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Abstract 

Basic principles, circuit details, and 
measurements on a  passive hydrogen maser frequency 
standard  are  presented.  The  perturbations  to  the 
output  frequency  are  discussed  and  it  is shown that 
the  temperature  coefficient of the  microwave cavity 
is negligible in this  system. Thus the  fractional 
change in the  output  frequency  is  about  10-13/K 
determined  by  the  second order Doppler shift  and 
the  wall  shift  (10-14/K  is  possible).  A  temperature 
stability of only .l K  is  required  in order to main- 
tain  a  frequency  stability  of 1 ~ 1 0 ~ ~ ~ .  Long  term 
stability  and reproducability are expected  to  be  im- 
proved  over  other  designs  because  of  this  greatly 
reduced sensitivity to changes in temperature  and 
temperature gradients.  Measurements  indicate  a  fre- 
quency  stability  of t ~ y ( r )  = 2~10-~~t-'/~for 
1Os<t<4x1O5s.  Frequency  stability at several  days 
is  the  best  ever  reported  for  a single device. The 
design  of  a  small  passive hydrogen maser  using  a 
dielectrically  loaded cavity is  described. Similar 
frequency  stability is expected  for  the  small 
maser. 

Introduction 

The basic design, circuit details, and 
measurements on a  passively operating hydrogen 
maser frequency  standard  are  presented.  The 
various  perturbations  affecting  the  output  fre- 
quency of  such  a  standard  are  discussed  in  detail. 
It  is shown that  the temperature dependence of the 
microwave cavity  is negligible in this design, 
leaving  the  second order Doppler and  the  wall  shift 
as  the  major  effects determining the  temperature 
coefficient of the  frequency determining element. 

As a result, the net temperature coefficient 
of the  out  ut  frequency  is fractionally equal to 
1.3 x lO-l3/K. Calculations indicate that  the use 
of a  storage  bulb  of approximately 17 cm diameter 
coated  with FEP 120 teflon  should yield a  net  tem- 
perature  coefficient of  less than lx10-14/K  near 
313 K. With a temperature dependence of 10-13/K, 
the  temperature  stability  required in order to 
achieve a  long  term  frequency  stability of is 
only 0.1 K. This  temperature sensitivity is 
several orders of magnitude less than conven- 
tionally oscillating masers, consequently the  long 
term  stability  and reproducability of this  passive 
hydrogen maser is expected to  be  much  superior  to 
that o f  present oscillating maser designs.  This 
expectation has  been  born  out  for  measurement  times 
at  least  as  long as four  days. Measurements 
against an ensemble  of  nine cesium atomic standards 

oy(T) = 2 x ,10s't<4x105 S .  Measured 
indicate a  frequency 

$!ability of 
better  than 

frequency stability is  2.5 f. 2  x at  a 

measurement  time of four  days.  For timekeeping 
applications, this single standard  is  predicted  to 
outperform ensembles of tens to thousands of pre- 
sently available cesium standards. An additional 
improvement  of  a  factor of 7 in  frequency stability 
is  expected. 

A small passive maser design based on  an alu- 
mina  loaded TEoll cavity will be briefly described. 
This copper coated dielectrically loaded cavity is 
approximately 15 cm in diameter and 20 cm  in 
height.  Loaded Qs are about  5000. The insidelis 
coated  with  teflon  and serves as  the storage bulb, 
and  the cavity also serves as the  vacuum  chamber. 
This  greatly  increases  the ruggedness and  reduces 
the  weight of the  cavity  over conventional designs. 
Using  this  cavity design with  the  passive  elec- 
tronics developed for  the  full  sized maser, it is 
possible to achieve overall dimensions for  the 
frequency standard of about 23 cm diameter and 
50 cm  long.  The  fre uency stability  is  expected  to 
be of order 2 x t-'/%or measurement times out 
to  at  least 10 days. 

Concept of the Passive Hydrogen Maser 

The  passive hydrogen maser is  based on the 
well known magnetic hyperfine separation in atomic 
hydrogen of 1420405751.77 Hz shown in  Fig. 1 
Atomic hydrogen is produced in an rf discharge, 
state  selected  with  a hexapole magnet  and  stored in 
a teflon coated quartz storage bulb contained 
within a  microwave cavity resonant at  the hydrogen 
frequency. The source, state selector, storage 
bulb  and microwave cavity  are nearly identical with 
those  used in conventional oscillating masers.l12 
The  basic  concept  of  the  passive design is illus- 
trated  in  Fig. 2 . 3  A probe source is  phase modu- 
lated  at two different frequencies; f l  corres- 
ponding  to  the nominal half-width of the microwave 
cavity, and f2 corresponding to  the nominal half- 
vidth of the hydrogen resonance. This phase  modu- 
lated  probe signal is then coupled to  the microwave 
cavity containing atomic hydrogen which has been 
appropriately state  selected.  The FM spectrum of 
the probe signal is schematically shown in Fig. 3 ,  
where it  is seen that  the f2 sidebands primarily 
interact with the narrow hydrogen line while the fl 
sidebands  primarily  interact  with  the  broad  cavity 
resonance. The signal transmitted  from  the cavity 
is amplitude modulated at frequencies fl  and  f2. 
The size  and  the sign of the amplitude modulation 
at f2 relative to  the  impressed  phase modulation is 
proportional  to  the frequency offset between the 
probe oscillator and  the center of  the hydrogen 
line. The microwave signal is envelope detected in 
order to recover the f2 amplitude modulation which 
is then processed in a synchronous or  phase sensi- 
tive detector  referenced  to  the  f2  phase modula- 
tion. The resdlting  error signal is  used  to 
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c o r r e c t   t h e   p r o b e   o s c i l l a t o r  so t h a t  it is pre-  
c i s e l y   c e n t e r e d  on t he   hydrogen   l i ne .  

