  t o  A l l a n  
va r iance  o f  t h e  d e r i v e d  channel i s  reduced by  1/N f o r  t h e  longer  
averag ing t imes. Because t h e  EFOS and NP-2 c o n t r i b u t i o n s  t o  the 
A l l a n  va r iance  s t a y  t h e  same o r  ge t  worse as t h e  averag ing t ime  
i s  increased, t h e  NX-3 c o n t r i b u t i o n  t o  t h e  A l l a n  va r iance  ve ry  
q u i c k l y  becomes n e g l i g i b l e .  

A th ree-corner  h a t  es t imate  o f  t h e  A l l a n  va r iance  o f  each o f  t h e  
masers was r u n  on t h e  data.  For averag ing t i m e s  g r e a t e r  than  
52x1054 seconds, t h e  es t imated  var iance  o f  NP-2 became nega t i ve .  
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I n  t h i s  regime, t h e  EFOS-2 versus NP-2 da ta  i s  about h a l f  t h a t  of 
t h e  o t h e r  da ta  channels. It i s  obvious t h a t  b o t h  EFOS-2 and NP-2 
a re  more s t a b l e  than  NX-3 un less  EFOS-2 and NP-2 a re  moving up 
and down i n  f requency t oge the r .  Under t h e s e  c o n d i t i o n s ,  i t  i s  
apparent t h a t  t h e  th ree-corner  h a t  method a m g l i f i e s  t h e  sma l l  
d i f f e r e n c e s  between t h e  EFOS-2 versus NX-3 da ta  and t h e  NP-2 
versus NX-3 da ta  beyond t h a t  which i s  s t a t i s t i c a l l y  s i g n i f i c a n t .  
We have t h e r e f o r e  dec ided t h a t  u s i n g  t h e  th ree-corner  h a t  da ta  
would be mis lead ing .  I ns tead  we recommend t h a t ,  as a b e s t  
es t ima te  o f  EFOS-2's s t a b i l i t y :  

1. t h e  EFOS-2 versus NX-3 da ta  be used f r om 1x1054 t o  3x1054 
seconds. 

2. t h e  EFOS-2 versus NP-2 da ta  be used beyond 3x1054 seconds. 

BEST ESTIMATE OF EFOS-2 STABILTY 

F i g u r e  6 shows our  b e s t  es t ima te  of EFOS-2's f r a c t i o n a l  f requency 
s t a b i l i t y  f r om  1.054 seconds t o  153x1054 seconds. For  1 t o  100 
seconds t h e  sho r t - t e rm  s t a b i l i t y  es t imates  o f  EFOS-2 versus NX-3 
a re  used. For  1054 t o  3x1054 seconds t h e  long- term da ta  o f  
EFOS-2 versus NX-3 a re  used . Beyond 3x1054 seconds, t h e  
long- term da ta  o f  EFOS-2 versus NP-2 a re  used. 

FREQUENCY DRIFT OF THE MASERS 

The r e l a t i v e  d r i f t s  o f  t h e  masers de r i ved  from the long- term da ta  
a re  shown i n  Table 5. 

Table  5. R e l a t i v e  Frequency D r i f t  o f  t h e  Masers over  3.75 Days: 

Dur ing  t h e  p e r i o d  f rom January 14, 1983 t o  March 18, 1983 NP-2 
was moni tored r e l a t i v e  t o  UTC(USN0) v i a  LORAN-C, p o r t a b l e  c lock,  
t e l e v i s i o n  l i n e  10, and GPS r e c e i v e r .  A quad ra t i c  f i t  o f  t h e  
da ta  y i e l d s  a  f requency d r i f t  r a t e  r e l a t i v e  t o  UTC(USN0) of 
-6.55(8)~10-15/day. Us ing t h i s  va lue  and t h e  p rev ious  data, t h e  
f requency d r i f t s  o f  t h e  3 masers r e l a t i v e  t o  UTC(USN0) over t h e  
3.75 day measurement p e r i o d  were ca l cu l a ted .  The r e s u l t s  o f  t h i s  
c a l c u l a t i o n  a re  shown i n  Table 6. 





