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o r  days .  The l a t t e r  a l s o  reproduces  t h e  u n i t  o f  t i m c ,  bu t  t o  a  l e s s e r  
d e g r c c  o f  a c c u r a c y ,  and i n  a d d i t i o n ,  accumulates  t h e s e  u n i t s  o v e r  a n  
i n d e f i n i t e  p e r i o d  up t o  s c v c r a l  y e a r s  t o  produce a  t ime  s c a l e .  

I l i s t o r i c a l l y ,  l a b o r a t o r y  f requcncy  s t a n d a r d s  were t h e  f i r s t  t o  
b e  dcvcloped and were used t o  c a l i b r a t e  t h e  f requency  o r  r a t e  o f  one 
o r  more c l o c k s  used t o  g e n e r a t e  an  a tomic  t ime  s c a l e .  I n i t i a l l y  such 
c l o c k s  c o n s i s t e d  o f  f r e e - r u n n i n g  q u a r t z  c r y s t a l  o s c i l l a t o r s  whosc o u t -  
p u t  was f requency-d iv ided  s o  a s  t o  y i e l d  t h e  r c q u i r e d  h o u r s ,  minu tes ,  
and seconds  o f  t h e  t i m e  s c a l e .  L a t c r  developments r e s u l t c d  i n  t h e  
replacement  o f  t h e s e  f r e e - r u n n l n g  o s c i l l a t o r s  w i t h  ones c o n t r o l l e d  by 
an a tomic  resonancc ,  bu t  t h e  p r i n c i p l e  o f  opcra t io r l  remained t h e  same. 
Tn g e n e r a l ,  f r equency  s t a r ~ d a r d s  o p c r a t c  o n l y  f o r  s h o r t  p e r i o d s  c i t h e r  
because  t h e y  a r e  n o t  des igned  t o  f u n c t i o n  c o n t i n u o u s l y  o r  hecause  t h c i r  
s y s t e m a t i c  e r r o r s  a r e  t ime-dependent  artd prolonged o p e r a t i o n  r e d u c e s  
r a t h e r  t h a n  enhances t h e  accuracy  o f  a c a l i b r a t i o n .  

Primary c l o c k s  have undergone i n t e n s i v e  commer-cia1 dcvclop-  
m e ~ l t l - ~  d u r i n g  t h e  p a s t  10  y e a r s .  A t t e n t i o n  h a s  c c n t e r c d  on s m a l l ,  
l i  h t  we igh t ,  p o r t a b l e  i n s t r u m e n t s  w i t h  a c c u r a c i e s  o f  s c v c r a l  p a r t s  i n  
10'' and s t a h i l i  t i e s  ovcr  p e r i o d s  o f  weeks o r  months sometimes a t t a i n -  
ing and o c c a s i o n a l l y  exceeding a  p a r t  i n  1013. I n  n a t i o n a l  l a b o r a -  
t o r - i e s  such  ins t ruments  have u s u a l l y  bee11 used I n  groups  of a t  l e a s t  
f o u r ,  and t h e  pr imary aim h a s  becn t o  average  t h c l r  i n d i v i d u a l  t i m c  
s c a l e s ,  o f t e n  w i t h  compl ica ted  we igh t ing  p r o c e d u r e s ,  s o  a s  t o  o b t a i n  
a  mean s c a l e  e x h i b i t i n g  g r c a t c r  u n i f o r m i t y  o r  r a t e  s t a h i l i t y  t h a n  t h a t  
p rov ided  hy any member o f  t h e  group.  Such a mean s c a l e  c a n ,  i f  
d e s i r e d ,  b c  s t e e r e d  hy means o f  p e r i o d i c  calibrations, widely  s e p a r a t e d  
i n  t ~ m e ,  by a p r imary  l a b o r a t o r y  f requency s t a n d a r d  s o  a s  t o  producc 
n o t  o n l y  a  more uniform b u t  a l s o  a  more clccu-r'r*tc t imc  s c a l e  than  t h a t  
~ . e r * l i z a b l e  w i t h  any of t h e  i n d i v i d u a l  c l o c k s .  'I'he p e r i o d  r e q u i r e d  f o r  
cach c a l i b r a t i o n  depends p r i m a r i l y  on t h e  s t a b i l i t y  o f  t h e  c l o c k s  i n  
t h e  group,  but  may a l s o  bc  a f f c c t c d  by t h e  long t c rm s t a b i l i t y  o f  t h o  

