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S i n c e  t h e  l a s t  C I C ,  s i g n i f i c a n t  p r o g r e s s  has  been  made i n  
v a r i o u s  l a b o r a t o r i e s  l e a d i n g  t o  new c a p a b i l i t i e s  and new fu-  
I Lure u s e s  0:: a t o m i c  c l o c k s .  T h i s  p a p e r  summarizes  t h e  c o n t r i -  
'cu' L ~ o l i ;  -. of  t h e  i J a t i o n a l  Bureau of S t a n d a r d s  t o  these deve lop-  
iccnts and t r i e s  t o  f o r e c a s t  f u t u r e  deve lopments :  
'Two pr imary  ces ium s t a n d a r d s ,  NBS-4 and NBS- 
a t i o n a l  u s e  w i t h  a n  a c c u r a c y  of n e a r  1 x 10-'3,and w i t h  a s ta-  
b i l i t y  o f  be t te r  t h a n  1 x 10-l': ( s ample  t i m e  of 3 h o u r s ) .  The 
coficept  and  f e a s i b i l i t y  of a p a s s i v e  hydrogen  storage device 
h a s  been  d e m o n s t r a t e d  l e a d i n g  t o  t h e  p r o j e c t i o n  of l o n g  t e r m  
s t a b i l i t i e s  ( h o u r s  t o  weeks)  of a t  l e a s t  1 x f o r  t hese  
devices,  S t u d i e s  of d i f f e r e n t  e l e c t r o n i c  s y s t e m s  as  w e l l  as  
wall  and m a g n e t i c  f i e l d  effects  p r o m i s e s i g n i f i c a n t  improvements  
i n  t h e  a c c u r a c y  o f  hydrogen  s t a n d a r d s .  Fiethane s t a b i l i z e d  
ne l iun -neon  laser  were o p e r a t e d  and d e m o n s t r a t e d  e x c e l l e n t  fre- 
quency s t a b i l i t i e s ,  and  research on a methane beam s y s t e m  i s  i n  
;3rogress .  iu'ovel n o i s e  s t u d i e s  of cruartz c r y s t d  r e s o n a t o r s  con- 
f i rmed t h a t  auartzcrystal-oscillators w i t h  s h o r t - t h e r m  s t a b i l i -  
k i e s  of t h e  o r d e r  of 
f a c t  i n  i t s  own r i g h t  and  of s i g n i f i c a n c e  t o  t h e  deve lopment  
of a t o m i c  c l o c k s  of ex t r eme  s h o r t - t e r m  s t a b i l i t y .  

are  now i n  o p e r  - 

(: s e c o n d )  are  p o s s i b l e ,  a n  i m p o r t a n t  
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Zusammenfassung: 

Seit dem letzten CIC sind bemerkenswerte Fortschritte in mehre- 
ren Laboratorien erzielt worden, die neue Menmoglichkeiten und 
neuartige zukunftige Anwendungen von Atomuhren erlauben. Dieser 
Bericht gibt einen ijberblick uber die Beitrage des National 
Bureau of Standards zu dieser Entwicklung und versucht zukunf- 
tige Entwicklungen abzuschatzen: 

Gegenwartig sind zwei primare Casiumnormale in Betrieb mit einer 
Genauigkeit von annahernd 1 x lO-l3 und mit einer Stabilitat von 
besser als 1 x 10-14 (Meheit: 3 Stunden). Das Konzept und die 
Realisierbarkeit einer passiven Wasserstoff-Speicher-Apparatur 
ist demonstriert worden, welches Grund zu der Erwartung gibt, 
dan solche Gerate Langzeitstabilitaten von wenigstens 1 x 
aufweisen werden. Studien verschiedener elektronischer Systeme, 
sowie Untersuchungen von Einflussen der Wande und des Ma- 
gnetfeldes versprechen bedeutende Verbesserungen in der Genau- 
igkeit von Wasserstoffnormalen. Methan-stabilisierte Helium- 
Neon-Laser wurden mit hervorragender Frequenzstabilitat betrie- 
ben, und Untersuchungen einer Methanstrahl-Apparatur werden ge- 
genwartig durchgefuhrt. Neuartige Untersuchungen des Rauschens 
von Quarzkristall-Resonatoren bestatigten, dan Quarzkristall- 
oszillatoren mit Kurzzeitstabilitaten von einer Gronenordnung 
10-13 (1 Sekunde) moglich sind; dies ist eine bedeutende M6g- 
lichkeit an sich und daruberhinaus wichtig fur die Entwicklung 
von Atomuhren mit extremer Kurzzeitstabilitat. 