CLOCK READING DIFFERENCE ( NANOSECONDS ] 



Tab1 e  6. Frequency D r i f t s  o f  t h e  Masers Re1 a t i v e  t o  UTC(USN0) : 

PREDICTED LONG-TERM GROUP DELAY RESIDUALS 

Cl ock r e a d i n g  d i f f e r e n c e  (9/00) d a t a  between EFOS-2 and N P - 2  can 
be genera ted  by numeri cal l y  i n t e g r a t i o n  t h e  d e r i v e d  EFOS-2 v e r s u s  
NP-2 f r a c t i o n a l  f requency  o f f s e t  data.  The r e s u l  t s  o f  t h i s  
i n t e g r a t i o n  a r e  shown p l o t t e d  i n  F i g u r e  7 w i t h  a  q u a d r a t i c  
f u n c t i o n  o f  t ime  removed (average c l  ock r e a d i  ng, f requency 
o f f s e t ,  and f requency  d r i f t  removed). T h i s  f i g u r e  a l s o  
r e p r e s e n t s  a p r e d i c t i o n  o f  t he  expec ted  group del ay r e s i d u a l  s 
f r o m  a 3.75-day V L B I  r u n  u s i n g  EFOS-2 and N P - 2  when b o t h  a r e  i n  
thermal  chambers. 

One day r e s i d u a l  s were de t e r m i  ned f r o m  t h e  c l  ock  r e a d i  ng d a t a  by 
f i t t i n g  o u t  a q u a d r a t i c  f u n c t i o n  o f  t i m e  f r o m  one day s e c t i o n s  o f  
data  randomly chosen o u t  o f  t h e  3.75 days o f  data.  The r e s u l  t s  
o f  11 such random sampl es  are:  

T a b l e  7. P r e d i c t e d  OneDay  G r o u p D e l a y  R e s i d u a l s  w i t h  
Q u a d r a t i c  Pol ynornial s Removed 

RMS RESIDUAL = 83(50) p s  



QUESTIONS AND ANSWERS 

MR. WALLS: 

Fred Walls, N.B.S. Victor, I don't understand how you get eleven data 
points from three-and-a-half days worth of data. They are certainly not 
independent and to do RMS on that gives a very misleading answer if you 
are trying to say you have 83 picoseconds. I don't believe it. 

MR. REINHARDT: 

No, they are not independent and the purpose of picking 11 points is to 
make them not independent. 

MR. WALLS: 

What do you mean, you only have three and one-half days worth of data, 
how can you get 11 - you can take different sets. 

MR. WINHARDT : 

What we attempted to do there in picking more than three samples, from 
three-and-a-half days of data is to randomize the starting point of the 
data relative to the data, its equivalent to doing the modified Allan 
variance. When you have data with very strong correlations, if you pick 
a certain starting point, your data is very susceptible to the phase of any 
fluctuation relative to your starting point; and to get a better measurement 
of the average data over that period, what we did, we took random samples of 
uncorrected data, perform the one day fit. 

MR. WALLS: 

Yes, but I think that's only reasonable if you say its stationary and its 
white, and you can't prove that either is true on such a short data set. 
1 don't think it is a reasonable analysis. 

MR. REINHARDT: 

No. The error bars are just recorded there. We didn't take the fluctuations 
for 11 points and divide them by the square root of n. 

MR. WARD : 

Have you any idea about what the coupling mode was? 

MR. REINHARDT: 

Coupling mode for what? 



MR. WARD : 

Why was it c o r r e l a t e d ?  

MR. RE INIIARDT : 