In a s i m i l a r   m a n n e r ,   t h e   f l   p h a s e   m o d u l a t i o n  
s i m u l t a n e o u s l y   p r o b e s   t h e   c a v i t y   r e s o n a n c e   c a u s i n g  
ampl i tude   modu la t ion   o f   t he   t r ansmi t t ed   mic rowave  
s i g n a l   a t   f l   w h i c h  is p r o p o r t i o n a l   t o   t h e   d e t u n i n g  
o f   t h e   m i c r o w a v e   c a v i t y   f r o m   t h e   c e n t e r   o f   t h e  
probe  f requency.  By p r o c e s s i n g   t h e   a m p l i t u d e  modu- 
l a t i o n   a t   f l   i n  a s y n c h r o n o u s   d e t e c t o r   r e f e r e n c e d  
t o   t h e   f i   p h a s e   m o d u l a t i o n ,   a n   e r r o r   s i g n a l  is 
derived  which i s  used t o  e l e c t r o n i c a l l y   t u n e   t h e  
mic rowave   cav i ty   f r equency   t o   t he   p robe   f r equency .  
The c o r r e c t i o n  time o f   t h i s   c a v i t y   s e r v o   l o o p  i s  
about  10 S. Measurements   ind ica te   tha t   the  
a c c u r a c y   o f   t h e   c a v i t y   s e r v o   l o o p  i s  b e t t e r   t h a n  1 
Hz and t h a t   t h e   s t a b i l i t y   o v e r  a week is b e t t e r  
t han  . l  Hz. T h i s  i s  a p p r o x i m a t e l y   e q u a l  t o  s t a b i -  
l i z i n g   t h e   e q u i v a l e n t   e l e c t r i 5 a l   d i m e n s i o n s   o f   t h e  
28 cm d i a m e t e r   c a v i t y   t o   0 . 3  A. To our  knowledge 
l o n g   t e r m   m e c h a n i c a l   s t a b i l i t y   o f   t h i s   p r e c i s i o n  
has   never   been   ach ieved   in  a room temperature   appa-  
r a t u s ,   e . g . ,   s e e   r e f e r e n c e   4 .  

Hydrogen  Maser   Frequency  Per turbat ions 

The v a r i o u s   e f f e c t s  and t h e i r   t e m p e r a t u r e  
c o e f f i c i e n t s  w h i c h   c a n   c a u s e   p e r t u r b a t i o n s   i n   t h e  
output   f requency   of   the   pass ive   hydrogen   maser   a re  
shown i n   T a b l e  1. The  most s e r i o u s   f r e q u e n c y  
p u l l i n g   e f f e c t   i n   a l l   h y d r o g e n   m a s e r s  is due t o  
c a v i t y   m i s t u n i n g .   T h i s   e f f e c t   s c a l e s  as t h e   r a t i o  
o f   c a v i t y   q u a l i t y   f a c t o r ,  QC t o   t h e   h y d r o g e n   l i n e  
q u a l i t y   f a c t o r ,  Q H ,  m u l t i p l i e d  by t h e   f r a c t i o n a l  
m i s t u n i n g   o f   t h e   c a v i t y .  A s  we have   d i scussed  
a b o v e ,   t h i s   e f f e c t   c a n   b e   v i r t u a l l y   e l i m i n a t e d   w i t h  
t h e   c a v i t y   s e r v o   d e s i g n   u s e d   w i t h   t h e   p a s s i v e   h y d r o -  
gen  maser.  

Assuming QH = lo9 and QC = 3x103,  one  would 
e x p e c t   i n   t h e   a b s e n c e   o f   t h e   c a v i t y   c o n t r o l   t o  
obse rve  a f requency  change  of   about  2 x 10-l1/K 
f rom  the   approximate ly  1 kHz/K c h a n g e   i n   c a v i t y  
f r e q u e n c y   d u e   t o   d i e l e c t r i c   c h a n g e s   o f   t h e   q u a r t z  
s t o r a g e   b u l b   w i t h   t e m p e r a t u r e .  With t h e  new t e f l o n  
s t o r a g e   b u l b s   t h e   t e m p e r a t u r e   c o e f f i c i e n t   o f   t h e  
c a v i t y   p u l l i n g  would  be  smaller.5s6 Our 
measu remen t s   desc r ibed   be low  ind ica t e  a c l o s e d   l o o p  
t e m p e r a t u r e   c o e f f i c i e n t   d u e   t o   p u l l i n g   o f  10-14/K 
o r   l e s s .  