Resum6 : 

Depuis le dernier CIC, d'importants progres ont ktk faits dans 
divers laboratoires, conduisant a nouvelles possibilitks e'L de 
nouveaux futurs usages des &talons atomiques. Cet imprimk re- 
sume les contributions faites par le National Bureau of Stan- 
dards a ces developpements et essaye de prkdire les developpe- 
ments a venir. 
Deux &talons principaux de cesium, NBS-4 et NBS-5 sont mainte- 
nant en opkration avec une prkcision de pres de et 
avec une stabilitk de plus de 1*10-14 (khantillon de temps de 
3 heures). Le concept et la possibilitk d'un systeme passif 
stockage d'hydrogene ont &t& dkmonstres pour arriver a la pro- 
jection de stabilitks 2 long terme (allant d'heures i$ semaines) 
d'au moins l.10-14 pour ces systemes. Des htudes de differents 
systemes klectroniques autant que des effets de parois et de 
champ magnhtique promettent des ameliorations importantes dans 
le domaine de la prkcision des &talons d'hydrogene. Des lasers 
d'heliums-nkon stabilisk au mkthane ont ktk mis en operation 
et ont montrh des stabilitks de frhquences excellentes; la re- 
cherche d'un systemeA jet de mkthane se poursuit. De nouvelles 
etudes de r&sonateurs de cristal quartz ont confirme que des 
oscillateurs de cristal 6 quartz avec des stabilit6s a court 
termes de l'ordre de 10-13 (une seconde) sont possible. un fait 
important par lui-m6me et par sa signification dans le'develop- 
pement des &talons atomiques d'exellentestabilith a court terme. 
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I n t r o d u c t i o n  

I n  t h e  area of f requency  and. t i m e ,  t h e  T i m e  and Frequency D i v i s i o n  
of t h e  N a t i o n a l  Eureau of  S t a n d a r d s  (NBS) i s  charged  w i t h  t h e  r e a l i z a t i c p  
of t h e  u n i t  of t i m e ,  t h e  second.  Research and development of a tomic  
f requency  and t i m e  s t a n d a r d s  a t  NBS dates  back t o  t h e  v e r y  beginninq  
of t h i s  f i e l d .  I n  1 9 4 8  t h e  f i r s t  "atomic" c l o c k ,  an  ammonia a h s o r p t i o n  
d e v i c e ,  w a s  completed and o p e r a t e d  [ l] .  Research on cesium s t a n d a r d s  a l s o  
began a t  abou t  t h i s  t i m e  l e a d i n g  t o  an  o p e r a t i n g  d e v i c e  ir! 1952 [ 2 ] .  I t  
was,  however, n o t  u n t i l  1Q58,  t h a t  cesium c l o c k s  w e r e  used i n  connec t ion  
w i t h  t h e  NBS t i m e  s e r v i c e s .  A s u c c e s s i o n  of cesium d e v i c e s  s e r v e d  i n  
t h i s  c a p a c i t y ;  t h e y  were d e s i g n a t e d  NBS-I, WBS-I1 and XES-I11 [ 3 ,  4 1 .  

I n  1 9 6 6  t h e o r e t i c a l  and e x p e r i m e n t a l  work s t a r t e d  on o u r  p r e s e n t  
t w o  o p e r a t i o n a l  s t a n d a r d s ,  NBS-4 and NBS-5. MBS-5 was completed i n  
1972 fol lowed by a f i r s t  p r e l i m i n a r y  e v a l u a t i o n  i n  J anua ry  1973. NBS-4 
w a s  completed i n  1973 and w a s  f i r s t  e v a l u a t e d  i n  August 1973. Both 
of these pr imary s t a n d a r d s  have served i n  many c a l i b r a t i o n s  of t h e  
NBS A t o m i c  T i m e  S c a l e  a s  w e l l  as i n  measurements o f  t h e  f requency  of 
t h e  I n t e r n a t i o n a l  A t o m i c  T i m e  S c a l e  ( T A I ) .  

