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INTRODUCTION 

Two h y d r o q e n  masers of t h e  a c t i v e  o s c i l l a t o r  t y p e  u s i n g  automatic 

c a v i t y  s t a b i l i z a t i o n ,  b u t  w i t h o u t  a c t i v e  f e e d b a c k  q a i n ,  were 

d e s i q n e d ,  b u i l t  and t e s t e d  by Siqma Tau S t a n d a r d s  f o r  t h e  N a v a l  

Research L a b o r a t o r y  ( N R L ) .  T h e  masers were tested a t  Siama Tau 

S t a n d a r d s  p r i o r  t o  s h i p m e n t  and  a q a i n  a t  t h e  NRL f o r  a p e r i o d  of 

t e n  weeks  f o l l o w i n g  d e l i v e r y .  I n  a d d i t i o n ,  S iqma Tau h a s  m o d i f i e d  

a S m a l l  Hydrogen Maser  p r e v i o u s l y  b u i l t  to o p e r a t e  w i t h  c a v i t y  

feedback t o  become a n  o s c i l l a t i n q  maser  w i t h o u t  f e e d b a c k .  

MASER DESIGN 

The p r i m a r y  purpose o f  NRL's p u r c h a s e  of t h e  t w o  S iqma  Tau  Masers 

was to e v a l u a t e  the l o n q  t e r m  s t a b i l i t y  of a h y d r o g e n  maser  u s i n q  

t h e  m o d u l a t e d  c a v i t y  s e r v o  s y s t e m  d e v e l o p e d  b y  Sigma Tau.  The  

d e s i g n  h a s  b e e n  p r e v i o u s l y  d e s c r i b e d  11 ,2 ]  a n d  w i l l  o n l y  b e  

summar ized  h e r e .  The  masers u s e  a hiqh-0 c a v i t y  w i t h  a t h i n  

q u a r t z  t u b e  t o  p r o v i d e  d i e l e c t r i c  l o a d i n q  and t h u s  some r e d u c t i o n  4 

i n  c a v i t y  s i z e  a s  compared  w i t h  p r e v i o u s  o s c i l l a t i n g  h y d r o g e n  1 
m a s e r s .  F o u r  m a g n e t i c  s h i e l d s  a r e  u s e d .  The s t a t e  s e l e c t o r  is  a 

q u a d r u p o l e  a s s e m b l y  d e v e l o p e d  a n d  m a n u f a c t u r e d  hy Siqma Tau.  B o t h  - 

masers a r e  d e s i q n e d  t o  o p e r a t e  o n  e i t h e r  1 1 5  VAC o r  28 VDC and 1 



~ I 

came equipped with a battery backup and an automatic charging 
I 
1 

system. 

\ 
The cavity control circuit uses modulation of the cavity 

frequency about the nominal center tuning point to determine any 
1 
1 

cavity mistuning. The frequency of the cavity is alternately I 

stepped between t w o  tuning points which are equally and Y 4 

oppositely spaced about the center. The maser output signal 1 
1 

amplitude is then synchronously detected with the modulatinq I 

signal to determine the magnitude and direction of the mistuning. 1 I 
I 

When the cavity is perfectly aligned, the amplitude modulation of 
1 

the output signal is nulled, As will be shown in the phase noise ! 
I 

measurements, the effect on the output signal at 5 MHz is 100 d b  

below the carrier. 1 

TESTING i 
1 

The qoal of the testing program at NRL was to measure the normal 1 

operating performance of the clocks, with particular attention 

being given to the long term drift. Measurements were made of a 

short term stability, phase noise, IF signal level, ion pump 

loading and frequency drift with respect to the U.S. Naval 
'I 

Observatory ( U S N O ) .  All tests were performed at NRL in a 

laboratory enviranment. These results were compared with the data 
a 

that were taken at Sigma Tau prior to shipment. No drift was 

removed in any subsequent calculation. 
I 

I 

The masers were delivered to NRL by the manufacturer under power 

for ion pump operation only. No problems were noted in delivery. 

