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ABSTRACT 

The accuracy of geodstic and  astrcnetric 
information c h t a i n e d  f r o m  v n r y - 1 . o ~ ~ ~ - b a s e l i n e  
interferometry ( V L D I )  n b s e r v a t i o n s  is de- 

L L I k  f rccl_ilellcy pendent  upor; tile s tai ; l i .Lty zf -*. 
standard, or c lock ,  use.3 at ezch site of a 
VLBI  a r r a y .  The sensitivities of twc hydro- 
gen-maser frequency s t i lndaras  of cli-:"fe ,, r e n t :  
des ign  to prcssurc, t c ~ n p e r a  t-zr,?, ard  : n a p e t i c  
field variations weye neasured and, f o r  one 
of the s t a n d a r c l s ,  foilnd to be s?vere enouqh 
to deqrade t h e  i n f o r ~ t a t i o r i  zr?:~tenr of VLi31 
measurements. F!oweTzcr . t52 e f f e c t  or, the 
geometric and astrcmetric i n f o r m a t i o n  of 
s u c h  clock instabilities, w i t h  time sca l e s  
of hours or greater, zan be s h a r p l y  reduced 
through t h e  u s e  of differencing techniques. 

INTRODUCTION 

Very- lo r -g -base l i~e  i r - k e r f e r n m e t r y  i VLBIl 77\35 nzcle possible 
by th2 dzvelcprnent in t h ~  1350's and i96U's of h i y h -  
stability f r e q ~ e n c y  s tan i ia rds .  3 s t a h ~ i i - l y  cf ak,out 1 part 
in 1012 was ne~dzd, for exarnplz, to c',etc"ct rriany z x t r a g z l a c -  
t i c  sources when VLBI observations Kcrc maZe at a radio 
frequency of 1 0  G 3 z  u s i n g  the so-cs l ic2  ' lark 1 recordinp 
system. The higher  s t a b i l i t y ,  L T ~  -L3 a h c l ~ t  1 p z ~ t  ill 10' 
for time seal-es f r o m  ahout 1000 secc7ds 7s a d a y ,  ~f hy- 
drogen-maser standards was ~ ~ s e f u l  f o r  corr:birlinq t b e  r e s u l t s  
from a s e t  of p a i r s  c;f t h e s z  three-rr.i.n72te : k i rk  I recojr-dings 
(each an !'observation" j tc deterrnir-a ;curcE. - o s i t i a n s ,  
baseline vectors ,  polar xc t i . on ,  an2 -; ;ari-l t io;~s in t h e  rate 



of rotation of the earth (see the review article by P. Ben- 
der in thesc Proceedinys for references). If hydrogen- 
maser standards are used that do n o t  m e e t  such a per- 
formance criterion, then the effects on the astrometric 
and geodetic results of lcng-term instabilities can be 
minimized by the use in the data analysis of the differ- 
ences of the results of observations, made in rapid suc- 
cession, of sollrces in widely s c p ~ r a t e d  parts of the sky. 
With the u s e  of such a technique ic situations in which 
signal-to-noise ratios arc not a 1 - k m i t i n g  factor. the 
contributions of the frequency-standard instabilities to 
the uncertainties in the astrametric and geodetic quan- 
tities are, in good approxir,~ation, proportional to 

[02  (TI + o 2  1 1/2 
1 2 

where o? ( T )  i s  the so-called Allan variance1 for the £re- 
1 quency standard at Site i, and TI assumed constant, is 

+he time interval between adjacent observations. 

In the remainder of this paper we describe the results of 
a study to evaluate directly the performance of two hy- 
drogen-maser frequency standards, of different design, 
that have teen used in VLBI experiments. The main empha- 
sis was on the sensitivity of thesc standards t~ changes 
in environmental conditions such as ternperatu~e, pressure, 
and magnetic field. 

EVALUATION OF FREQUENCY STANDARDS 

Two hydrogen-maser frequency standards -- a VLG-10-P2 
built by the Smithsonian Astrophysical Observatory and an 
NP-3 built by the Goddard Spase  Flight Center -- were 
operated in separate environments. One of the masers w a s  
placed in the standards' room of the Haystack Observatory 
and t h e  other i n  a special room at the Wzstford communi- 
cations antenna, about 1.2 k m  distant. The environment 
at Haystack is well controlled in temperature (to within 
0.2OC),  but unshielded from variations in magnetic field 
and atmospheric pressure. The environme~t at Westford is 
similar t o  that at Haystack except the pressure, tempera- 
ture, and magnetic f i e l d  can be changed and controlled 
within c e r t a i n  limits. 