Work on promising o t h e r  devices s i n c e  t h e  l a s t  CIC i n  1 9 6 9  i n c l u d e s  
hydrogen maser o s c i l l a t o r s  and p a s s i v e  hydrogen s t o r a g e  devices. The 
maser o sc i l l a to r  program t r a n s l a t e d  s lowly  i n t o  t h e  p r e s e n t  p a s s i v e  
hydrogen s t o r a g e  program s t a r t i n g  i n  1970. 

Also i n  1970, work. w a s  i n i t i a t e d  on methane s t a b i l i z e d  helium-neon 
lasers  supplementing ongoing r e s e a r c h  a t  JILA*. The work c o n c e n t r a t e s  
on a methane molecular  beam system. 

I n  1973 expe r imen ta l  s t u d i e s  of t h e  n o i s e  of q u a r t z  c r y s t a l  
r e s o n a t o r s  were s t a r t e d  which l e d  t o  i m p o r t a n t  new r e s u l t s  w i t h  s i g n i f i -  
c a n t  b e a r i n g  on f u t u r e  atomic c l o c k s  and i n f r a r e d / v i s i b l e  f requency  
s y n t h e s i s .  

In  t h e  f o l l o w i n g ,  t h e  r e s u l t s  o b t a i n e d  i n  t h e s e  f o u r  areas w i l l  
be p r e s e n t e d  i n  more d e t a i l .  

Cesium S tanda rds :  

NBS-4 ( f i g .  1) h a s  been used on a con t inuous  bas i s  f o r  s i x  C a l i -  
b r a t i o n s  of t h e  MBS atomic t i m e  scale and serves c u r r e n t l y  on a monthly 
t o  bi-monthly b a s i s  f o r  t h i s  purpose .  NBS-5 ( f i g .  2) h a s  s e r v e d  i n  
s i x  c a l i b r a t i o n s  of t h e  NBS a tomic  t i m e  scale and i s  be inq  modi f ied  
w i t h  t h e  i n t e n t  t o  f u r t h e r  i n c r e a s e  i t s  s t a b i l i t y ,  and t o  render p o s s i b l e  
an o p e r a t i o n a l  c a l i b r a t i o n  c a p a b i l i t y  on a con t inuous  s e r v i c e  bas i s .  

The s t a b i l i t i e s  of NBS-4 and NBS-5 w e r e  measured a g a i n s t  each  

and NBS-5 can  h e  d e s c r i b e d  by . -$? a comparison between XES-4 and XBS-5, a 

c the r  and  a g a i n s t  o t h e r  h igh  performance c r y s t a l  and cesium osc i l l a -  
t o r s .  Theselqeasyypments - show t h a t  NBS-4 can be c h a r a c t e r i z e d  by 

- 1 / 2  

f y i c k e r  " f l o o r "  of 9x10 w a s  r eached .  

* J o i n t  I n s t i t u t e  f o r  Laboratory A s t r o p h y s i c s .  The NBS Labora tory  
As t rophys ic s  D i v i s i o n  i s  p a r t  of JILA. 

c = 1 . 5 ~ 1 @ - - ~ ~ ~  
? Y  = 0 . 8 5 ~ 1 0  T 
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The  accu racy  e v a l u a t i o n  of NBS-4  and NBS-5 inc luded- - fo r  each  
d e v i c e  s e p a r a t e l y  and independent ly- - the  check and measurement of t h e  
magnet ic  f i e l d  ( 4 . 8  A/m t y p i c a l )  , magnet ic  f i e l d  inhomogenei t ies  
(<l% peak-to-peak) , microwave e x c i t a t i o n  spectrum ( n o i s e  and s i d e -  
bands down b e t t e r  t han  50  d B ) ,  s e r v o  system r e l a t e d  s h i f t s ,  e t c .  [ 5 1 .  
The most s i g n i f i c a n t  accuracy  l i m i t a t i o n ,  t h e  c a v i t y  phase  s h i f t ,  was 
checked and measured u s i n g  t h r e e  d i f f e r e n t  methods [ 5 ,  6 ,  7 ,  8 ,  91 : 
( a )  r e v e r s a l  of t h e  beam d i r e c t i o n  (used i n  N B S - 5 1 ,  (b) measurement 
of t h e  v e l o c i t y  d i s t r i b u t i o n  fol lowed by a f requency  s h i f t  exper iment  

F i g u r e  1. 
NBS-4. 

F i g u r e  2 .  