What w e  are t a l k i n g  abou t  i s ,  i f  you t a k e  one  day samples o u t  of  t h r e e -  
and-a-half d a y s t  d a t a ,  and t a k e  more t h a n  three-and-a-half  samples ,  i t  w i l l  
overlap i n  t h e  samples ,  The d a t a  i s  c o r r e l a t e d ,  b u t  t h e  method 1 a m  u s i n g  
h e r e ,  i s  e q u i v a l e n t  t o  u s i n g  t h e  modif ied  A l l a n  v a r i a n c e ,  you a r e  g e t t i n g  
b e t t e r  u s e  of your  d a t a  by b a s i c a l l y  s l i d i n g  your one day  sample a c r o s s  your  
measurement: i n t e r v a l  r a t h e r  t h a n  t a k i n g  s u c c e s s i v e  samples .  And what I 
found i n  t h e s e  l o n g  term d a t a  w i t h  v e r y  low f r equency  t e rms  you have t o  be 
ex t r eme ly  c a r e f u l  because ,  by chance ,  you may j u s t  p i c k  a  phase  of  t h e  d a t a  
such  t h a t  your e r r o r s  c a n c e l .  I h a v e n ' t  been a b l e  t o  q u a n t i f y  t h i s  y e t ;  
b u t  t h i n k  Dave Al lan has  done some work on t h i s .  I have  b e t t e r  conf idence  
i n  t h e  s l i d i n g  A l l a n  v a r i a n c e  f o r  d a t a  t h a t  i s  n o n - s t a t i c n a r y  t h a n  I do w i t h  
t h e  c o n v e n t i o n a l  way of  t a k i n g  t h e  A l l a n  v a r i a n c e  because  of  t h e  s l i d i n g  
method. It a v e r a g e s  ove r  a l l  phases  o f  t h e s e  random p a t t e r n s  much b e t t c r .  
1 h a v e n ' t  found a way t o  q u a n t i f y  t h a t ,  b u t  i t  produces  a b e t t e r  r e s u l t  and 
i t ' s  more t y p i c a l  o f  an a v e r a g e  r e s u l t .  

MR. ALLAN: 

D r .  Barnes  h a s  gone th rough  and looked a t  t h a t  q u i t e  c a r e f u l l y ,  and i n  f a c t ,  
you do g a i n  q u i t e  a b i t  by t h e  o v e r l a p p i n g  e s t i m a t e  as i t  i s  sometimes c a l l e d .  
I t h i n k  X under s t and  what you a r e  d o i n g ,  V i c t o r .  And t h e  o n l y  problem I 
have  w i t h  i t  i s  t h a t  what we a r e  a d d r e s s i n g  i s  a  non-white p r o c e s s  f o r  t h e  
VLRI peop le .  1 t ' s  t h e i r  need ,  t h e y  want cohe rance  ove r  t h e  t r a c k i n g  t i m e ,  
I t h i n k  you j u s t  have  t o  do what you have  t o  do t o  s a t i s f y  t h e i r  need .  
I t ' s  a v e r y  r e a s o n a b l e  approach.  

MR. REINHARDT: 

B a s i c a l l y  t h e y  are u s i n g  a s t a t i s t i c  t h a t  i s  meant f o r  s t a t i o n a r y  p r o c e s s e s  
t o  d e s c r i b e  a n o n - s t a t i o n a r y  p r o c e s s .  They want t h e  r e s u l t  o f  t h e  RMS 
r e s i d u a l  of  a one-day run .  T h a t ' s  what t h e y  want t o  know. So what we a r e  
do ing  by p i c k i n g  random samples ,  we j u s t  d i d n t t  have a n  a l g o r i t h m  a t  t h a t  
p o i n t  t o  s l i d e  t h i n g s  o v e r .  I t ' s  e q u i v a l e n t  t o  t h e  s l i d i n g  A l l a n  v a r i a n c e .  
I t ' s  e q u i v a l e n t  t o  t a k i n g  a Leas t  s q u a r e s  f i t  a t  t h e  s t a r t  of  t h e  d a t a ,  
g e t t i n g  a n  e s t i m a t e  f o r  t he  r e s i d u a l  a f t e r  do ing  o n l y  a  one-day f i t  on t h e  
d a t a ,  and t h e n  s l i d i n g  t h e  d a t a ,  and j u s t  a v e r a g i n g  t h i s  f i t .  It c e r t a i n l y  
g i v e s  you no worse  r e s u l t  t han  t a k i n g  sequences ,  and I have  c o n f i d e n c e  t h a t  
t h i s  g i v e s  a b e t t e r  r e s u l t .  F la themat ica l ly  f o r  f l i c k e r  of  f r equency  n o i s e  
o r  worse i t  g i v e s  you no b e t t e r  r e s u l t .  But  1 have  b e t t e r  c o n f i d e n c e  t h a t  
i t  i s  more t y p i c a l  of  an a v e r a g e  e r r o r  t h a n  i f  I had j u s t  t aken  t h r e e  
samples  o u t  o f  the d a t a .  



MR. KlJHNLE: 

JPL. Victor, what do you think the temperature coefficient might have 
been on the maser if the air flow had been considerably Lower, like in 
a room? 