Warm up time for the masers to achieve temperature stability and 

oscillation was 1 day for maser serial number N1 and about three 

days for maser number N2. The difference in warm up is due to a 

deliberate design difference in the thermal control systems of 

the two units. Both were operated on unconditioned 117 VAC power 



.I 

i n  a l a b o r a t o r y  e n v i r o n m e n t .  T e m p e r a t u r e  c o n t r o l  was o n  t h e  o r d e r  

of t w o  d e q r e e s  C p e a k  t o  p e a k .  T h e r e  was o n e  a i r  c o n d i t i o n i n q  

f a i l u r e  d u r i n q  t h e  t e s t  p e r i o d .  
4 
4 
1 

I 

S h o r t - t e r m  s t a b i l i t y  t e s t s  were p e r f o r m e d  u s i n g  t h e  1 0 0  MHz 

o u t p u t s  i n t o  a s i n q l e  m i x e r  w i t h  o n e  maser o f f s e t  b y  
.'li 

a p p r o x i m a t e l y  1 Hz. T h e  masers w e r e  m e a s u r e d  a g a i n s t  e a c h  o t h e r  

a n d  a l s o  a q a i n s t  MRL's h o u s e  s t a n d a r d  VLG-11  h y d r o g e n  maser 

( s e r i a l  number  P 1 2 ) .  F o r  m e a s u r e m e n t s  w i t h  a v e r a q i n q  t i m e s  

q r e a t e r  t h a n  1 0 0 0  s e c o n d s ,  MRL's l o n g - t e r m  d a t a  s y s t e m  w a s  u s e d .  

T h e  l o n q  t e r m  s y s t e m  u s e s  m u l t i c h a n n e l  d u a l - m i x e r  t e c h n o l o q y  a n d  
. i 

a l lows m e a s u r e m e n t s  of u p  t o  4 8  c l o c k s  s i m u l t a n e o u s l y  [ 3 ] .  Data : 

were t a k e n  a t  S i q m a  Tau  u s i n q  a s i n q l e  m i x e r  prior t o  s h i p m e n t  1 
a n d  t h e  r e s u l t s  a r e  shown i n  F i q .  1. T h i s  a n a l y s i s  a s s u m e s  

?; 
e q u a l i t y  of the t w o  c l o c k s  u n d e r  t e s t  a n d  t h u s  i n c l u d e s  d i v i s i o n  1 
b y  t h e  s q u a r e  root  of t w o .  F i q u r e s  2 ,  3 a n d  4 show t h e  r e s u l t s  o f  4 + 
t h e  N R L  tests.  T h e  NRL c o m p u t a t i o n s  d o  n o t  a s s u m e  e q u a l i t y .  

T h e  m e a s u r e d  p e r f o r m a n c e  of t h e  t h r e e  c l o c k  p a i r s  was v e r y  close 

f o r  m e a s u r e m e n t  t i m e s  from 1 s e c o n d  t h r o u q h  1 0 0 0  s e c o n d s .  T h e  

m e a s u r e m e n t s  t a k e n  f o r  averaqes of 2000  a n d  4 0 0 0  s e c o n d s  u s i n g  

maser N 2  show a m a r k e d  i n c r e a s e  i n  n o i s e  a s  c o m p a r e d  w i t h  the 

d a t a  t a k e n  w i t h  t h e  s i n q l e  m i x e r  s y s t e m  a t  1 0 0 0  s e c o n d s .  T h i s  i s  

a p p a r e n t l y  a m e a s u r e m e n t  a r t i f a c t  d u e  t o  t h e  n a t u r e  o f  t h e  

m e a s u r e m e n t  s y s t e m  a n d  t h e  o p e r a t i n q  f r e q u e n c y  o f  t h e  c a v i t y  

c o n t r o l  s e r v o  s y s t e m  of t h e  maser. T h e  c a v i t y  m o d u l a t i o n  i 

f r e q u e n c y  of maser N 2  is  20  Hz a n d ,  a s  w i l l  be s e e n  i n  t h e  

f o l l o w i n q  d i s c u s s i o n  o n  p h a s e  n o i s e ,  t h e r e  a r e  s i d e b a n d s  a t  t h a t  . 

f r e q u e n c y .  T h e  o f f s e t  f r e q u e n c y  u s e d  i n  t h e  d u a l - m i x e r  j 
2 

m e a s u r e m e n t  s y s t e m  is 1 0  Hz. T h u s ,  t h e  N 2  maser h a s  a s p u r i o u s  ji 
o u t p u t  i n  t h e  d u a l  m i x e r  s y s t e m  a t  t h e  n o m i n a l  h e a t  f r e q u e n c y  o f  

t h e  m e a s u r e m e n t .  A s u b s e q u e n t  r e p e a t  of t h e  s i n q l e - m i x e r  tes t  
1 

c o n f i r m e d  t h a t  t h e  d a t a  shown i n  F i q .  1 a n d  2 f o r  maser N2 h a d  A 

n o t  d e q r a d e d .  