N B S - 5 .  
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F i g u r e  

t a  ly chanqec where t h e  power of t,,e microwave e x c i t a t i o n  was su (used 
f o r  NBS-4 and NBS-5), and (c)  by a f requency  s h i f t  expekiment -us ing  
d i f f e r e n t  a t o m i c  v e l o c i t i e s  w h i c h  w e r e  selected by pulsed  operation ~f 
t h e  microwave e x c i t a t i o n  (used f o r  NBS-5). The second o r d e r  Doppler 
e f f e c t  correct ion was ob ta ined  f o r  NBS-4 and NRS-5 from t h e  v e l o c i t y  
d i s t r i b u t i o n  of t h e  atomic beam which w a s  determined from pu l sed  
e x c i t a t i o n  a s  w e l l  as from an analysis of t h e  Ramsey p a t t e r n .  

A l l  of t h e  above d i f f e r e n t  methods l ed  t o  a s a t i s f y i n g  agreement  
w i t h i n  t h e  independen t ly  a s s igned  u n c e r t a i n t i e s .  For  an  i n d i v i d u a l  
and iqgependent  f u l l  accu ra fy  e v a l u a t i o n ,  one sigma u n c e r t a i n t i e s  of 
2x10- f o r  NBS-5 and 3x10- for NBS-4 w e r e  achieved ( f i g .  3 ) .  B y  
u s i n g  a series of such e v a l u a t i o n s ,  t h e  memory of each  r f S t i n g  with 
t h e  NBS atomic t i m e  scale,  an  accuracy  of c l o s e  t o  1x10- 
The r e p r o d y s i b i l i t y  of e i t h e r  NBS-4 or  NBS-5 i s  estimated a t  be t te r  
than  1x10- . 

was ach ieved .  

1 1 1 1 1 1 1 1 1 1 1 1 1 1  

. F r a c t i o n a l  f r equency  of  t h e  NBS time scale AT (NBS) a s  

E r r o r  b a r s  are l a  accuracy  estimates.  
measured by NBS-4 ( l a b e l e d  " 4 " )  and NBS-5 ( l a g e l e d  " 5 " )  
d u r i n g  1973/74. 

Measurements of T A I  : 

The t o t a l  of 13 i n d i v i d u a l  c a l i b r a t i o n s  of t h e  NBS a tomic  t i m e  
s c a l e  s i n c e  January  1973 u s i n g  NBS-4 and NBS-5 has  l e d  t o  co r re spond ing  
in fo rma t ion  on T A I .  The r e l a t i o n s h i p  between T A I  and ou r  t i m e  scale i s  
known v i a  Loran-C and o c c a s i o n a l  p o r t a b l e  c l o c k  comparisons.  

- 3 ~ 1 0 -  
changed: f o r  t h i s  t i m e  p e r i o d  w e  a s s i g n  a v a l u e  of 

Be tween  
Yc January31973 and September 1973, a change i n  T A I  of A(y - 

was noted .  S i n c e  September 1973, t h e  r a t e  of ?% has  g o t  

= +lox10 -13 . 
YTAI - YcS 

Th i s  v a l u e  i n c l u d e s  t h e  g r a v i t a t i o n a l  corzf!tion f o r  t h e  a l t i t u d e  
of Boulder ( g e n e r f 3  r e l a t i v i t y )  o f  1 . 8 ~ 1 0  
t a i n t y  i s  1.6~10- which i n c l u d e s  t h e  Loran-C measurement 
u n c e r t a i n t y .  

. The one sigma uncer -  

n r r -  " C  r 
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Hvdroaen S tanda rds  : 

I n  1969  and 1970  a series of exper iments  i n  c o o p e r a t i o n  w i t h  
Harvard U n i v e r s i t y  and the  Smithsonian A s t r o p h y s i c a l  Observa tory  led 
t o  a new v a l u e  fo r  t h e  unpe r tu rbed  hydrogen h y p e r f i n e  f r equency  (clock 
t r a n s i t i o n )  . This  v a l u e  was s i g n i f i c a n t l y  s m a l l e r  t h a n  m o s t  p r e v i o u s  
measurements [lo]. S i n c e  t h e n ,  s e v e r a l  l a b o r a t o r i e s  i n  v a r i o u s  coun- 
tries [ll, 1 2 ,  13, 1 4 ,  15 ,  161 have re-measured t h e  hydrogen f requency .  
A summary of t h e  resul ts  i s  shown i n  Table  1. The weighted mean of 
a l l  v a l u e s  of Table 1 i s  1420405751.7696 Hz, a v a l u e  which is v e r y  
c l o s e  t o  t h e  o r i g i n a l  NBS v a l u e  of  1970.  

