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ABSTRACT 

The small passive  hydrogen  maser   design  developed a t  
NBS has b e e n   f u r t h e r   r e f i n e d   t o   p r o d u c e  a much sma l l e r  
dev ice  w i t h  enhanced  performance. T h i s  new 
minia tur ized   pass ive   hydrogen   maser  is rack  mounted, 
measuring 26 1/2 cm h i g h   e x c l u s i v e   o f  i ts  e x t e r n a l  
power supply .  The weight is - 30 kg with a s t eady  
s ta te  power consumption  of   about  5 4  W a t  25OC. The 
r e d u c t i o n   i n   t h e   s i z e   a n d  power has   been  achieved 
p r i m a r i l y  by major  changes  in  the beam o p t i c s ,   o f f s e t  
f requency   synthes izer ,   and   hydrogen   supply .  The 
p r e s e n t   s i z e  is small   enough  to  f i t   i n   t h e  NBS 
environmental   chamber   used  to   house  commercial   cesium 
f r equency   s t anda rds .  

Long-term  measurements   against   the  NBS t ime   s ca l e  
i n d i c a t e   t h a t   t h e  new min ia tu re   pas s ive  maser (MPH) 
des ign   has  a t i m e k e e p i n g   a b i l i t y   o v e r   a t   l e a s t  a few 
weeks  which is b e t t e r   t h a n  our en t i r e   ensemble   o f  1 4  
commercial  cesium  clocks.  Frequency  measurements  vs 
t h e  time s c a l e  (TA NBS) o v e r   t h e   l a s t  50 da S y i e l d  a 
j o i n t   f r e q u e n c y   s t a b i l i t y   o f  4.7+::2 x l 0 - l '   a t  10 
d a y s .   P r e l i m i n a r y   a n a l y s i s   i n d i c a t e s   t h a t   t h e  
cesium  ensemble is t h e   m a j o r   c o n t r i b u t o r   t o   t h i s  
v a l u e .   E x t r a p o l a t i o n   o f   t h e  1 d a y   f r e q u e n c y   s t a b i l i t y  
sets a lower limit of   1 .5  x a t  10 d a y s   f o r  maser 
YPH 14 a t  i ts  p r e s e n t   f l u x   l e v e l .   U s i n g  a l i n e a r  
l e a s t   s q u a r e d   f i t   t o   f r e q u e n c y   d r i f t   b e t w e e n  MPH 1 4  
and  ne  cesium  ensemble  yields a va lue   o f  2 k 5 x 
10-16/day  averaged  over  50  days. The n e t   r e s u l t  is 
t h a t   t h i s  new g e n e r a t i o n  of minia ture   hydrogen   c locks  
can  keep  time t o  a few nanoseconds  per  week. 

INTRODUCTION 

For many y e a r s   p r e c i s i o n   t i m e k e e p i n g   h a s   r e l i e d   n e a r l y  
exc lus ive ly   on   commerc ia l ly   ava i lab le   ces ium beam 
s t a n d a r d s   w i t h  a nominal f r   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 r d e r  3 x l0-l' a t  one day  and a 
t imekeeping  performance  of   order  20 ns  per week. In  
t h i s   p a p e r  we d e s c r i b e  a new gene ra t ion  of min ia tu re  
passive  hydrogen  masers  (MPH) developed a t  NBS, which 
a re   comparab le   i n   s i ze ,   we igh t ,   and  power t o   t h e  
commerc ia l ly   ava i lab le   ces ium  s tandards .  The new MPH 
s tandards,   however ,   have a f r e q u e n c y   s t a b i l i t y  and 
t imekeeping   ab i l i ty   which  is f a r   s u p e r i o r   t o  any 
p resen t ly   ava i l ab le   commerc ia l   ce s ium  dev ice .  

The small   hydrogen  maser  design (SPHM) p rev ious ly  
developed a t  NBS [ l -31   demons t r a t ed   exce l l en t  
f r e q u e n c y   s t a b i l i t y ,  however i t  wasn't ve ry   po r t ab le .  
T y p i c a l   f r a c t ' o n a l   f r e q u e n c y   s t a b i l i t y  was 
2 x t-'" ou t   t o   abou t   one  week. Frequency 
d r i f t  v s  t h e  NBS cesium  ensemble  was  not   s ignif   'cant  
compared to   the   measurement   no ise   o f  ? 5 x 10 "/day. 
The des ign   o f   t h i s   ea r ly   pas s ive   mase r  was nea r ly  1 .5  
m ( 5  f e e t )   t a l l  and  weighed  about  90 kg (200 pounds).  