PHASE NOISE 

Phase noise measurements were made using the 5 MHz outputs. For 

this measurement, the maser synthesizers were adjusted t o  provide 

essentially zero offset for the period of the measurement. No 

phase-lock techniques were used. Fiqure 5 shows the close-in 

phase noise for maser N1 vs N2. The peak at about 3 Hz offset 

from the carrier is due t o  the loop bandwidth of the maser 

crystal control loops. The peaks at 20 and 25 Hz are due to the 

cavity control modulation f o r  N2 and N1 respectively. The 60 and 

75 Hz responses are the third harmonics of the square wave 

modulation. 

I 
I 

Figure 6 is a plot of the phase noise of the same clocks coverinq 

the frequency range out to 100 kHz. The larqest discrete noise I 

source is due to IF feedthrough in maser N2 at 5.751 k ~ z  and its 

odd harmonics. The remaining peaks seem to be related to power 

supply switching frequencies leaking through to the RF outputs. 

AS a way of identifying which of the two masers was responsible 

for the spurious outputs, the same tests were run using the 

VLG-11 maser as a reference. Fiqures 7 and 8 are for maser N1 and 

Figs. 9 and 10 show N2. Using these three points of comparison, 

the conclusion is that IF feedthrouqh and power supply noise are 

primarily in maser N2. It should be noted that the phase noise of 

the  early VLG-11 masers, includinq P12, is quite poor within 100 

Hz of the carrier due to the crystal oscillator. The power supply 

leakaqe at about 16 kHz is in maser P12. 

FREQUENCY DRIFT 

One of the major factors limiting the use of active hydroqen 

masers as clocks for lonq-term timekeeping has been frequency 

drift. NRL's experience with VLG-10 and VLG-11 masers has shown 

- I 4  per day. Since the Sigma drift rates of just less than 1 x 10 



Tau  masers i n c l u d e d  a c o n t i n o u s l y  o p e r a t i n g  c a v i t y  f r e q u e n c y  

c o n t r o l  s e r v o ,  a m e a s u r e m e n t  o f  s u c h  d r i f t  is v e r y  s i q n i f i c a n t .  

I n  o r d e r  t o  d e t e r m i n e  t h e  d r i f t ,  s e v e r a l  m e a s u r e m e n t  t e c h n i q u e s  

w e r e  u s e d .  Each  S i q m a  Tau  clock was m e a s u r e d  o n  t h e  l o n q - t e r m  

d u a l - m i x e r  s y s t e m  ove r  a p e r i o d  o f  a h o u t  6 w e e k s  a q a i n s t  e a c h  

o t h e r ,  t h e  VLG-11 a n d  N R J , ' s  h o u s e  c e s i u m  c l o c k  ( H P  5 0 6 1 / 0 n 4 ) .  

M e a s u r e m e n t s  were a l s o  made  a q a i n s t  t h e  1l.S. N a v a l  O b s e r v a t o r y  

(IJSNO) Master C l o c k .  R e l a t i v e  t i m e  m e a s u r e m e n t s  were made  a q a i n s t  

USNO u s i n q  the carr ier  o f  t e l e v i s i o n  s t a t i o n  WTTG a s  a common 

p h a s e  r e f e r e n c e  [ 4 , 5 ] .  GPS common-view m e a s u r e m e n t s  were made  

u s i n q  a s i n g l e - f r e q u e n c y  t i m e - t r a n s f e r  r e c e i v e r  a n d  t h e  d a t a  

p u b l i s h e d  b y  IJSNO t o  v e r i f y  t h e  t e l e v i s i o n  m e t h o d .  

F i n u r e  11 s h o w s  t h e  p h a s e  o f  t h e  Siqma Tau masers  r e l a t i v e  t o  

e a c h  o t h e r .  For t h e  s p a n  s h o w n ,  t h e  d r i f t  r a t e  b e t w e e n  t h e  t w o  is 

j u s t  less t h a n  1 x 1 0  - 1 4  p e r  day .  To d e t e r m i n e  t h e  s o u r c e  of t h e  

d r i f t ,  e a c h  m a s e r  w a s  r e f e r e n c e d  t o  t h e  c e s i u m  s t a n d a r d ,  F i a .  1 2 .  