The second   o rde r   Dopp le r   e f f ec t   causes  a s h i f t  
p r o p o r t i o n a l   t o   t e m p e r a t u r e   w i t h  a va lue  oE 4.3096 
x at 313 K and a t e m p e r a t u r e   c o e f f i c i e n t   o f  
1.3769 x lO-I3/K,   where  the  temperature  is t h e   a v e r -  
age   t empera ture  o f  the  atoms  which i s  assumed t o   b e  
i d e n t i c a l   t o   t h e   a v e r a g e   t e m p e r a t u r e   o f   t h e   w a l l  
c o a t i n g .   T h i s   a s s u m p t i o n   h a s   b e e n   v e r i f i e d   t o   t h e  
10-14 l e v e l .  7 

The w a l l   s h i f t   c a u s e s  an o f f s e t  which is of 
o r d e r  0-5 x depending  on t h e   a r e a   t o  volume 
oE t h e   s t o r a g e   b u l b   a n d   t h e   t y p e   o f   t e f l o n   u s e d .  
From t h e   l i t e r a t u r e 8   o n e   c a l c u l a t e s  a tem e r a t u r e  
c o e f f i c i e n t   f o r   t h i s   e f f e c t   o f   + l - 5  x 1O-f3/K, 
aga in   depend ing   on   t he   t ype   o f   coa t ing   and   t he   a r ea  
t o  volume r a t i o .  

The m a g n e t i c   f i e l d   o f  10-8T (100 p g )  u s e d   t o  
s e p a r a t e   t h e   v a r i o u s   m a g n e t i c   h y p e r f i n e   s u b l e v e l s  

causes  a s h i f t  of 2.75 X The t empera tu re  
d e p e n d e n c e   o f   t h i s   e f f e c t  is assumed t o   b e   z e r o .  

Spin   exchange   co l l i s ions   be tween  hydrogen  
atoms  causes a f r e q u e n c y   s h i f t   d u e   t o   d i r e c t   i n t e r -  
a c t i o n   w h i c h   a m o u n t s   t o  a few x for t h e  
pass ive   maser .  The s m a l l   v a l u e   f o r   t h i s   e f f e c t  i s  
d u e   t o   t h e  low d e n s i t y   o f   h y d r o g e n  atoms i n   t h e  
s t o r a g e   b u l b ,  From t h e   l i t e r a t u r e   o n e  would es t i -  
mate a t e m p e r a t u r e   v a r i a t i o n   o f   a b o u t  2 x 1 0 - 1 5 / ~ . 9  
The f r e q u e n c y   s h i f t   d u e   t o   t h e   f i n i t e   d u r a t i o n   o f  
t h e   s p i n   e x c h a n g e   c o l l i s i o n   c a u s e s   a n   a d d i t i o n a l  
s h i f t   o f   o r d e r   i n   t h e   p a s s i v e  maser, a g a i n  
d u e   t o   t h e  low d e n s i t y  o f  hydrogen. The temper- 
a t u r e   c o e f f i c i e n t  of t h i s   e f e c t  i s  e x p e c t e d   t o   b e  
smaller than  10-16/K a t  313  K.I0 

M a g n e t i c   f i e l d   i n h o m o g e n e i t i e s   a l s o   c a n   c a u s e  
f r e q u e n c y   o f f s e t s .  The bes t   guess   o f   t he   f r equency  
o f f s e t   d u e   t o   t h i s   e f f e c t  i s  approximately  1-5 
x wi th  a temperature   dependence  which  should 
be   l e s s   t han   10 - l6 /K .  The f r e q u e n c y   s h i f t   c a n   b e  
eas i ly   reduced   by   about  a f a c t o r   o f  100  by  mixing 
t h e   t h r e e   u p p e r   m a g n e t i c   h y p e r f i n e   l e v e l s   b e f o r e  
t h e   a t o m s   e n t e r   t h e   s t o r a g e   b u l b . l l   T e s t s  on t h e  
s e v e r a l   r e c e n t   h y d r o g e n   m a s e r   d e s i g n s   r e v e a l   t h a t  
t h e i r   m a g n e t i c   f i e l d   s e n s i t i v i t  is dominated  by 
t h e i r   s e n s i t i v i t y   t o   gradient^.^^.^^ Mixing   these  
u p p e r   h y p e r f i n e   s t a t e s   r e d u c e s   t h e   s i g n a l  by  33 per -  
c e n t   a n d   h e n c e   t h e   s h o r t  term s t a b i l i t y  by 17  per -  
c e n t .   S i n c e   t h e  long t e r m   s t a b i l i t y   o f   h y d r o g e n  
masers--indeed a l l  f r e q u e n c y   s t a n d a r d s - - i s   l i m i t e d  
by s y s t e m a t i c   e f f e c t s ,   t h e  17 p e r c e n t   d e c r e a s e   i n  
s h o r t  term f r e q u e n c y   s t a b i l i t y  seems a sma l l  price 
t o  pay f o r   v i r t u a l l y   e l i m i n a t i n g   t h e   v e r y   t r o u b l e -  
some s h i f t s   d u e   t o   m a g n e t i c   f i e l d   i n h o m o g e n e i t i e s .  