The new generat ion  of   miniature   passive  hydrogen  maser  
( M P H )  j u s t  now being  completed a t  NBS e x h i b i t s  
e x c e l l e n t   f r e q u e n c y   s t a b i l i t y  and is much, much, 
smaller than   t he  SPHM des ign .  The c u r r e n t  MPH des ign  
is 26.7 cm t a l l ,  66 cm deep,  and  49.5 cm wide 
( s t a n d a r d  relay rack   wid th)  . This   rack  mounted 
device  weighs 30 kg (65   pounds)   exc lus ive   o f  its a c  

power supply  and  uses  54 w a t t s   o f  power a t  25OC. 
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  a t  one  day is about  7 x 

and   the   t imekeeping   ab i l i ty   exceeds  4 n s  a week. 

PASSIVE HYDROGEN MASER BEAM ADVANCES 

S e v e r a l   y e a r s   a g o  NBS embarked on a program t o  develop 
a f requency   s tandard  based on the  hydrogen  magnet ic  
hyper f ine   resonance  shown i n  F igure  1. The b a s i c  
t e c h n i q u e   f o r   s t a t e   p r e p a r a t i o n  was v i r t u a l l y  
unchanged  from e a r l i e r   a c t i v e   h y d r o g e n   m a s e r  work 
u t i l i z ing   hexapo le   magne t s  C41. The l e n g t h   o f   t h e  
beam p a t h   f r o m   t h e   s o u r c e   t o   t h e   s t o r a g e   b o t t l e   i n   t h e  
p rev ious   des ign  was 43 cm (17  i n c h e s ) ,   l a r g e l y  
d i c t a t e d  by t h e   f o c u s i n g / d e f o c u s i n g   c h a r a c t e r i s t i c s   o f  
the  hexapole  magnet.  By g o i n g   t o  a quadrupole  magnet 
wi th   an   in le t   bore   o f   0 .05  cm (0 .020   i nches ) ,  i t  was 
p o s s i b l e   t o   r e d u c e   t h e  beam l e n g t h   t o   s l i g h t l y   o v e r  10 
cm. T h i s  is due s o l e l y   t o   t h e   l a r g e   d e f l e c t i o n   a n g l e s  
of  the  unwanted  atoms  achieved w i t h  quadrupole   magnets  
[51. T h i s   g r e a t l y   s h o r t e n e d  beam o p t i c s   t h e n  made i t  
p o s s i b l e   t o  make t h e  beam h o r i z o n t a l  and s t i l l  f i t   i n  
a s tandard  rack  mount .  

Measurements on t h e   s e n s i t i v i t y   o f  the ou tpu t  
f r e q u e n c y   o f   t h e   e a r l i e r  SPHM s e r i e s  on a p p l i e d  
e x t e r n a l   m a g n e t i c   f i e l d  showed a quadra t ic   dependence  
o f   o rde r  1 x f o r  f 3 x 10-5T ( * 0 . 3  C)  change. 
The quadra t i c   behav io r   and   t he   f ac t   t ha t   t he   va lue   was  
much l a r g e r   t h a n  t h a t  expected  from  measurements  on 
t h e  Zeeman s h i f t s ,   i n d i c a t e d   t h a t   t h e r e  was a 
s i g n i f i c a n t   m a g n e t i c   f i e l d   i n h o m o g e n i t y   s h i f t  
(Crampton  Effect  C61).   Both  the SPHM and MPH series 
u s e   f o u r   m a g n e t i c   s h i e l d s   s e p a r a t e d  by about  1 . 2  cm 
w i t h   a n   o v e r a l l  Zeeman s h i e l d i n g   c o e f f i c i e n t   o f   a b o u t  
200,000  along the  beam a x i s .  With t h e   g r e a t l y  
sho r t ened  beam o p t i c s   o f   t h e  MPH s e r i e s ,  i t  was 
r e l a t i v e l y   e a s y   t o   e x t e n d   t h e   o u t e r   m a g n e t i c   c o v e r   i n  
o r d e r   t o   p a r t i a l l y   s h i e l d   t h e   d i s c h a r g e   b u l b   a n d  the 
e n t i r e  beam o p t i c s   f r o m   c h a n g e s   i n   t h e   e x t e r n a l  
m a g n e t i c   f i e l d .   F i g u r e  2 shows  the   measured   sh i f t s   in  
ou tpu t   f r equency   o f   t he   mase r   due   t o   changes   o f  t h e  
e x t e r n a l   m a g n e t i c   f i e l d .  The s h i f t s   a r e  s t i l l  
q u a d r a t i c   i n   n a t u r e   b u t   o f  much l o w e r   l e v e l ,  
i n d i c a t i n g   t h a t   f u r t h e r   s h i e l d i n g   i n   t h i s   a r e a  would 
p robab ly   he lp   r educe   t h i s   e f f ec t   even  more. Neverthe- 
less,  t h e   r e s e n t   p e r f o r m a n c e   o f  2 x f o r  
f1.5 x 10-'T (k0.15 C )  is more t h a n   a d e q u a t e   f o r  
o p e r a t i o n   i n   b e n i g n   l a b o r a t o r y   e n v i r o n m e n t s .  