T h i s  showed  a p o s s i b l e  d r i f t  i n  m a s e r  N 2  a n d  a n  a p p a r e n t  

f r e q u e n c y  jump i n  e i t h e r  N 1  o r  t h e  c e s i u m .  F i q u r e  1 3  p l o t s  t h e  

f r e q u e n c y  o f f s e t  o f  e a c h  c l o c k  w i t h  P12  a s  a r e f e r e n c e ,  

c o n f i r m i n g  t h a t  t h e  f r e q u e n c y  jump i n  t h e  p r e v i o u s  f i q u r e  m u s t  

h a v e  b e e n  i n  t h e  c e s i u m  a n d  n o t  i n  t h e  maser N1, F i q u r e s  1 4  a n d  

1 5  show the p h a s e  c o m p a r i s o n s  t o  USMO f o r  masers N 1  a n d  N 2  

r e s p e c t i v e l y .  F i . q u r e  1 6  v e r i f i e s  t h e  TV c o m p a r i s o n  m e t h o d ,  

s h o w i n q  NRL's c e s i u m  w i t h  r e s p e c t  t o  IJSKO hy b o t h  m e t h o d s .  T h e  

t e l e v i s i o n  t i m e  c o m p a r i s o n  w i t h  IJSNO c l e a r l y  s h o w s  t h a t  

s i g n i f i c a n t  d r i f t  i s  p r e s e n t  i n  maser N 2 .  T h e r e  i s  n o  c l e a r l y  

d i s c e r n i b l e  d r i f t  i n  t h e  Nl d a t a ,  and a l i n e a r  f i t  t o  t h e  

f r e q u e n c y  showed  less  t h a n  1 x 1 0  -15 per day  d r i f t .  A f i t  of t h e  

N 2  d a t a  i n d i c a t e s  a n  a v e r a g e  d r i f t  r a t e  of a b o u t  -7 x 1 0  - 1 5  
P e r  

day  f o r  t h e  p e r i o d .  

R e a d i n q s  of t h e  a n a l o q  m o n i t o r s  of v a r i o u s  maser o p e r a t i n q  

p a r a m e t e r s  w e r e  t a k e n  s e v e r a l  t imes d u r i n q  t h e  t e s t  p e r i o d .  The 



available monitors include oven voltages, servo loop parameters, 

power supply voltages, and pump currents. Only a few showed 

significant changes over the period of the test. Of these, the , 
maser output power as shown by the signal level in the receiver 

IF, Fig. 17, and the cavity tuning register in Fig. 18 show 

correlation to the frequency drift for maser N2. Ion pump 

currents in both masers were stable for the entire test period 

with currents no more than 50 microamps. There were no 

indications of any other abnormalities in the maser physics 

units. 
t 

OPERATION I 

I 

Another major concern in the use of hydroqen masers is the 

difficulty of operation in terms of special requirements for 
~ 
I 

sites, maintenance, and reliability. A s  described earlier, these 

masers have been operated in a normal laboratory space. Their 

size and weiqht are sufficiently small so as to allow movement 

within the laboratory easily. 

For the period covered by this report, there were no observed I 

failures. There was one change in performance. Maser N1 

experienced a large jump in the crystal oscillator control 

voltage 3 weeks into the test, as shown in Fig. 19. The offset 

and stability of N1 were not affected. Based on subsequent 

measurements, it was determined that this larqe chanqe was due to 

a change in the crystal oscillator oven temperature which 

occurred over a period considerably longer than the maser loop 

time constant. Althouqh there was no deterioration in laboratory 

performance, the oscillator will he replaced. 

In order to be able to measure maser N2 accurately on the lonq 

term data system, the cavity servo modulation frequency will be 



changed slightly to avoid the spurious 10 Hz heat note. No other 

maintenance has been required. 