Upon r e v i e w i n g   t h e   a b o v e   e f e c t s   o n e   f i n d s   t h a t  
o n c e   t h e   o f f s e t   a n d   t h e   t e m p e r a t u r e   c o e f f i c i e n t   f o r  
c a v i t y   p u l l i n g   a r e   e l i m i n a t e d ,   t h e   m o s t   s e r i o u s  
t e m p e r a t u r e   e f f e c t s   a r e   t h e   s e c o n d   o r d e r   D o p p l e r  
e € f e c t  and t h e   w a l l   e f f e c t .  By. co inc idence   t hey  
a r e   o f   a n   o p p o s i t e   s i g n  and  by  choosing FEP t e f l o n  
f o r   t h e   c o a t i n g   m a t e r i a l   a n d   t h e   p r o p e r   s i z e   s t o r -  
a g e   b u l b ,   t h e   n e t   t e m p e r a t u r e   c o e f f i c i e n t   c a n   b e  
made less than  10-14/K. The s i z e   o f   t h e   s t o r a g e  
b u l b   i n   o r d e r   t o   o b t a i n   t h i s   c a n c e l l a t i o n  i s  a p -  
proximately  17.6 c m  i n   d i a m e t e r .  For example,  com- 
p a r e   t h e   d a t a   o f   r e f e r e n c e s  8,  9 ,  and 14. Since  
the   t empera ture   dependence  of  t h e   w a l l   e f f e c t  i s  
n o t   s t r i c t l y   l i n e a r   w i t h   t e m p e r a t u r e ,   s l i g h t   a d -  
j u s t m e n t s   i n   t h e   e f f e c t i v e   t e m p e r a t u r e   c o e f f i c i e n t  
can  be made by   changing   the   bu lb   t empera ture .  Both 
t h e   w a l l   e f f e c t   a n d   t h e   s e c o n d   o r d e r   D o p p l e r   e f f e c t  
depend  on t h e   a v e r a g e   t e m p e r a t u r e  of t h e   w a l l  
coa t ing ,   t he re fo re ,   one   wou ld   expec t   t h i s   compensa -  
t i o n  scheme t o  work v e r y   w e l l .   U s i n g   t h i s   t y p e   o f  
compensation a p a s s i v e  maser wou ld   r equ i r e   on ly  
0.1 K t e m p e r a t u r e   r e s e t a b i l i t y   a n d   s t a b i l i t y   i n  
o r d e r   t o  show  long   t e rm  s t ab i l i t y   and   r ep roduc i -  
b i l i t y  of The most l i k e l y   l i m i t a t i o n   i n   t h e  
r e p r o d u c i b i l i t y  w o u l d   b e   c h a n g e s   i n   t h e   w a l l   s h i f t  
w i th  time f rom  con tamina t ion   o r   s t ruc tu re   changes  
w i t h i n   t h e   t e f l o n .  A l l  o t h e r   e f f e c t s   c a n   p r o b a b l y  
b e   k e p t   t o   p a r t s   i n  

Hydrogen  Maser E l e c t r o n i c s  

The b l o c k   d i a g r a m   o f   t h e   e l e c t r o n i c s   u s e d   t o  
r e a l i z e   t h e   c a v i t y   s e r v o   s c h e m e  is  shown i n   F i g .  4 .  
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A 5 MHz o s c i l l a t o r   i s   d i s t r i b u t e d   t h r b u g h   s e v e r a l  
low n o i s e ,   h i g h   i s o l a t i o n   a m p l i f i e r s , 1 5   p h a s e  modu- 
l a t e d  a t  12  kHz-- the  nominal   half   width  of   the 
mic rowave   cav i ty ,   and   a t  . 4  Hz--the  nominal  half 
w id th   o f   t he   hydrogen   r e sonance ,   and   mu l t ip l i ed   t o  
1440 L H Z  where i t  i s  mixed  with a s y n t h e s i z e r   t o  
produce  the  nominal  hydrogen  frequency  of 
1420405751.7 Hz. The output   microwave  s ignal   f rom 
t h e   c a v i t y  i s  ampl i f ied   th rough  broad  band  low 
n o i s e   a m p l i f i e r s ,   h e t e r o d y n e d   t o  20 MHz, and  ampli- 
t u d e   ( e n v e l o p e )   d e t e c t e d .  The recovered   ampl i tude  
m o d u l a t i o n   a t   . 4  Hz and  12 kHz i s  t h e n   p r o c e s s e d   i n  
s e p a r a t e   s y n c h r o n o u s   d e t e c t o r s   r e f e r e n c e d   t o   t h e  
impressed   phase   modu la t ion .   In   o rde r   fo r   t he   s e rvo  
s y s t e m s   t o   o p e r a t e   w i t h o u t   d e v a s t a t i n g   b i a s e s ,  i t  
is e s s e n t i a l   t h a t  t h e  ampl i tude   modu la t ion   and   t he  
second  harmonic  of   the   desired  phase  modulat ion 
p r e s e n t   o n   t h e   c a r r i e r   a s  i t  e n t e r s   t h e   c a v i t y   b e  
less than  -100 dB r e l a t i v e   t o   t h e   p h a s e   m o d u l a t i o n  
a t   b o t h   . 4  Hz and at 12  kHz.16 I n   o r d e r   t o   a c h i e v e  
t h e s e   p e r , f o t m a n c e   l e v e l s ,   c a r e f u l   a t t e n t i o n   m u s t  be 
p a i d   t o   c i r c u i t   d e s i g n  and g a i n   f l a t n e s s   i n   t h e  
p h a s e   m o d u l a t o r ,   t h e   m u l t i p l i e r   c h a i n ,   t h e   m i c r o -  
wave a m p l i f i e r s ,   t h e  20 MHz a m p l i f i e r ,   e n v e l o p e   a n d  
s y n c h r o n o u s   d e t e c t o r s .   F o r   e x a m p l e ,   t h e   r e f e r e n c e  
s i g n a l s   f o r   t h e   p h a s e   m o d u l a t o r   a r e   d e r i v e d  by 
d i v i d i n g  down t h e  5 MHz s i g n a l   w i t h   t h e   l a s t   s t a g e  
be ing  a d i v i d e  by  two c i r c u i t .   T h i s   p r e c i s i o n  
squa re  wave s i g n a l  i s  t h e n   f i l t e r e d   t o  remove t h e  
odd ha rmon ics .   Th i s   t echn ique   ea s i ly   p roduces  a 
s inewave   s igna l   wi th   the   second  harmonic   surpressed  
by  100 dB. The phase  modulator  i s  a low Q ( - 2 )  
s e r i e s   t u n e d  LC c i r c u i t   w i t h  C be ing  a v a r a c t o r  
d i o d e   w i t h   s i g n a l   l e v e l s   s t a b i l i z e d   u s i n g  AGC on 
t h e   i n p u t   i s o l a t i o n   a m p l i f i e r . l 5  

