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In 1983, two VLG-11 masers were delivered to the U.S. Naval Observatory hy the 

Smirhsonian Astrophysical Observatory. Last year the short-term stability o f  

these masers was reported and the effect of this short-term stability on 

timekeeping performance was discussed by G.M.R.Winkler . rll Slncc the datc of 

installation, 13 September 1983, data on the masers' long-term performance havn 

been accumulated. Figure 1 from reference [I] shows the Allan variance, u ( r ) ,  

of the relative frequency between the masers. This variance reaches a minimum 

of about 4 parts in 1016 at averaglng times of 5 x 1 0 L  seconds and rises at longer 

averaging times due, at least partly, to systemaric frequency drift. 

1 df In this paper we discuss the systematic frequency drifts, expressed as - ----  
f dt 

and given in units of fractional frequency difference per day. 

1 df , 
Figure 2 is a plot of - - In units of 1015 per day versus calendar day 

f dT 

starting in September of 1983 and continuing through October of 1984. Table : 

I s  a chronology of actlvlty involving SAO VLG-11 masers P18 and P19. 



TABLE 1 

CHRONOLOGY OF VLC1-11 MASER ACTIVITY AT U. S .N .O 

13 Sept. 19B3 P ~ w a r  to tnaser:~ t u r n e d  o f f  a t  SAO. 
M ~ s e r s  shjppad t o  t h e  U.S.N.O. by t r u c k .  

14 Sept. 1983 Masers  a r r i v e  a t  :.S.N.O. Power t u r n e d  on 
- -  both mase r s  oscillating. PI9 degaussed  

22 Sept. 1983 A£/£  (PI.8-IITC l iSNO) = -1.13~10'~ 
Af/f (P19-UTC USNO) = 0.93x101' 
A f / f  (p18-lylg) -2~1013 

(This, with s y n t h e s i z e r  set a t  1420405751.68700, 
whickr was o u r  b e s t  estimate f o r  UTC a t  SAO 
v i a  Loran "C" .  Our p r o b a b l e  error i n  UTC 
is f5x1013.) 
Conc lus ion :  Shipment d i d  n o t  a l t e r  t h e  c a v i t y  
f r equency  s i g n i f i c a n t 1  y  . 

26 Sept. 1983 Both P I 8  and P17 were t u n e d .  
A f t e r  t u n i n g  Af/f  (P19-P18) = 0.llxlO-l3 
Maser c a v i t y  f r equency  s h i f t  was found t o  have  
been a s  f o l l o w s :  

Af, (P18) = + 40.1 IIz . , Af, (P19) = t24.68 Hz 

27 O c t .  1983 Af/f (P19-P18) = 3.03 x 
A f t e r  t u n i n g  P19 Af/f (P19-P18) = 2 . 0 8 ~ 1 0 - ~ ~  
4 f , ( P 1 9 )  = i 3 4 . 5 5  Hz. 

30 J a n .  1984 Af/f (P19-P18) = 3.9~10." 
A f t e r  t u n i n g  P18 and P19 Af/f (P19-P18) = 0, 8x10-l3 
4fc(P18) = t28.9 Hz, Afc (P19) = t59.2 Hz. 

27 Feb. 1984 Power o f f  PI8 f o r  s e v e r a l  hours f o r  i n s t a l l a t i o n  
of U.S.N.O. Master  Clock System. 

24 Mar. 1984 Power o f f  PI9 f o r  several hours f o r  i n s t a l l a t i o n  
o f  U.S.N.O. Maser Clock System. 

10 May 1984 P19 a u t o m a t i c a l l y  t uned  u s i n g  U.S.N.O. System 
Afc  (P19) = *46.4 Hz. 

16 May 1984 - A f / f  (P1.9-F18) = -0.6~10 " 
A f t e r  t u n i n g  PI8 Af/f (P19-P1B) = +2.4xlO-N 
Afc(P18) = +25.4 Hz. 

From the  d r i f t  r a t e  p l o t  shown I n  F l g .  2 ,  w e  s e e  t h a t  t u n i n g  t he  masers  had 

no a p p a r e n t  e f f e c t  on the drift r a t e .  From the ch rono logy  w e  see t h a t  t h e  

c a v i t y  r e s o n a t o r  f r equency  of both PI8 and P19 r e q u i r e d  s y s t e m a t i c  f requency 



c o r r e c t i o n s  t o  l o w e r  f r e q u e n c i e s .  The c a v i t y  f r e q u e n c : ~  s h i f t s  o b t a i n &  f r r i m  

t u n i n g  d a t a  a r e  shown i n  F i g .  3 .  From t h e s c  d a t a  a n d  o u r  knowledgo o f  t h e  l i n r :  

Qs o f  the m a s e r s  w e  c a n  p r e d i c t  a n  a v e r a g e  d r l f t  r a t e  o f  t h e  maser- o ~ i t p u t  

f r e q u e n c y .  F o r  FI.9 wm have 7x10-l5 p e r  d a y  and  f o r  P I 0  w e  h a v e  4x10-Is p e r  d a y ,  

b e t w e e n  S e p t e m b e r  1983 and  A p r i l  1984. T h i s  1s i r l  r e a s o n a b l y  good agreement.  