The s t o r a g e   c a v i t y   f o r   b o t h  t h e  older SPHM and t h e  new 
MPH s e r i e s   u s e s  a r i g h t   c i r c u l a r   c y l i n d e r   o f   l o w - l o s s  
A1203 ceramic  with a bore  down t h e   c e n t r a l   a x i s  and a 
s i l v e r   c o a t i n g  on t h e   o u t s i d e .  The ends   a r e   capped  
with A120 p l a t e s .  The c l o s e d   c e n t r a l   b o r e  is coa ted  
wi th  FEP 220 t e f l o n " .   T h u s ,   t h i s   d i e l e c t r i c a l l y  
c o a t e d   c a v i t y   s e r v e s  as  t h e  microwave c a v i t y ,  the 
vacuum chamber,   and  the  storage  volume. The i n t e g r a l  
n a t u r e   o f   t h i s   d e s i g n  makes i t  very  rugged. An 
a d d i t i o n a l   f e a t u r e  is t h a t   t h e  A1203 is a very  good 
the rma l   conduc to r   t he reby   g rea t ly   r educ ing  temperature 
g rad ien t s   a long   t he   s to rage   vo lume .   Th i s   f ea tu re  has 
made i t  p o s s i b l e   t o   u s e   o n l y  a s i n g l e   o v e n   f o r   c o n t r o l  

*Certain  commercial  materials are i d e n t i f i e d   i n  t h i s  
p a p e r   i n   o r d e r   t o   a d e q u a t e l y   s p e c i f y   t h e   e x p e r i m e n t a l  
p rocedure .   Such   i den t i f i ca t ion   does   no t   imp ly  
recommendation or   endorsement  by the   Nat iona l   Bureau  
o f   S t anda rds ,   no r   does  i t  imply tha t  t h e  materials o r  
e q u i p m e n t   i d e n t i f i e d  are n e c e s s a r i l y   t h e   b e s t  
a v a i l a b l e   f o r   t h e   p u r p o s e .  
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o f   t h e   c a v i t y   f r e q u e n c y   f o r   a p p l i c a t i o n s   w i t h  a benign  
thermal   environment .  Two ovens w i l l  p robably  be  
r e q u i r e d   f o r  use u n d e r   f i e l d   c o n d i t i o n s .  Long 
t e m p e r a t u r e   c o e f f i c i e n t s  are l e s s   t h a n  3 x lo-' !%: 
A d d i t i o n a l   a n a l y s i s   o f   t h i s   e f f e c t  is p lanned   ove r   t he  
nex t   s eve ra l   mon ths .  