S e v e r a l   m u l t i p l i e r   c h a i n s   h a v e   b e e n   t r i e d .  
The f i r s t   u s e d   c o n v e n t i o n a l   c l a s s - C   t y p e   m u l t i p l i e r  
s t a g e s  from 5 MHz t o  240 MHz fo l lowed by a s t e p  
r e c o v e r y   d i o d e   t o   r e a c h   1 . 4  GHz. The second   mul t i -  
p l i e r  c h a i n   u s e d   e m i t t e r - c o u p l e d - p a i r   c u r r e n t  
s w i t c h e s   t o   m u l t i p l y   f r o m  5 MHz t o   4 5  MHz fo l lowed 
by cascaded   doub le r s   t o   r each   1 .4  GHz.16 This 
s e c o n d   m u l t i p l i e r   c h a i n   i s  much e a s i e r   t o   a l i g n ,  
has   lower   no ise ,  and g r e a t l y   s u r p r e s s e s  any 
ampl i tude   modu la t ion   p re sen t   i n   t he   i npu t .   Ou tpu t  
power is s t a b l e   t o   w i t h i n  .2 percent   over   months 
wi thou t   any   t empera tu re   con t ro l   o r   compensa t ion .  
The microwave   ampl i f ie rs  and a s s o c i a t e d   c i r c u i t r y  
has  a minimum bandwidth  of 1 GHz and t h e r e f o r e  
c a u s e d   v e r y   l i t t l e   f r e q u e n c y   d i s p e r s i o n   o v e r   t h e  
f requency   modula t ion   range   of  t 1 2  kHz. The 20 MHz 
a m p l i f i e r  and e n v e l o p e   d e t e c t o r   u s e d   t o   r e c o v e r   t h e  
12 kHz ampl i tude   modula t ion   had  a bandwidth’ o f  
about 20 MHz, wh i l e   t he   . 4  Hz channe l  had a band- 
width  of   about  1 kHz.  The phase   de t ec to r s   were   o f  
t h e  FET b r i d g e   t y p e   d r i v e n  by a squa re  wave 
r e f e r e n c e   d e r i v e d   f r o m   t h e   a p p r o p r i a t e   p h a s e  
m o d u l a t i o n   s i g n a l .   C i r c u i t   d i a g r a m s   f o r   a l l   t h e  
e l e c t r o n i c s  shown i n   F i g .  4 are a v a i l a b l e   f r o m   t h e  
a u t h o r s  upon r e q u e s t .  

Experimental   Measurements   on  Ful l   Sized 
Passive  Hydrogen Maser 

F ig .  5 shows t h e   o u t p u t   f r e q u e n c y   v a r i a t i o n   o f  
t h e   f u l l   s i z e d   p a s s i v e   h y d r o g e n   m a s e r   d u r i n g  a .7 K 
change   i n   mic rowave   cav i ty   t empera tu re .   Wi thou t  
t h e   c a v i t y   s e r v o   s y s t e m   o n e  would h a v e   e x p e c t e d   t o  
s e e  a f r a c t i o n a l   f r e q u e n c y   c h a n g e  of about  

2 x 1 O - l 1 / K ,  however ,   the   observed  change i s  on ly  
1.3 x 1 0 - 1 3 / ~ .  