MR. REINHARDT: 

A l l  I can do is quote what I've been told. Oscilloquartz people told me 

they got on the order of 5 in 1014 in Switzerland. They remeasured that 
14 o at NRAO and got on the order of 6 in 10 per C. Maybe the Oscilloquartz 

people want to speak for themselves at this point. 

MR. BUSCA: 

Oscilloquartz. The temperature coefficient is something which should be 
defined in a more accurate way, in the sense that the data you get depends 
on how you measure the temperature coefficient itself. We make the test 

0 simply by raising the room temperature by 1 C, in a similar way is doing 
-14 o Bob VEssot, and we measured before shipping the maser a value of 10 / C. 

That was the last measured value. When we talk about a maser with an 
aluminum cavity as we are, people immediately said "This is not for a 
maser, because there is a problem of frequency sensitivity with temperature." 
We feel that if you put the maser in a big room and change the total room 

0 temperature by 1 , the time constant is on the order of 12 hours of the 
maser, and the final temperature coefficient under this condition is on 

-14 o the order of 2x10 / C. 

DR. WINKLER: 

I think this is very true, and in other words. Temperature coefficients 
of such systems are senseless and should not be specified in this way. 
What you should give is the step response of the system. The step 
response is a transient which may end without any displacement of the 
frequency after 24 hours or 36 hours. The question of the step response, 
one should measure it differently. By making a single step, you depend 
on air temperature, air flow, heat conduction and all of these things. 
What we should do. Expose the maser to a psuedo-random sequence of 
temperature changes + and - one degree and after 3 to 5 weeks you cross- 
correlate. Then the random variations will be suppressed and systematic. 
The effect of the temperature will be available and you get a very clean 
step response to temperature. The simple temperature coefficieni as it 
is,usually given is too simplistic a concept and leads into trouble. 



MR. REINHARDT : 

What muddies t h e  wa te r  even  f u r t h e r ,  i s  t h a t  we a r e  d e a l i n g  w i t h  non- 
s t a t i o n a r y  n o i s e  p r o c e s s e s  and t h e s e  wa l l  c o e f f i c i e n t s  assume these 
t h i n g s  a r e  r e p r o d u c i b l e .  The problem i n  t h e  l a b  i s  that: when you make 
t h e  measurements ,  t h e y  a r e  n o t  r e p r o d u c i b l e .  When t h e  d e v i c e  does  n o t  
r e t u r n  t o  t h e  same f r equency ,  what do you do? There a r e  o t h e r  c a s e s  
l i k e  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 .  You g e t  t w o  c o e f f i c i e n t s  , 
an  a d i a b a t i c  and a n  i s o t h e r m a l ,  because  depending on how f a s t  t h c  
p r e s s u r e  i s  changed,  you g e t  d i f f e r e n t  r e s u l t s .  We have  d e f i n i t e l y  seen  
t h e s e  e f f e c t s  i n  masers .  JPL saw t h i s  a s  a secondary  t empera tu re  e f f e c t .  
T h i s  problem o f  c o e f f i c i e n t s  i s  much more s u i t e d  t o  d e v i c e s  which a r e  
s t a t i o n a r y .  I t ' s  a problem we have  t o  l i v e  w i t h .  

DR. VESSOT: 

I want t o  clear t h e  r e c o r d .  We pu t  o u r  equipment i n  a box w h i c h  w e  made 
o u t  o f  r a t h e r  poor i n s u l a t i n g  m a t e r i a l  and we have a r a t h e r  s u b s t a n t i a l  
f a n  blowing t h e  a i r  w i t h i n  t h e  box f o r  t h e  t e s t s  t o  make s u r e  w e  do n o t  
have  t empera tu re  g r a d i e n t s  from above and helow.  his i s  a  blower of  
c o n s i d e r a b l e  s i z e ,  no t  a c a s u a l  mot ion  t o  t h e  a i r .  