SERVO  SYSTEMS 

In   t he   approach   deve loped   a t  NBS, b o t h   t h e   o u t p u t  
o s c i l l a t o r  and t h e  microwave  cavi ty  are l o c k e d   t o   t h e  
hydrogen   r e sonance   u s ing   t he   s cheme   i l l u s t r a t ed   i n  
F igu re  3 [ l - 3 1 .   B r i e f l y ,  a l o c a l   p r o b e   s i g n a l  
u l t i m a t e l y   d e r i v e d   f r o m  5 MHz is phase  modulated a t  
two   f r equenc ie s ,   f l   and  f 2 ,  and   i n t roduced   i n to   t he  
m i c r o w a v e   c a v i t y   c o n t a i n i n g   t h e   s t a t e - s e l e c t e d  
hydrogen   a toms.   The   t ransmi t te r   s igna l  is enve- 
lope-de tec ted   and   processed   in  two synchronous 
d e t e c t o r s ,   o n e   r e f e r e n c e d   t o   t h e   m o d u l a t i o n   f r e q u e n c y ,  
f l ,  a n d   t h e   o t h e r   t o   f 2 .  f ,  co r re sponds  t o  approxi -  
ma te ly   t he   ha l f - l i newid th   o f   t he   mic rowave   cav i ty   and  
f 2   c o r r e s p o n d s   t o   t h e   h a l f - l i n e w i d t h   o f   t h e   h y d r o g e n  
resonance .  The o u t p u t   o f   t h e   f l   s y n c h r o n o u s   d e t e c t o r  
is u s e d   t o   a c t i v e l y  correct the  microwave  cavi ty  
f requency   wi th  a time cons tan t   o f   about   10   seconds .  
The o u t p u t   o f   t h e   f 2   s y n c h r o n o u s   d e t e c t o r  is u s e d   t o  
s t e e r   t h e   p r o b e   f r e q u e n c y   t o   t h e   c e n t e r   o f   t h e  
hydrogen   l i ne  w i t h  a t ime   cons t an t   o f   s eve ra l   s econds .  
The un ique   f ea tu re  of the   pass ive   hydrogen   masers ,   as  
compared   to   the   ac t ive   hydrogen   masers ,  is t h e   a b i l i t y  
t o   l ock   t he   mic rowave   cav i ty   f r equency   t o   t he   hydrogen  
r e sonance   f r equency   w i thou t   t he   need   fo r   an   ex te rna l  
h i g h - s t a b i l i t y   r e f e r e n c e .   L e s a g e  e t  a l . ,   h a v e  
t h e o r e t i c a l l y   e x a m i n e d   t h e   e x p e c t e d   c h a r a c t e r i s t i c s   o f  
such  a system i71 .  T h e i r   r e s u l t s   a g r e e   r a t h e r  well 
w i t h   t h e   e x p e r i m e n t a l l y   o b s e r v e d   c h a r a c t e r i s t i c s .  
Recent work by Peters i n   t h e s e   p r o c e e d i n g s  show f i r s t  
r e s u l t s   o f  a c a v i t y   s w i t c h i n g   s e r v o .  

SYSTEMATIC  EFFECTS 

S y s t e m a t i c   e f f e c t s  srhich  can  per turb  the  output  
f r e q u e n c y   a r e  l i s t e d  in   Table  1 wi th   t he   expec ted  
e f f e c t  on s t a b i l i t y .  The t e m p e r a t u r e   c o e f f i c i e n t  
shown is an  upper  bound as t h e   t h e r m a l   r e s p o n s e   h a s n ' t  
been   ca re fu l ly   ana lyzed   ove r   t he  lon t imes   necessary  
t o   o b t a i n  a p r e c i s i o n  of p a r t s   i n  log5,  

Seve ra l   mase r s   o f   t he  SPHM series which were l e t  up t o  
a i r   f o r   s e r v i c i n g  and  repumped,  recovered  frequency  to 
2 x or be t t e r .   Ad jus tmen t s  on t h e   e l e c t r o n i c s   o f  
MPH 1 4  showed s h i f t s  of o r d e r  1 x The r e s u l t s  

-- 

Tabie L. Summary of S y s t e m t i c   E f f e c t s  for the   Hiniature   Pass ive  
Hydrogen  Haser. 

EFFECT OFFSET INSTABILITY - - 
1. Secand-order  Doppler 

Changes 
-4.3 x 10-1' 3 x 10-l5 

2 .  Cav i ty   Pu l l ing  an6 
Temperature   Coeff ic ient  

S 3 x lo-lq/K 

3 .  Wall S h i f t  - 2 x 10-11 S 1 0 - ~ 3 / ~ ~ ~ ~  

4 .  Spin  Exchange 2 x 1 d 3  5 x :0-l5 

5 .  Hagnetlc   Fleld  Changes 
i l . 5  x T ( i O . 1 5 C j  

1 2  x 10-15 for  

6 .  Power  Dependence < 10- l3 /dB 10-l5 

7 .  Phase  Modulator  Drive C 10-13/66 10-l5 

on b o t h   t h e  SPHM a n d   t h e   f i r s t   o f   t h e  MPH masers 
i n d i c a t e   t h a t   t h e   d r i f t  is ext remely  small (less than  
5 x 1 0 - 1 6 / d a y )   t h e r e f o r e   c h a n g e s   i n   t h e   w a l l   s h i f t  are 
p robab ly   neg l ig ib l e .   The re fo re  i t  is e x p e c t e d   t h a t   t h e  
r e p r o d u c i b i l i t y   a f t e r   s e r v i c i n g   o f   v i r t u a l l y  any 

t h a n  3 x 
componen t ,   s ave   r ep lac ing   t he   cav i ty ,  will b e  better 