U s i n g   t h e   a v e r a g e   v a l u e s -   f o r  TFE t y p e   t e f l o n  
g iven  by r e f e r e n c e  8 and the   d imens ion   o f   t he  
s t o r a g e   b u l b ,  w e  c a l c u l a t e  a t e m p e r a t u r e   c o e f f i -  
c i e n t   o f  +2.7 x 10-13/K  due t o   t h e   w a l l   e f f e c t ,  a 
c o e f f i c i e n t   o f   - 1 . 3 8  x 10-13/K  from the   s econd  
order   Doppler   for  a n e t   c o e f f i c i e n t   o f   + 1 . 3 2  
x 10-13/K.  The exce l l en t   ag reemen t   be tween   t he   ca l -  
c u l a t e d   r e s u l t s  and t h e   o b s e r v e d   t e m p e r a t u r e   v a r i -  
a t i o n s   o f   t h e   o u t p u t   f r e q u e n c y   v e r i f y   t h a t   t h e  
c a v i t y   s e r v o   e l i m i n a t e s   v a r i a t i o n s   i n   c a v i t y  fre- 
quency t o  a v e r y   h i g h   d e g r e e .   I f   t y p e  F E P  L20 
i n s t e a d  of t ype  TFE t e f lon   had   been   u sed ,   t he  
t e m p e r a t u r e   c o e f f i c i e n t  would  have  been less than  3 
x 1 0 - 1 4 / ~ .  

The s p i n   e x c h a n g e   s h i f t  i s  q u i t e   s m a l l   i n  t h e  
pas s ive   hydrogen   mase r   due   t o   t he  low  hydrogen 
densi ty .   Measurements  showed t h a t  a 30 pe rcen t  
i n c r e a s e   i n   h y d r o g e n   d e n s i t y   c h a n g e d   t h e   o u t p u t   f r e -  
quency by 6 t 4 x i n d i c a t i n g  a t o t a l  S i n  
e x c h a n g e   f r e q u e n c y   s h i f t   o f   l e s s   t h a n  3 x 
Var ia t ions   i n   mic rowave  power a l s o   h a v e   l i t t l e  
e f f e c t   o n   o u t p u t   f r e q u e n c y .  A change  of 2 dB 
caused a f r e q u e n c y   s h i f t  of  8 f 4 x These 
m e a s u r e m e n t s   d e m o n s t r a t e   t h a t   b o t h   t h e   s p i n   e x -  
change   f requency   sh i f t   and   the   microwave  power 
s h i f t   a r e  so sma l l   t ha t   one   wou ld   expec t   t o   ach ieve  
f r a c t i o n a l   f r e q u e n c y   s t a b i l i t i e s  of f o r   v e r y  
ex tended   pe r iods   o f   t ime .  - 

C u r v e   ( a )   o f   F i g .  6 shows the   measured  
f r a c t i o n a l   f r e q u e n c y   s t a b i l i t y   o f   t h e   f u l l   s i z e d  
pass ive   hydrogen   maser   as   measured   aga ins t  NBS-6, 
one o f   ou r   p r imary   ce s ium  s t anda rds ,  and UTC (NBS) 
generated  f rom  an  ensemble  of  9 c e s i u m   s t a n d a r d s ,  
i n c l u d i n g  NBS-6.  The measurements were made a t  5 
MHz wi th  a bea t   pe r iod   o f   1941 .6  S .  Since  t h e  
ces ium  s tandards   and   the   pass ive   hydrogen   maser   a re  
b a s e d   o n   e n t i r e l y   d i f f e r e n t   a t o m s   w i t h   d i f f e r e n t  
appa ra tuses  and s i t u a t e d   i n   s e p a r a t e   r o o m s ,  i t  i s  
e x t r e m e l y   u n l i k e l y   t h a t   t h e   f r e q u e n c i e s   c o u l d   h a v e  
moved i n   u n i s o n   u n d e r   t h e   i n f l u e n c e  of env i ron -  
m e n t a l   c o n d i t i o n s   l i k e   t e m p e r a t u r e   o r   p r e s s u r e ,  o r  
t ha t   t hey   cou ld   have   i nadve r t en t ly   been   phase  
l o c k e d   t o g e t h e r .   S i n c e   t h e   t e m p e r a t u r e   v a r i e d   b y  
about t 2 K and the   p re s su re   va r i ed   w i th   a tmos -  
phe r i c   cond i t ions   du r ing   t he   measu remen t s ,   t hese  
d a t a   p r o v i d e   s t r o n g   e v i d e n c e   t h a t   t h e   p a s s i v e  
hydrogen  maser  i s  r e l a t i v e l y   f r e e  f rom  these   t ypes  
o f   env i ronmen ta l   i n f luences .  

The measurements  of  Fig.  6 show a combined  f re-  
q u e n c y   s t a b i l i t y   f o r   t h e   p a s s i v e  h d r o   e n  maser and 
NBS-6-UTC(NBS) o f   W ( t )  = 2 x 10-1qt-1$2for 
measurement  times  from 10 S t o  4 days .   This  i s  t h e  
b e s t   f r e q u e n c y   s t a b i l i t y   e v e r   m e a s u r e d   f o r  a s i n g l e  
dev ice   a t   measu remen t   t imes   g rea t e r   t han   two   days .  
Moreover, i t  should   be   no ted   tha t   these   measure-  
men t s   p rov ide   on ly  a w o r s t   c a s e   e s t i m a t e   o f   t h e  
a c t u a l   f r e q u e n c y   s t a b i l i t y   o f   t h e   p a s s i v e   h y d r o g e n  
maser s i n c e   t h e   c o n t r i b u t i o n   o f   t h e   c e s i u m   s t a n -  
da rds  were n o t   s u b t r a c t e d .  From l inewidth   and  
s i g n a l - t o - n o i s e   c o n s i d e r a t i o n s ,  i t  i s  e x p e c t e d   t h a t  
a f r e q u e n c y   s t a b i l i t y   o f  3 x t-’/c!an u l t i -  
m a t e l y   b e   a c h i e v e d ,   p r i m a r i l y   l i m i t e d   b y   t h e   s h o r t  
term n o i s e   i n   t h e   c r y s t a l   o s c i l l a t o r   u s e d   t o   d r i v e  
t h e   p a s s i v e   m a s e r .  This i s  shown as cu rve  b i n  