TABLE 1 INTERNATIONAL AGREEMENT, I ,H MASER OSC ( S I N C E  1970) 
(MEAS. I N  TERMS OF Cs) 

DATE 1420405751 HZ 
OF PUB PLUS 1 SIGMA 

NBS, U.S. 
NBS/SAO/HARVARD, U.S. 

NRC, CANADA 

NASA-GSFC, U.S.* 

NPL, U.K. 

HARVARD, U. S. 
( " B I G  BOX") 

LHA, FRANCE* 

RRL, JAPAN 

1970 
1970 
1971 
1972 
1973 
1974 

1974 
1974 

0.769 Hz 
0.767 Hz 

0.770 H z  

0.775 H z  

0.766 Hz 
0.768 H z  

0.770 H z  

0.773 Hz 

1 .7x1O-l2 
1 . 4 ~ 1  0-1 
2 . lx l  0-1 

2.2x1 0-1 
2 .  1x10-1 
1 . 4 ~ 1  0-1 

2 . lx l  0-1 
3 . 5 ~ 1 0 - ~ '  

* WALL S H I F T  CORRECTION NOT INDEPENDENT 

Hydrogen s t o r a g e  i n  a p a s s i v e l y  o p e r a t i n g  d e v i c e  w a s  proposed [17] 
and e x p e r i m e n t a l l y  t r ied a t  NBS beg inn ing  i n  1970 [18,  191 .  F i g u r e  4 
shows a p i c t u r e  of t h e  a p p a r a t u s  used  for  t h e s e  expe r imen t s ,  and 
f i g u r e  5 d e p i c t s  t h e  s t o r a g e  b u l b  assembly. I n  a p a s s i v e  d e v i c e ,  t h e  
c a v i t y  which c o n t a i n s  t h e  s t o r a g e  b u l b ,  can have a r a t h e r  l o w  q u a l i t y  
f a c t o r .  
from a c r y s t a l  osc i l la tor ;  t h e  osc i l la tor  i s  locked t o  t h e  hydrogen 
resonance  by means of a feedback s e r v o .  The necessa ry  s i g n a l  c o n t a i n i n g  
t h e  hydrogen resonance  information can be acqu i r ed  i n  several d i f f e r e n t  
ways: d e t e c t i o n  of t h e  s i g n a l  which w a s  a m p l i f i e d  by t h e  hydrogen 
resonance  ( c l a s s i c a l  maser a m p l i f i e r )  ; (b) d e t e c t i o n  of t h e  d i s p e r s i o n  
of t h e  hydrogen resonance ,  i . e . ,  of t h e  p h a s e - s h i f t  due t o  t h e  p re sence  
of r e s o n a t i n g  hydrogen atoms; (c) d e t e c t i o n  of hydrogen atoms a f te r  
they  l e f t  t h e  c a v i t y  (hydrogen s t o r a g e  beam). W e  t r i e d  method (c) w i t h  
some encouraging r e s u l t s  [ l 8 ] ;  however, t h e  need f o r  an  e f f i c i e n t ,  l o w  
background hydrogen d e t e c t o r  became a p p a r e n t .  Such a detector i s  n o t  
y e t  a v a i l a b l e .  Thus, t h e  p r i n c i p a l  advantage of t h i s  d e t e c t i o n  mode, 
t h e  e x c e l l e n t  f requency  s t a b i l i t y  coupled w i t h  n e g l i g i b l e  c a v i t y  p u l l i n g  
[18 ,  201, could  n o t  f u l l y  be r e a l i z e d .  W e  c o n c e n t r a t e d  on method (b)  
and a c t u a l l y  o p e r a t e d  a complete  f requency  s t a n d a r d  system 118, 1 9 1 .  
I n  d i s p e r s i o n  d e t e c t i o n  no f requency  modulat ion i s  needed as i s  shown 

The c a v i t y  i s  d r i v e n  by an i n t e r r o g a t i n g  s igna l  which i s  d e r i v e d  

( a )  

D G C - A S - 6  
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F i g u r e  5 .  
Hydrogen s t o r a g e  bu lb .  