w i t h  d r i f t  d a t a  i n  F e b r u a r y  1984,  when P19 d r i f t s  + 9 ~ 1 0 ~ ~  p e r  d a y  and  P l r 3  

d r i f t s  4x10-l5 p e r  d a y .  The m l s t u n i n g  r a t e  u f  the ~ d v i t y ,  i f  a s c r i b r d  t o  a 

c h a n g e  i n  axial l e n g t h  o f  t h e  c y l i n d r i c a l  c a v i t y ,  r e q u l r p s  a  c h a n g e  o f  l cnq t -h  

A t  A! 
f o r  PlB, = - 1 . 9 ~ 1 0 - ~  cm/day and  f o r  P l 9 ,  A?- = - 3 . 8 ~ 1 0  cm/day . 

AT AT 

To r e l a t e  t h i s  s c a l e  o f  d i m e n s i o n s  t o  s o m e t h i n g  v e r y  s m a l l ,  w e  n o t e  t h a t  a 

h y d r o g e n  a tom h a s  a d i a m e t e r  o f  a b o u t  cm. From t h e  d r i f t  b e h a v i o r  and  

c a v i t y  f r e q u e n c y  m e a s u r e m e n t s  w e  n o t e  t h e  f o l l o w i n g :  

1. The  f r e q u e n c y  c h a n g e  o f  t he  c a v i t y  Ls the dominant. e f f e c t  

a n  t h e  maser -s '  f r e q u e n c y  

2 .  The e a r l y  d r t f t  r a t e  a p p e a r s  more s e v e r - e  t h a n  t-he l a t e r  d r l f t  

a n d  t h e  o v e r a l l  d r l f t  r a t e  s e e m s  t o  b e  a s y m p t o t i c a l l y  a p p r o a c h i n g  z e r o .  

The p r o p e r t i e s  of  u l t r a  stable m a t e r i a l s  a n d  t h e  b e h a v i o r  o f  o p t i c a l l y  

c o n t a c t e d  s u r f a c e s  i n  o x t r e m e l y  s t a b l e  m a t e r i a l s  h a v e  b e e n  d e s c r i b e d  b y  S . F .  

~ a c o b s r ~ l  from o b s e r v a t l u n s  made u s i n g  a n  i o d i n e  s t a b i l i z e d  l a s e r  to m e a s u r r  

l e n g t h  c h a n g e s .  

F i g u r e  4 ,  r e p r o d u c e d  from r e f e r e n c e  2 ,  shows t h e  s e t : t l i n g  o f  o p t i c a l l y  

c o n t a c t e d  s u r f a c e s  I n  v e r y  h l g h  s t a b i l i t y  m a t e r i a l s .  The  c a v l t y  c y l j n d n r  arid 

e n d  p l a t e s  o f  t h e  SAO V L G - l l - s e r i e s  m a s e r s  a r e  made o f  C e r - V l t  ~ 1 0 1 ~ .  A f t e r  

b e i n g  g r o u n d  t o  s h a p e  t h e y  e r n  stress r a l j e v e d  b y  hei .ng e t c h e d  i n  t h e  s u r f a c n  

m l c r o c r a c k s  r 3 1  c r e a t e d  i n  t h e  g r i n d i n g  p r o c e s s .  The matl.nq s w r f a c e s  a r e  t h e n  

o p t i c a l l y  p o l i s h e d  a n d  t h e  c a v l t i e s  a s s e m b l e d  u n d e r  c l c a n  c u n d l t i o n s  s o  tha t -  



white light fringes are observed over the circumference of the joints between 

the cylinder and the endplates. 

The cavities were ass:mbled In May of 1983, and It is llkely that the 

settling of the end plates was still in progress during late 1983, and early 

1984. The settling behavior we observe with the polished surfaces of these 

cavities is at a much smaller rate than the previously observed settling 

behavior of cavity joints that were made with surfaces ground tn a roughly 16 

micro-inch finish. The settling rate was about 1 r.m.s. surface roughness 

distance in the first 40 days. The present surfaces are at least 10 times 

smoother and flatter, and the amount of inltial mlstuning after assembly has 

been substantially reduced. 

The long-term dimensional behavlor of structures made of extremely high 

stabllity materlal can be described in terma of - : f ,  the "creep rate". 

Measurements of creap were made by S.F. .JacobsE21 in terms o f  optical path 

changes detected using a stabilized laser. His data give A .-+5~10-'~ per day .! At 

far Cer-vitB (Cer-Vit ClOl - Owens Illinois). Other materials, such as 2erodurB 

(Heraeus-Schott), Ultra Low Expansion Titanium silicateB (Corning), HomosllB 

fused alllca (Heraeus-Schott), end corningm 7940 fused silica have creep rates 

between +5x10'1° and -5x101° per day. 

If we ascribe the maser frequency drift of the later months shown in Fig. 2 

to cavity rnistunlng from material creep we obtain a rate of about -3x10'1° per 

day for Cer-Vlt. 