The q u e s t i o n  o f  c o e f f i c i e n t :  i t  i s  c l e a r  t h a t  t h e r e  a r e  many t h i n g s  t h a t  
will move. W e  have  found t h a t  i f  we make a  sudden s t e p  t e m p e r a t u r e  
change which we u s e  i n  a n  a t t e m p t  t o  d i a g n o s e  what i s  go ing  on ,  t h a t  i n  
t h e  e a r l y  phases  of  t h e  change,  we s e e  a change i n  f r equency  which moves 
r a t h e r  r a p i d l y  and has a p l u s  s i g n .  We a s s o c i a t e  t h a t  w i t h  a phase change 
w i t h i n  t h e  r e c e i v e r  sys tem i t s e l f .  h d  t h e n  t h e r e  i s  a  v e r y  l o n g  change 
c a r r i e d  on  f o r  6 t o  8 h o u r s ,  which w e  t h i n k  i s  e f f e c t i n g  t h e  maser i t s e l f .  
The comments by D r .  Winkler  as a manner of g e t t i n g  th rough  t h e  n o i s e ,  a 
m a t t e r  o f  coherency d e t e c t i o n ,  i s  c l e a r l y  t h e  o n l y  way t o  g e t  t h rough  i t .  
But ,  I must recommend t h a t  t h e s e  s t e p  s i z e s  be  l o n g  enough t o  r e p r e s e n t  
t h e  long-term s t a t i o n a r y  end p o i n t  b e h a v i o r  of  t h e  maser .  'l'his i s  one 
manner of  d e s c r i b i n g  i t .  I f ,  on t h e  o t h e r  hand,  we a r c  i n  a room where 
t h e  t e m p e r a t u r e  f l u c t u a t e s  r a t h e r  r a p i d l y ,  t h e n  t h i s  o t h e r  term will 
depend on  i t .  So I t h i n k  you have  t o  s e t  up s o r t  of  a  Green ' s  f u n c t i o n  
approach,  t o  s a y  what i s  t h e  r e s p o n s e ,  and t h e n  you go and a s k  what i s  
t h e  s t i m u l u s  of t h e  room and t h e n  f o l l o w  th rough  t h a t .  It i s  n o t  e a s y  
t o  do. The b e s t  t h i n g  t o  do i s  make them a s  immune a s  p o s s i b l e  and s t o p  
worry ing .  

MR. PETERS: 

h comment, t h a t  h a s  n o t  been p r o p e r l y  brought  o u t  v e t .  The thermal  
c o n t r o l  system, t h e  the rma l  g a i n  i s  h i g h l y  dependent  upon t h e  i n s u l a t i o n  
q u a l i t y - c o n d u c t i v i t y .  T h i s  is  h i g h l y  dependent  on a i r  f l ow when you a r e  
t a l k i n g  abou t  a tmosphe r i c  conduc t ion  and c o n v e c t i o n .  Your t i m e  c o n s t a n t  
i s  a c t u a l l y  a measure of  t h e  change i n  the rma l  c o n d u c t i v i t y  which you have  
c r e a t e d  and which changes  your  nominal  t he rma l  g a i n .  So t h a t  i t  p o i n t s  
o u t  t h a t  one  p robab ly  wants  t o  u s e  a minimal o f  a i r  f l o w  o r  a t  l e a s t  some- 
t h i n g  t y p i c a l  o f  t h e  s i t u a t i o n  where you a r e  go ing  t o  u s e  t h e  maser .  



- 

If you put a rapid flow in, you are throwing in rapid and untypical. 
changes. You are also changing the actual value because the thermal 
gain depends on this very strongly. In this case it could be a factor 
of 2 or something like that. 

MR. REINHARDT: 

A comment on what Bob Vessot sald. You can see in this data, unfortunately 
we had to truncate it because w e  were under a time limit. I would love to 
let the maser sit here for 3 days. There were clearly 2 time constants 
here and that further complicates the issues, especially in hydrogen masers. 
You get short time constants, long time constants, the coefficients in 
some masers cancel, they add in others and you clearly, if you do t.his 
right, you have to do what D r .  Winkler does, but even more so than a 
step change, probably a square wave function and sweep the changes. 
You have to fully characterize the response. 

DR. WINKLER: 

Excuse me. I did not make myself clear. You expose the maser to a 
psuedo-random sequence of steps and they contain, or should contain all 
frequencies, even very low ones, so you are picking up the transient 
response of the system, which includes the response to all frequenc:ies. 
That is the only way to describe a system response, proper ly .  

MR. REINHAXDT: 

I see, you make random steps in time. 