Magnetic f i e l d  c o i l s  and bottom 
p a r t s  of c a v i t y  and magnet ic  

s h i e l d s  a r e  v i s i b l e .  
Figure 4 *  Hydrogen beam systems.  
Foreground: H-storage beam s t a n d a r d ;  
background: H - b e a m  d e t e c t i o n  exper iment .  

i n  f i g u r e  6 .  T h i s  s i m p l i f i e s  t h e  s e r v o  system provided  r e a s o n a b l e  c a r e  
i s  taken  t o  a s s u r e  a d e q u a t e  p h a s e - s t a b i l i t y  of t h e  c r i t i c a l  e l e c t r o n i c  
c i r c u i t s .  Phase o f f s e t s  and d r i f t s  can be removed t o  f i r s t  o r d e r  by a 
modulation of  t h e  hydrogen resonance :  F i g u r e  6 d e p i c t s  beam i n t e n s i t y  
modulat ion a s  an  example. Another method used  r e l i e s  on quenching of 
t h e  hydrogen resonance  by i n j e c t i o n  of t h e  low frequency Zeeman reso- 
nance f r equency .  

The basic  advantages  of t h e  p a s s i v e  approach a re :  ( a )  A much 
g r e a t e r  freedom t o  choose and v a r y  t h e  o p e r a t i o n a l  pa rame te r s  a s  c o m -  
pa red  t o  t h e  maser o s c i l l a t o r  s i n c e  no o s c i l l a t i o n  t h r e s h o l d  c o n d i t i o n s  
must be m e t  b e f o r e  a measurement can be performed.  T h i s  may prove  t o  
be o f  impor tance  i n  t h e  e v a l u a t i o n  of accuracy  l i m i t a t i o n s ,  such  a s  
spin-exchange e f f e c t s ,  w a l l  s h i f t ,  e tc .  ( b )  A s i g n i f i c a n t  r e d u c t i o n  
i n  c a v i t y  p u l l i n g  due  t o  t h e  p o s s i b i l i t y  of  o p e r a t i n g  w i t h  v e r y  low 
c a v i t y  q u a l i t y  f a c t o r s .  I n  terms of t empera tu re  s t a b i l i z a t i o n ,  t h e  
r equ i r emen t s  a re  no  longe r  d i c t a t f q  by c a v i t y  p u l l i n g  but by t h e  second 
o r d e r  Doppler e f f e c t  w i t h  1.4~10 p e r  degree  k e l v i n .  The p o t e n t i a l  
f o r  a c h i e v i n g  e x c e l l e n t  long-term s t a b i l i t y  and/or  r e l a x e d  e n g i n e e r i n g  
c o n s t r a i n t s  w i t h  r e g a r d  t o  c a v i t y  s t a b i l i t y  i s  e v i d e n t .  
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F i g u r e  6 .  Block diagram of t h e  d i s p e r s i o n  lock  t echn ique .  

Methane S tanda rds :  

t o  i n i t i a f e  a supplementing s tudy .  
t o  1x10- a t  1 0  second ave rag ing  time were achieved [22]. S i n c e  t h e n ,  
work p rogres sed  on a methane beam system w i t h  t he  i n t e n t  t o  a l l o w  quan- 
t i t a t i v e  s t u d i e s  of t h e  photon recoi l  accu racy  l i m i t a t i o n  [23, 241, of  
t h e  p o s s i b i l i t y  of an i n t e r f e r o m e t r i c  Ramsey s t r u c t u r e  f e a t u r i n g  v e r y  
s h a r p  resonances  [251 , and of v a r i o u s  o t h e r  p h y s i c a l  e f f e c t s  r e l a t i n g  
t o  t h e  s t a b i l i t y  and accuracy  of methane s t a b i l i z e d  helium-neon l a s e r s .  

d e t e c t i o n  of t h e  s a t u r a t e d  a b s o r p t i o n  i n  a methane beam. 
t h e  improved beam system i s  shown. 
( 2 0 0 0  l /s)  a t  t h e  methane s o u r c e ,  an a b i l i t y  t o  c o o l  t h e  s o u r c e  t o  
l i q u i d  n i t r o g e n  t e m p e r a t u r e s ,  a beam w i t h  a c r o s s  s e c t i o n  of 1 .5  mm by 
80 mm, and a 1 m long i n t e r r o g a t i o n  p a t h  for p rob ing  laser beams. 