F ig .  6.  
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F i g .  7 compares   the  minimum t i m e   d i s p e r s i o n  
o b t a i n a b l e   f r o m   t h e   s p a c e   q u a l i f i e d   c e s i u m   c l o c k  
flown  on the  Navy Resea rch   Labora to ry  NTS-2 
s a t e l l i t e ,  a commercial   "high  performance"  cesium 
c lock ,   and  a pas s ive   mase r   hav ing   t he   f r equency  
s t a b i l i t y  shown in   cu rve  a of F ig .   6 .   No te   t ha t  
for   t imekeeping   accurac ies   beyond 1 day ,  a s i n g l e  
pass ive   hydrogen  maser ou tpe r fo rms   t he   bes t   ave rage  
of  10 t o   t h o u s a n d s   o f   p r e s e n t l y   a v a i l a b l e   c e s i u m  
c l o c k s .  The expec ted  time d i s p e r s i o n  i s  less t h a n  
2 ns / lO   days   fo r   t he   pas s ive   hydrogen  maser. I f  
expec ted   improvemen t s   i n   f r equency   s t ab i l i t y   a r e  
a c h i e v e d ,   t h e   t i m e   d i s p e r s i o n   c o u l d   w e l l   b e   l e s s  
t han  1.0 ns  per  month. 

Small   Passive  Maser   Design 

There is c o n s i d e r a b l e   i n t e r e s t   i n  a s m a l l ,  
rugged ized   pas s ive   mase r   des ign   t ha t   wou ld   be  
s u i t a b l e   f o r   f i e l d   u s e .  A new s m a l l   c a v i t y   d e s i g n  
i s  under  development a t  NBS which   has   t he   v i r tue   o f  
n o t   o n l y   s m a l l   s i z e  and w e i g h t   b u t   a l s o   s i m p l i c i t y .  
The cavi ty   cy l inde5;   o f  low l o s s  Al2O3, is  p l a t e d  
w i t h  about   10,000 A o f   c o p p e r   v i a  a d c   s p u t t e r i n g  
technique   and   then   e lec t ropla ted   wi th   about   .0015 
cm of   copper .  The t o p  and bot tom  endcaps  are   of  
s o l i d  aluminum.  The  ceramic  has a d i e l e c t r i c  con- 
s t a n t  of 9 .3 ,   thus   making   poss ib le  a cav i ty   15  cm 
i n   d i a m e t e r  and 15 cm i n   h e i g h t   f o r   t h e  T E O l l  mode. 
The measured Q i s  about 5000. The i n s i d e   o f   t h e  
c a v i t y  w i l l  be   coa ted   w i th   t e f lon   and   u sed   fo r   t he  
s t o r a g e   b u l b .  The volume is 1 We i n t e n d   t o  
t r y   b o t h   c o n v e n t i o n a l   c o a t i n g s   a s  well as manufac- 
t u r e d   t e f l o n   s h e e t s   b o n d e d   t o   t h e   i n s i d e   o f   t h e  
cav i ty   w i th   epoxy .  The   microwave   coupl ing   to   the  
cav i ty   u ses   l i nks   wh ich   pene t r a t e   abou t  3 mm i n t o  
t h e   o u t e r   w a l l   o f   t h e  AL2O3 c y l i n d e r .  

The  TEOll mode h a s  no l o n g i t u d i n a l   e l e c t r i c  
cu r ren t s   t ha t   f l ow  a long   t he   coppe r   j acke t .   Nea rby  
unwanted  modes, on t h e   o t h e r   h a n d ,   c o n t a i n   l o n g i -  
t u d i n a l   e l e c t r i c   c o m p o n e n t s ,   p a r t i c u l a r l y   a t   t h e  
e n d c a p - c y l i n d e r   i n t e r f a c e s .  We have   in t roduced  a 
gap a t   t h i s   p o i n t  so tha t   the   unwanted  modes  must 
sus t a in   d i sp l acemen t   cu r ren t s .   Mic rowave   abso rben t  
m a t e r i a l   w i t h  a loss  t angen t  of about  1.1 i s  
wrapped   a round   t he   ou t s ide   o f   t he   cy l inde r   and  
c o v e r s   t h e   g a p s   t o   a b s o r b   a n y   f r i n g i n g   f i e l d s .  
T h i s   t e c h n i q u e   g r e a t l y   r e d u c e s   a n d   s e p a r a t e s   t h e  
unwanted modes  which p r e v i o u s l y  were v e r y   c l o s e   t o  
t h e   d e s i r e d  T E O l l  mode. A two l a y e r  1 t u r n   p e r  cm 
s o l e n o i d   p r o v i d e s   t h e  C f i e l d .  The p i t ch   changes  
s i g n   f r o m   t h e   i n n e r   t o   t h e   o u t e r   l a y e r   o f   t h e  
so l eno id  so t h a t  it can   be   d r iven   f rom a c o a x   l i n e  
w i t h   v i r t u a l l y   n o   e x t r a   e n d   o r   p i t c h   e f f e c t s .  
Measurements show t h a t   t h e   C - f i e l d  i s  un i fo rm  to  
5 ~ 1 0 - l ~  T ( 5  PG) a t  a m a g n e t i c   f i e l d   o f   a b o u t  lo-* 
T (100 PG). A two t u r n  Zeeman c o i l  i s  wound 
o u t s i d e   t h e  C f i e l d   c o i l .  