FREQUENCY STABILITY A N D  TIMEKEEPING RESULTS 

The f r e q u e n c y   s t a b i l i t y   a n d   t i m e k e e p i n g   c a p a b i l i t y   o f  
t h e   f i r s t  of t h e  new s e r i e s   o f   m i n i a t u r e   p a s s i v e  
masers, MPH 1 4 ,  h a s   b e e n   a n a l y z e d   o v e r   t h e   p a s t  50 
days   v s   t he  NBS ensemble  of   cesium  clocks.   Figure 4 
shows t h e   m e a s u r e d   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   v s  
TA  NBS. This   t ime scale is post  analyzed  monthly  and 
d e f e c t i v e   c l o c k s   a r e  removed.   Three  corner   hat  
ana lys i s   ( compar i sons   be tween   t h ree   c locks )   ou t   t o  1 
day  shows t h a t  a m a j o r   p o r t i o n   o f   t h e   i n s t a b i l i t y  i n  
t h e   d a t a  is a t t r i b u t a b l e   t o   t h e   c e s i u m   e n s e m b l e .  MPH 
1 4  is a par t  of t he   ensemble   and   ca r r i e s  a weight  of 
approximate ly  24%. The a c t u a l   w e i g h t  varies as  v a r i o u s  
c l o c k s  are added or removed from the  ensemble.  

F igu re  5 shows the  t imekeeping  performance  of  MPH 1 4  
v s  TA NBS o v e r   t h e  past 50   days .   Th i s   da t a  is 
p a r t i c u l a r l y   r e m a r k a b l e   b e c a u s e   t h e  power t o   t h e  maser 
was   o f f   fo r  a s h o r t  time on MJD 45801  (day  6)   and 
45814 (day  19). The time s c a l e   c o m p u t e r   r e s e t   t h e  
phase a f t e r  each  power o u t a g e   b u t   d i d n ' t   a d j u s t  
f requency .  MPH 1 4  r ecove red   f r equency   t o   w i th in  
s e v e r a l   p a r t s   i n  1015 a f t e r   e a c h   o u t a g e .   F i g u r e   6 a  
shows the   t iming   be tween MPH 1 4  and AT1 NBS over  a two 
week period. For   comparison  the  t iming  performance  of  
a "very  good"  high  performance  commercial  cesium beam 
s t a n d a r d   o v e r   t h e  same time is shown in   F igure   6b .  The 
o n - l i n e   t i m e   s c a l e  AT1 is s l i g h t l y   s m o o t h e r   t h a n  TA 
NBS in   sho r t - t e rm.  

Based  on the   above   da ta ,   the   t ime  d i spers ion   be tween 
MPH 1 4  and NBS t ime   s ca l e   va r i e s   f rom 0.9 n s   f o r  a 
p r e d i c t i o n   i n t e r v a l   o f   o n e   d a y ,   t o  4 ns a t  a 
p r e d i c t i o n   i n t e r v a l   o f  7 days.  

Most o f   t h e   t i m e   d i s p e r s i o n   a p p e a r s   t o  be  d u e   t o   t h e  
n o i s e   i n  t h e  ensemble  of   cesium  s tandards  compris ing 
TA NBS. Never the l e s s ,  we can  determine tha t  t h e  
performance of MPH 1 4  is  more than  a f a c t o r   o f  3 times 
better t h a n   t h e  best commerc ia l ly   ava i lab le   ces ium 
s t a n d a r d   f o r   m e a s u r e m e n t   t i m e s   o u t   t o  a t  l e a s t   s e v e r a l  
weeks. (Three co rne r  hat d a t a   s u g g e s t s   t h a t  MPH 14 is 
5 times b e t t e r   t h a n   t h e  best commercial  cesium a t  l 
day . )  

The d a t a   o f   F i g u r e  5 was a n a l  ed f o r   f r e q u e n c y   d r i f t .  
The  computed d r i f t   o f  2 x lO-'ti/day is much less than  
t h e   u n c e r t a i n t y  of ?I. 5 x d u e   t o   n o i s e   i n   t h e  
cesium  ensemble. 