P ionee r ing  work [211 i n  a d i f f e r e n t  d i v i s i o n  of NBS s t i m u l a t e d  u s  
S t a b i l i t y  r e s u l t s  r each ing  down 

F i g u r e  7 shows o u r  f i r s t  methane beam a p p a r a t u s  which p e r m i t t e d  
I n  f i g u r e  8 

I t  f e a t u r e s  a h i g h  pumping c a p a c i t y  



F i g u r e  7 .  O r i g i n a l  m e t h a n e  b e a m j h e l i u n - n e o R  l a s e r  s y s t e m .  
The  beam t r a v e l s  i n s i d e  of t , he  vacuum e n c l o s u r e  
a t  r i g h t  a n g l e s  t o  t h e  l a s e r  l i g h t .  

F i g u r e  8 .  P r e s e n t ,  improved n i e t h a n e  beam system. 



Q u a r t z  C r y s t a l s :  

Over t h e  p a s t  several y e a r s ,  i n d i r e c t  ev idence  po in ted  t o  t h e  
p o s s i b i l i t y  t h a t  q u a r t z  c r y s t a l  r e s o n a t o r s  might n o t  be t h e  l i m i t i n g  
component i n  t h e  sho r t - t e rm s t a b i l i t y  of c r y s t a l  o s c i l l a t o r s  [ 2 6 ,  2 7 1 .  
Fol lowing s u g g e s t i o n s  o r i g i n a l l y  made by D. Ha l fo rd ,  w e  s t u d i e d  e x p e r i -  
men ta l ly  t h e  n o i s e  behav io r  of q u a r t z  c r y s t a l s  i n  a p a s s i v e  c i r c u i t  as 
shown i n  f i g u r e  9.  Two v e r y  s imi l a r  c r y s t a l  r e s o n a t o r s  form two 
branches  of a phase comparison b r i d g e .  A v a r i a b l e  induc tance  and 
r e s i s t a n c e  i n  one o f  t h e  branches  a s s u r e  complete matching.  The phase  
n o i s e  of t h e  d r i v i n g  source is  c a n c e l l e d  t o  h igh  order. The measured 
phase f l u c t u a t i o n s  can be i n t e r p r e t e d  as  o r i g i n a t i n g  from f r equency  
f l u c t u a t i o n s  of t h e  two c r y s t a l  r e s o n a t o r s .  W e  t h u s  o b t a i n  d i r e c t l y  
t h e  s p e c t r a l  d e n s i t y  of f requency  f l u c t u a t i o n s  of t h e  c r y s t a l s  and 
can c o n v e r t  t h i s  i n t o  t i m e  domain f requency  s t a b i l i t v  which can  a l s o  

9 0 "  
P H A S E  

S H I F T E R  . 

be measured d i r e c t l y  (see f i g .  9 ) .  More d e t a i l  can 

- 

ke found i n  [281. 

D O U B L E  
B A L A N C E D  

M I X E R  
b 

C O M P U T I N G  
C O U N T E R  

F i g u r e  9.  Block diagram of t h e  p a s s i v e  c r y s t a l  
r e s o n a t o r  measurement system. 

> 

S P E C T R A L  
A N A L Y S I S  

V O L T A G E  

C O N V E R T O R  
T O  F R E Q U E N C Y  4 - 

b 

F i g u r e  1 0  d e p i c t s  t h &  f requency  s t a b i l i t y  of ve ry  good 5 IGIz 
q u a r t z  c r y s t a l s  (Q = 2x10 ) as measured i n  t h e  p a s s i v e  c i r c u i t .  
p o i n t s  are d i r e c t  t ime  domain measurements: t h e  dashed cu rve  i s  c a l c u -  
l a t e d  from t h e  f requency  n o i s e  measurement. The performance of a 
c r y s t a l  o s c i l l a t o r  u s i n g  t h e s e  v e r y  same c r y s t a l s  i s  a l s o  shown. 
can be seen t h a t  t h e  f r equency  s t a b i l i t y  of t h e  p a s s i v e  c r y s t a l s  i s  
much s u p e r i o r  t o  t h e  s t a b i l i t y  of  t h e  c r y s t a l  o s c i l l a t o r  i n  t h e  m i l l i -  
second r eg ion  and s l i g h t l y  b e t t e r  f o r  averaginq  t i m e s  l a r g e r  t han  1 s .  

by t h e  p r e s e n t  s t a t e - o f - t h e - a r t  o f  c r y s t a l  o s c i l l a t o r s .  
improved o s c i l l a t o r  s t a b i l i t y  i n  t h e  m i l l i s e c o n d  r eg ion  was r e p o r t e d  
[ 2 9 1  suppor t ing  o u r  c o n c l u s i o n  t h a t  c r y s t a l  o s c i l l a t o r s  can s t i l l  be 
improved s i g n i f i c a n t l y  i n  sho r t - t e rm s t a b i l i t y .  