The m a g n e t i c   s h i e l d s   a r e   f a b r i c a t e d   i n  two 
h a l v e s   j o i n e d   t o g e t h e r   a t   t h e   c e n t e r   w i t h  a 5 cm 
wide   ove r l ap   j o in t .   Th i s   a r r angemen t   a l l ows   t he  
endcaps   o f   t he   magne t i c   sh i e lds  t o  be  permanently 
spo twe lded   t o   t he   end   o f   each   cy l inde r .   Th i s  
should   a l low  assembly   and   d i sassembly   of   the  
s h i e l d s   w i t h o u t   d e g r a d a t i o n   o f   t h e   s h i e l d i n g   p e r -  
formance  due  to work h a r d e n i n g   o f   t h e   e n d   j o i n t s   a s  
i s  u s u a l l y   e n c o u n t e r e d .  

The e l e c t r o n i c s   d e v e l o p e d   f o r   t h e   f u l l   s i z e d  
hydrogen  maser w i l l  be   used on t h e   s m a l l   c a v i t y  
d e s i g n .  The f r e q u e n c y   s t a b i l i t y  i s  e x p e c t e d   t o   b e  
about 2 x -'/ 'for  measurement times from 
10 S t o  10 days .  

Conclus ion  

We h a v e   d e s c r i b e d  a passive  hydrogen  maser  

s t a b i l i t y  o f   o y ( t )  = 2 x ,- l5 '  f o r  
f requency  s t a n d a r d  hav ing  a f r a c t i   n a l   f r e q u e n c y  

lOscti  4x105s . The f r e q u e n c y   s t a b i l i t y   o f  t h i s  
dev ice   fo r   measu remen t   t imes   f rom  two   days   t o   a t  
l e a s t   o n e  week i s  unexce l l ed  by  any o t h e r   s i n g l e  
f r equency   s t anda rd .   Add i t iona l   improvemen t s   o f  up 
t o  a f a c t o r   o f  7 i n   f r e q u e n c y   s t a b i l i t y   a p p e a r  
f e a s i b l e .   F o r   t i m e k e e p i n g   a p p l i c a t i o n s   t h i s   s i n g l e  
s t a n d a r d  i s  p r e d i c t e d   t o   o u t p e r f o r m   e n s e m b l e s   o f  
t e n s   t o   t h o u s a n d s   o f   p r e s e n t l y   a v a i l a b l e   c e s i u m  
s t a n d a r d s .   I n   a d d i t i o n  w e  have   presented  some of  
t h e   d e t a i l s   o f  a s m a l l   d i e l e c t r i c a l l y   l o a d e d   m i c r o -  
wave c a v i t y   w i t h   i n t e g r a l   s t o r a g e   b u l b  and  vacuum 
c o n t a i n e r .   T h i s  new d e s i g n  i s  e x p e c t e d   t o  make i t  
p o s s i b l e   t o   o b t a i n  a f r a c t i o n a l   f r e q u e n c y   s t a b i l i t y  
o f   o rde r  2 x t - ' / fo r   measurement   t imes   f rom 
1 0 s   t o  10  days  in  a t o t a l   p a c k a g e   s i z e  of 23 cm 
d iame te r   and  50 cm long .  
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FIGURE 4 .  
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FIGURE 5. 

H MASER FREQUENCY PERTURBATIONS 

Effec t  Av/vo 5 Value Temp. Coef. 

QC vC - V 

C a v i t y  - 1/2  - 
Pull ing 'H v 0 

0 < 1 0 - l ~  

2nd order  - 1.38 X 10 T -4 .3096~1 0-1 
Dopp1 er 

-13 

\!a 1 1 - K  Area [1-a(T-313)] 0 - 5 ~ 1 0 - ~ l  
S h i f t  v. Volume 

14agne-tic 2.75 x 10l1  H2(T) 
F i  el d 

Spi tl - >. n aVr 
Exchang? - (P1,O - p0,o 1 

8m0 

Spin 
- 

Magnetic  CK'(P1,l - p1,-1 ) l  
Field 
Inhomo- 

1 0 - l ~  

few 1 0 - l ~  

TABLE 1. 

- 1  .3769xlO-l '/K \ 

+ ( l - 5 )  x 1 0 - l 3 / ~  

0 
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