The s i g n a l s  from the naEers were intercompared at Westfosd 
with a phase comparator and the results recorded digitally. 
Variations in the electrical path o - f  t h e  cable carrying 
the signal f r o m  the standard a t  Haystack to Westford were 
nullified by the use of the reflected s igca l  to servo- 



control a mechanical "line stretcher". Figure 1 shows the 
curves for the square root of the A l l a n  variance for var- 

! 
ious averaging times both for the maser comparison and for 
the measurement system itself, the conparator and associat- 
ed cables. (Alsa shown are intercomparisons carried out 

I 

earlier between the VLG-10 and both a Model IIP-.5065A r u -  
b i d i u m  standard and an o l d  Model H10-1 hydrogen maser in 

: rather poor condition.) During periods when the atrnaspher- 
ic pressure rernai-ned nearly constant, a relative stability 
of 5 parts in 1 0 1 5  was observed. Figure 2 shows the com- 
parison between the time kept by the two standards during 
such a period of e x c e p t i o n a l  stability. Tests made by 
changing the temperature, pressure, and magnetic field show 
that the hydrogen-massr standards exhibit appreciable sen- 
sitivity to their environment as indicated by the entries 
in Table 1. For VLBI, the most detriment-a1 of these is 
the large sensitivity of the f r e q u e n c y  of the signal from 
the VLG-10 maser to variations in atmospheric pressure. A 
pressure coefficient of -3.5 ? 0.2 x lo-13 per inch of mer- 
cury !" Hg) w a s  found f o r  the VLG-10  maser from an analysis 
of t h z  data obtained by modulation of the pressure by 0 . 1 5 "  
Hg at +he Westforc site. (In particular, the pressure co- 
efficient was obtained by cross correlation of the measured 
frequency changes with the measured pressure changes.) The 
base plate of the bell jar i r l  the VLG-10 maser is apparent- 
ly not safficiently decoupled from t:he cavity to prevent 
pressure variaticns f rbn affecting the cavity resonant fre- 
quency and shifting the frequency of the siqnal from the 
maser. Tests made ia a barometric chamber2- yielded a co- 
efficient of -4.3 x I O - ' ~ / ' " H ~ .  Figure 3 shows the £re- 
quency variations produced by variations i n  the atmospheric 
pressure during the passage of a wcaizker "front". The 
p r e s s u r e  coefficient derived by cross correlaticn Erom 
these atmospheric changes is -6 s 10-'"/"l-ly and is con- 
siderably larger than that obtained from modulation of the 
pressure at Westford. This comparison suggests t h a t  the 
NP-3 maser might have a posi t . iue  pressure coefficient; how- 
ever, separate testa co;iducte=i with thc ma.ser  locations i n -  
terchanged have shown that the NP-3 maser has a pressure 
coefficient less than 4 x 1 0 - l ~ / " ~ ~ .  The differences be- 
tween the ccefficients obtained for the 'J I ,C--10 maser may 
be explained by the presecce of mechanical hysteresis or 
by some nan-linear behavior. Other e v i d e n c c  for such be- 
havior comes from the observation that the frequency of 
the signal from the VLG-10 maser does n o t  f o l l o w  the pres- 
s u r e  modulation smoothly ;nd often jumps in frequency when 
the atmospheric pressure change reverses in sign, as can 
be seen i n  F i g u r e  3 .  



CONCLUSION 

The appreciable environmental sensitivity of some hydrogen- 
maser frequency standards used in V L B I  experiments can 
severe ly  limit t h e  i n t e r p r e t a t i o n  of VLBI  measurements un- 
less a suitable differencing technique can be employed. 
Although frequency stability of a f e w  p a s t s  i.n lo1' can  
somet imes  be a t t a i n e d  with hydrogen-maser standards, their 
performances are often degraded by more than an order of 
magnitude by changes i n  the environment. If these s t a n -  
dards can not be made insensitive to the environment, it 
may be necessary to c o n t r o l  c a r e f u l l y  the temperature, 
pressure, and magnetic f i e l d  in their victnity in order 
to use them mast effectively in VLBT experiments. 
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Figure 1. Relative stability of different frequency standards observed 

during periods of near-constant atmospheric conditions. 
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QUESTION AND ANSWER PERIOD 

MR. TEWKSBURY: 

On your frequency offset through the atmospheric change, you have both masers 
in the atmospheric pressure or  was one held a t  a constant pressure in a test 
chamber? 