The 

I t  

I t  m u s t  be noted t h a t  t h e  o s c i l l a t o r  of f i g u r e  1 0  is an e x c e l l e n t  one 
Very r e c e n t l y ,  

UGC - k 5 - 10 



C R Y S T A L  P A I R  5 M H z  B W = 2 H ?  9 2 8  C J .- < z / / / k ,  

- 1  -r , A C T I V E  
O S C I L L A T O R  

T I M E  D O M A I N  
M E A S U R E M E N T S  

- 0 e-.- 

E S T I M A T E D  
J 0 H N S 0 N 

N O I S E  F R O M  
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- 

P A S S  I V E  - 
C R Y S T A L S  

I I I 1 I I I I I 1 I 

1 o - 6  I O - *  1 oo 1 o2 
- r ( S E C )  

F i g u r e  1 0 .  T i m e  domain s t a b i l i t i e s  of 5 MHz c r y s t a l  
o s c i l l a t o r s  and p a s s i v e  c r y s t a l  r e s o n a t o r s .  

Conclusions : 

- 13 The p r e s e n t  accuracy  of cesium s t a n d a r d s  i s  c l o s e  tol$x10 
Our s t u d i e s  i n d i c a t e  t h a t  a c c u r a c i e s  of bet ter  than  1x10- 
p o s s i b l e  by use  of a combinat ion of d i f f e r e n t  t e c h n i q u e s ,  as w e l l  as 
by some d e s i g n  re nements. Sho t -no i se - l imi t ed  shor t - t e rm s t a b i l i t i e s  
of c l o s e  t o  1x10 
of p r e s e n t  c r y s t a l  o s c i l l a t o r s ;  however, ou r  s t u d i e s  i n d i c a t e  t h a t  
c r y s t a l  o s c i l l a t o r s  w i t h  adequa te  s h o r t - t e r m  s t a b i l i t y  should  be 
r e a l i z a b l e .  

. 
appear  

a l s o  appear  p o s s i b l e .  T h i s  would t a x  t h e  a b i l i t y  -53 

I n  t h e  n o t  too d i s t a n t  f u t u r e ,  bo th  a c t i v e  and p a s s i v e  hydrogen 
d e v i c e s  should r i v a l  cesium s t a n d a r d s  i n  accuracy as w e l l  as long-term 
s t a b i l i t y  (weeks ,  y e a r s ) .  S t a b i l i z e d  lasers are v e r y  s table  d e v i c e s  
i n  s h o r t  t e r m  and t h e i r  long-term s t a b i l i t y  and accuracy  looks  promis ing  
and i s  under s tudy .  The methane s t a b i l i z e d  helium-neon laser looks 
p a r t i c u l a r l y  a t t r ac t ive .  

The development of  h igh  p r e c i s i o n  f requency  s y n t h e s i s  i n t o  t h e  
i n f r a r e d  i s  an e s s e n t i a l  a s p e c t  i f  s t a b i l i z e d  lasers are t o  be cons id-  
e r e d  as t r u e  t i m e  and f r equency  s t a n d a r d s .  Although r e a l i z e d  i n  
p r i n c i p l e  [30], a good d e a l  of r e f i n e m e n t  remains t o  be done.  One 
such r e f inemen t  i s  t h e  development of f requency s o u r c e s  of h igh  spec- 
t r a l  p u r i t y  i n  t h e  RE' r e g i m  i n  o r d e r  t o  y i e l d  narrow l i n e s  a f t e r  
s y n t h e s i s  i n t o  t h e  i n f r a r e d .  Our s t u d i e s  i n d i c a t e  t h a t  q u a r t z  c r y s t a l  
o s c i l l a t o r s  w i t h  t h e  needed s p e c t r a l  p u r i t y  could be developed.  

DGC - A 5 - 11 
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