This agrees in magnitude with Jacobs' measurement on stable rnaterlals. It 

is opposite in sign for his creap rate for Cer-Vit, but agrees with his data for 

the other materials, which a l l  have negative creep rates. This difference in 

sign for Cer-Vit may result from variations from sample to sample or from our 



700°C cavity silvering process. 

The performance of these masers indicates that the long-term stability of 

today's masers is chiefly governed by propert.ies of the cavity materials. 

Electronic systems that stabilize the cavity resonance fr-equency beyond those 

levels must be capable of maintalning the maser frequency to hettcr than a f e w  

parts in 1015 per day for long periods of time. 
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Q U E S T I O N S  A N D  ANSWERS 

JACQUES VANIER, N A T I O N A L  RESEARCH C O U N C I L :  W h a t  w a s  t h e  l i n e  Q 
t h a t  you  o b s e r v e d  i n  t h e  VLG-11? 

M R .  MATTISON: T h e  l i n e  Q t h a t  we u s e d  t o  g e t  w a s  o n  t h e  o r d e r  o f  
1 . 1  t o  1 . 3  t i m e s  t e n  t o  t h e  n i n t h .  M o r e  r e c e n t l y  w e  h a v e  b e e n  
g e t t i n g  v a l u e s  on  t h e  o r d e r  o f  1.8 t o  1 .9  t i m e s  t e n  t o  t h e  n i . n t h .  

M R .  V A N I E R :  I b e l i e v e  t h a t  t h e r e  i s  a l a r g e  g a i n  t o  b e  m a d e  
t h e r e .  S i m p l y  a r e d e s i g n  o f  t h e  b u l b  a n d  o f  t h e  c o l l i m a t o r ,  s o  
t h a t  you c a n  i n c r e a s e  t h a t  by a  f a c t o r  o f  t h r e e  o r  f o u r .  Then t h e  
d r i f t  t h a t  you  were t a l k i n g  a b o u t  b e f o r e ,  d u e  t o  t h e  c r e e p i n g  o f  
t h e  c a v i t y ,  w o u l d  b e  d i m i n i s h e d  d r a m a t i c a l l y .  T h a t  w o u l t l  b e  
f a n t a s t i c .  

M R .  MATTISON: You a r e  r e f e r r i n g  t o  c h a n g i n g  t h e  d e s i g n  o f  t h e  
c o l l i m a t o r ?  

M R .  V A N I E R :  Y e s .  B e c a u s e  y o u  c a n  m a k e  i t  f o r  a v e r y  l o n g  t i m e  
c o n s t a n t ,  a n d  i t  w i l l  s t i l l  w o r k  v e r y  b e a u t i f u l l y ,  s o  t h a t  y o u  
wou ld  b e  l i m i t e d  b y  t h e  w a l l  t h e n .  

M R .  MATTISON: I d o e s  g e t  l i m i t e d  by t h e  w a l l .  T h a t  i n c r e a s e  i n  
l i n e  Q t h a t  y o u  o b s e r v e d  h a s  b e e n  d u e  t o  o u r  m e t h o d  o f  a p p l l y i n g  
t h e  t e f l o n .  We h a v e n ' t  c h a n g e d  t h e  d e s i g n  a t  a l l .  

M R .  McCOUBREY: My i m p r e s s i o n  i s  t h a t  w i t h  t h e  a d v a n c e s  y o u  a r e  
m a k i n g ,  t h e r e  i s  g o i n g  t o  b e  m o r e  a n d  m o r e  i n t e r e s t  i n  t h e  a c t u a l  
s t r u c t u r e  a n d  m o r p h o l o g y  o f  t h o s e  s u r f a c e s .  M a y b e  s o m e  o f  t h e  
p o l y m e r  s c i e n t i s t s  w o u l d  h a v e  t o  p l a y  a  r o l e  i n  t h i s ,  b e c a u s e  I 
w o u l d  e x p e c t  t h a t  w h a t e v e r  h a p p e n s  w i t h  t h i s  t e f l o n ,  a n d  how i t  
r e a r r a n g e s  i t s e l f  i s  s o m e t h i n g  t h a t  t h e y  h a v e  l o o k e d  i n t o ,  a n d  
p r o b a b l y  u n d e r s t a n d  f a i r l y  w e l l  t h e s e  d a y s .  

M R .  MATTISON: O u r  m e t h o d  o f  a p p l y i n g  t e f l o n  h a s  c h a n g e d .  I t  i s  
e s s e n t i a l l y  a b l a c k  a r t .  A l l  w e  know i s  t h a t  t h e r e  i s  a r e c i p e ,  
a n d  we a p p l y  i t  a c c o r d i n g  t o  t h e  r e c i p e ,  a n d  i t  w o r k s ,  I f  we d o  
i t  a d i f f e r e n t  w a y ,  i t  may work b e t t e r .  

M R .  M c C O U B R E Y :  I t  s o u n d s  l i k e  t h e r e  a r c  s o m e  r e a l l y  i n t e r e s t i n g  
p o s s i b i l i t i e s .  