DR. WI-IITNEY: 

One of the masers was held in an atmospheric pressure at  about two-tenths of an 
inch of mercury above the other. That is ,  the one in the pressure radome had 
about two-tenths of an inch of mercury offset, which is the pressure required to 
keep the radome inflated. 

MR. TElWKSBURY: 

Well then, effectively both units experienced the variation in atmospheric pres-  
sure simultaneously? 

DR. WHITNE Y :  

Yes, that's correct. 

DR. HELLWIG: 

If you don't design the maser correctly, you will have pressure effects; i f  you 
do i t  correctly, you will not have pressure effects. So I want to lake out the 
notion that it is a fundamental effect associated with hydrogen devices. 

DR. WHITNEY: 

Yes, I should have made that point. In fact, wc like to joke that we have the 
most expensive barometer of anybody around. 

DR. WINKLER: 

There is another comment that even better baromctcrs arc  Rubidium shnd:lrds, 
and I wondered whether you have kept that in mind '? 



DR. WHITNKY: 

Well, we$e awarz of that, but investigation has not proceeded to that point yct. 

DR. REINHARDT: 

I just want to add to Dr. Hellwig's statement. In all fairness to Bob Vcssot, 
who i.s not here, he has detected that problem and has removed i.t in his latest 
model maser. 

DR. WINKLER: 

But I think that one can generalize that i t  is extremely dangerous to draw far 
reaching conclusions from the investigation of just a few individual frequency 
standards. When I saw the first plot, the old V-10, my f i rs t  inclination was to 
say, "Wcll, well, hydrogcn masers  a r e  not that bad. Sometimes an individual 
frequency standard, cesium or  rubidium standards, simply will have a problem, 
and I think all of these applications which we hear this morning a r e  trying to 
extract the very best performance. So let's be very careful not to generalize 
too much. I think that's a problem which also can be shown extensively by the 
8 frequency plots of super cesjum around the corner here, which indicate that 
these a r e  to be taken a s  individuals, and a generalized performance statement 
a s  rcquircd by systems designers ought to insert thc factor of caution of at 
least 10  o r  maybe a hundred. 

DR. ALLEY: 

The implication of Dr. Reinhardt's remark is that i t  was probably in the Smith- 
sonian maser rather than the NP3. 

DR. WINKLER: 

I should answer that, really. 

It was known to Dr. Vessot that duc to a peculiar design a.ccident that particular 
model had a very high pressure sensitivity, but that is by no means to be under- 
stood as intrinsic to the hydrogen maser. 

MR. ALLEY: 

In fact I want to draw attention to the proper design of the N P 3  in this respect. 



DR. WHITNEY: 

I think Harry Peters could probably a,nswer that better. From what I know about 
the N P 3  design it has bcen isolated from the belljar and probably it would be 
much less of an effect in NP3. 

MR. ALLEY: 

That is what I wish to bring out. 

DR. WHITNEY: 

I would like to makc a comment that I did not make any judgment a s  to which, if 
either, of the masers might be mis-performing. Wc know and a r e  well aware of 
some of the problems that Bob Vessot had encountered but, on the other hand, 
we have to do some more expcrimenhtion. In particular, wc llavc to do the 
differential pressure measurements between the two masers and thcn swap them 
around and put the other one in thc pressurized rantlome and kccp the other one 
outside and do more experiments before we can say that one of them is free of the 
effect totally and that the other is fully to blame. We're not prepared to make a 
judgment on that this morning. 

MR. STEIN: 

In VLBI you're operating in two different pressure areas unless you isolate your 
pressure. Are you planning experiments in that type of thing whcre one is in 
Australia and another one is in Goldstone, for examplc? 

DR. WHITNEY: 

Well that type of experiment ccrtajnly is anticipated. I think that, a s  has been 
indicated, masers  can bc desjgncd so that they a r e  insensitive o r  ncarly inscn- 
sitive to ambient pressure changcs. In any case, pressure changes a r e  generally 
slow and smooth and can be characterized o r  solvecl for  in a paramcterized way 
in the solution which ultimately has to be done to get baseline and source positions. 