CONCLUSION 

I t  has   been   expe r imen ta l ly   demons t r a t ed   t ha t   t he  MPH 
d e s i g n   y i e l d s  a r e l a t i v e l y  small c l o c k   q u i t e  
comparable   in   s ize ,   weight ,   and  power to   commerc ia l  
ces ium  devices   bu t   capable   o f  much be t t e r   pe r fo rmance .  
The t i m e k e e p i n g   o f   t h i s  new des ign  of pass ive   hydrogen  
maser exceeds  4 ns/week  and may be  a s  good as  
1 . 5  ns/week  (measurements  are limited by i n s t a b i l i t i e s  
i n   t h e   c e s i u m   c l o c k s   u s e d   f o r   t h e   r e f e r e n c e ) .  
F r e q u e n c y   d r i f t  is so  small as t o  be  h i d d e n   w i t h i n   t h e  
noise   of   the   cesium  ensemble  even when averaged   over  
50 days .  
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F igure   Cap t ions  

F igu re  1. Upper p o r t i o n  shows the   magnet ic   hyper f ine  
sepa ra t ion   o f   a tomic   hydrogen   v s   magne t i c   f i e ld .  The 
lower  port ion  shows t h e  t r a d i t i o n a l  method  of state 
s e l e c t i o n   u s i n g  a hexapole  magnet.  

F igure   2 .  Change i n   o u t p u t   f r e q u e n c y   o f  MPH-14 v s  
e x t e r n a l l y   a p p l i e d   m a g n e t i c   f i e l d .  The b r o k e n   l i n e s  
are o n l y   t o   h e l p   g u i d e  t h e  eye .  

F igu re   3 .  Block Diag ram  o f   t he   e l ec t ron ic   s e rvo  
concept   used   in  the SPHM and MPH p a s s i v e  masers. 

F igu re  4 .  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  a ( T) o f  
MPH-14 vs  TA NBS a s  a function  of  measuremenx  t ime. 
MPH-14 has a weight  of - 24% i n  TA N B .  No c o r r e c t i o n  
has b e e n   a p p l i e d   d u e   t o   t h e   s e l f   i n c l u s i o n   o f   t h e  
c l o c k   i n  the  t ime scale or due t o   p o s s i b l e   f r e q u e n c y  
d r i f t .  

F i g u r e   5 .  Time comparison of MPH-14 v s  TA  NBS over  
5 0   d a y s   S t a r t i n g   a t  M J D  45795. The average   f requency  
d i f f e r e n c e   h a s   b e e n   s u b t r a c t e d   f r o m  t h e  raw d a t a .  No 
c o r r e c t i o n  has b e e n   a p p l i e d   d u e   t o  the self i n c l u s i o n  
o f   t h e   c l o c k   i n   t h e  time scale o r  d u e   t o   p o s s i b l e  
f r e q u e n c y   d r i f t .  MPH-14 has a weight   of   24%  in  TA 
NBS . 

Figure   6a .  Time comparison  of  MPH-14 v s  AT1 NBS 
s t a r t i n g  a t  MJD 45798.  The  average  frequency 
d i f f e r e n c e   h a s   b e e n   s u b t r a c t e d   f r o m  the  d a t a .  No 
c o r r e c t i o n   h a s   b e e n   a p p l i e d   t o   t h e   s e l f   i n c l u s i o n   o f  
t h e  c l o c k   i n  time s c a l e   o r   d u e   t o   p o s s i b l e   d r i f t .  
MPH-14 h a s  a weight   of  18% i n  AT1 a t  t h e  time of t h i s  
d a t a .  

Figure  6b.  Time d i s p e r s i o n   o f   c l o c k   1 2 ,  a h igh  
performance  commercial   cesium beam f r e q u e n c y   s t a n d a r d ,  
v s  AT1 NBS s t a r t i n g  a t  M J D  45798.  The ave rage  
f r e q u e n c y   d i f f e r e n c e  h a s  been   subt rac ted   f rom t h e  raw 
d a t a .  No c o r r e c t i o n   h a s   b e e n   a p p l i e d   d u e  t o  the s e l f  
i n c l u s i o n   o f   t h e   c l o c k   i n   t h e  time s c a l e   o r   d u e   t o  
p o s s i b l e   f r e q u e n c y   d r i f t .   C l o c k   1 2   h a s  a weight   o f  
23% i n  AT1 a t  the t ime  of  t h i s  d a t a .  
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