SMALL HYDROGEN MASER 

Durinq the past year at Siqma Tau Standards the analysis of maser 

cavity structures has been extended to establish the smallest 

practical active oscillator cavity assembly usinq quartz 

dielectric loadinq. Experimental tests of one small assembly in 

an operational maser has been successfully carried out and 

confirms the theoretical analysis and also demonstrates that a 

relatively small, self oscillatinq, atomic hydroqen maser is 

indeed feasible. i 
T h e  test bed for the new small cavity assembly was the Small 

i 
Hydroqen Maser (SHM) previously developed for the United States 

Air Force which used electrodes surroundinq the maser storaqe i 
bulb to reduce the cavity size. The oriqinal SHN required active i 

4 
cavity gain to oscillate and the relatively poor performance 

achieved with this technique was reported CIS]. Fiqure 20 is a 

picture of the SHM illustratinq the small size and compact 

packaging of this maser. F i q u r e  21 is a drawinq  showinq the new 

cavity confiquration upon which the new work reported here is 
d 

based. There is an elonqated copper cavity with a very heavy wall 

quartz atom storage bulb within a close fittinq quartz cylinder. 
B i 

The bulb is fastened to the cylinder with three thin quartz shims 

on each end using thin layers of hiqh vacuum epoxy as an % 

adhesive. There is a thin layer of teflon hetween the quartz 

cylinder ends and the cavity ends for thermal expansion relief, 1̂ 

B 
P 

and spring tension from the cavity end plates make a very riqid i 
structure. 

The inside dimensions of the original SHM cavity were 7.73 cm 

(6.09 inches) diameter by 22.86 cm ( 9  inches) long. As discussed 
! 



~ 
in reference [ 2 ] ,  the most important factor in establishing 

whether a particular hydroqen maser is a practical self 

oscillator is the product of filling factor (n') times cavity 

quality factor ( 0 ) .  Computations have been made for a variety of 

cavities of differinq lengths, bulb sizes, dielectric loading 

amount and cavity radius at resonance. ~igure 22 illustrates the 

results for one particularly promisinq combination of cavity and 

bulb length and bulb inside diameter and shows the variation of 

n' x 0 and cavity radius as the thickness of the quartz 

dielectric is varied. 
1 

It was established from the analysis that one feasible 

configuration would fit within the copper cavity originally used 

in the SHM.  his is shown in the lower dotted lines in ~ i g .  22. 

Parts with the dimensions indicated were procured, the bulb 

coated with teflon, and the cavity assembled and tuned with the 

followinq results. 

Q1 = 27,300 (Loaded 0 )  

B = . 0 6 2  (Coupling Coefficient) 

0, = 29,000 (unloaded Q )  

nf = 38 (Calculated) 

n' x 9, = 11,070 (Using ~xperimental 0,). 

The calculated O0 for this qeometry was 30,544 giving 

n' x Qo = 11,607 (Calculated) 
I 

This is within the experimental error due to the approximations 

made in the analysis. The calculated cavity diameter was also in 

good agreement with the experimental diameter and the new quartz 

cylinder and bulb assembly fit neatly into the original SHM 

copper cavity. 



1 
The SHM has been reassembled usinq the new confiquration and it 1 

is found that the maser oscillated reliably with relatively low 

flux ( . 0 4  moles of H2 per year.) This is not as efficient as the 

larqer Siqma Tau masers ( - 0 1  moles H per year) hut is excellent 2 
in relation to early maser desiqns and would qive a hydroqen pump i 

1 

lifetime estimated as over 5 years usinq a 20 liter per second 
? 
; 

sputter ion pump. 

T h e  product of n' x O indicated i n  Fiq. 22 for the SHM is nearly 
I the minimum for a reliable maser oscillator, and the new SHM 

experiment has been carried out primarily to establish the 

concreteness of the analysis and desiqn concepts, For example, 

the product n' x O for the larqe Siqma Tau ( N K L )  masers is well 

over 25,000 in comparison to the 1 1 , 6 0 0  for the SHM. The factors 

and dimensions For a better desiqn than the present 

implementation of the SHM is also indicated in Fiq. 22. This 
I 

"improved design" would have a much lower threshold for the 

oscillation and better efficiency, yet the cavity is still quite 
I small, only 17.15 cm (6.75 inches) diameter. 

I Limited testinq of the SHM was done at N R I .  in coniunctjon with 
< 

the tests of the t w o  larqer masers. It was found that the SHM 

required stronq maqnetic field settinas in order to oscillate. 
3 

The hiqh field should result in increased sensitivity to external 

fields and limit stability. The maqnetic problem was due to 

construction problems and is not inherent to small maser desiqn. 
r 

Data showinq Fllan Variance for averaqinq times of 1 second to 

1 0 0 0  seconds were taken usinq maser Nl as a reference, F i q .  23. 

COMCLUS IONS 

The two Siqma Tau masers delivered to NRL are workinq without 

major problems. The performance of maser N 1  is very qood with no 
7 

measureable drift and qood active maser short term stability. 
