I 
pr imary s t a n d a r d  l f  i t s  s y s t c m a t ~ c  e r r o r s  a r c  t l m c  dependen t .  111 

g c n c r a l  however, t h c  accuracy  o f  t h e  t l m c  s c a l e  s o  produced can o n l y  
approach h u t  never  equal  t h a t  o f  t h e  pr imary s t a n d a r d ,  u n l e s s  t h e  mean 
r a t e  o f  t h o  cnscmblc i s  s o  uniform and t h e  p r imary  s t a n d a r d  s o  s t a b l e  
t h a t  s u c c e s s i v e  c a l i b r a t i o n s  r e s u l t  i n  a  statistical improvement i n  
t h e  accuracy .  I n  p r a c t i c e ,  such improvement i s  u n l i k c l y .  I t  i s  t h u s  
apparerl t  that  t h c  a p p l i c a t i o n  o f  such  tecl-11liqucs c o n s t i t u t e s  3 compro- 
niisc r e s u l t i n g  from t h e  coml>ination o f  u n s t a b l e  secondary c l o c k s  
c a p a b l e  o f  extended p e r i o d s  o f  o p e r a t i o n  and v e r y  a c c u r a t e  pr imary 
1  a h o r a t o r y  f requency  s t a n d a r d s  c a p a b l e  o f  con t inuous  and a c c u r a t e  
o p e r a t i o n  o n l y  o v c r  s h o r t  p c r l o d s .  

The mcthod o f  t ime-keeping used a t  N R C ~ "  u n t i l  vc ry  r e c e n t l y  
fo l lowed t h i s  compromise p rocedure ,  wi th  C s I I I ,  a lorig beam l a b o r a t o r y  
f requency  s t a n d a r d  developed i r i  1963,  p r o v i d i n g  twice-weekly c a l i -  



bra.tioris o f  s e v c r a l  IIewlctt-1)acka.r.d c l o c k s ,  c ~ c h  of wlli cll produced 
a1 t e r - n a t c  physi  c n l  r c a  1 i z a t  ions  of IJ'TC ( N R C )  ant1 A ' l ' jh 'RC)  . I3ecausc oil1 y  
two o r  t.lir.ee such c l o c k s  were u s u a l  1 y i n  o~)e r . a t . i . o~ l  at. ;lny oric t.irr~e, t l lc  
bcst. W;IS clloscli RS t h c  b;is.is o f  t . l ~ e  s c a l r s  a c t u a l  l y  i . rsr~: .  

A s  merit i oncd i n  a11 ca.r I i c r  puhl ica t .  i oni ' ,  it was dec i decl about 
s i x  y e a r s  ago 2:o t r y  t o  corn1)inc t h e  h igh  a.ccul.ac:y o f  a long beam 
prirnal-y cesium frequency standarc1 \ i j  111 t h e  cont  inllolls i - ~ p c r a t i n g  
c l lars .c tcr i  s t  i c s  o f  c l o c h s  so  :-is . t o  proclucc: r-i :; inglc. h i ~ h  - ; iccuracy c l o c l ~ .  
'I'lie d e s i g n  hrid t o  1)e sucll t l ~ f ~ t  1101. 011ly &as  C C I I . I ~ : ~ I I L ~ ~ L . I ~  opcl-3t.j.011 
poss i1)le o v c r  e x t  enclccl pc-r-i u d s ,  but :11 so t1la.t thc sy-..; t ernat i c  f r c q u e ~ l c y  
s h i f t s  be s m a l l ,  c o i l s t a n t ,  a n d  r.e-cvaluab.l c-. d u r i n g  c lock  operati.011, 
wi th  o n l y  b r j  e f  i n o p c r a t  j ve p c r i o d s  r e s u l t i n g  frt.1~11 t ' qu  ipincnt f a  i lure 
o r  cc~-t ; i i . l l  of t h e  r c - ~ v a l ~ a t i ~ ) ~ ~  ~ ) r o c c ~ l l ~ r ~ s .  S~ICI I  ;I c l ~ c h  1.135 n ( 3 ~  I3ec11 
i n  o p c r a t i a n  a t  NRC s i n c e  May 1 , 1975, ancl i t s  per*Sorni:lncc t o  d a t e  
i r td ica t  es  tha t .  t h a s e  des  i grl cons i deratio11.s llavc! beer1 met . 

'I'he r e s u l t s  t o  h e  dcsc r i l~ec l  i n  t h i s  paper. sl~ow t h a t  i t  now 
a p p e a r s  p o s s i b l e  t o  producc ::L Elighl y 1lr1i E ~ T . I I I ,  ; ; iccuratc,  2 n d  reliable: 
t i m c  scri lo 1)asecl oil a s i l ~ g l e  lor i~-I~e; ln i  p r i~ l in ry  c c ~ s l u ~ ~ ~  c Lock and o ~ ~ l y  a 
f e w  s t a . b l c  r iux- i l iary  5ccoridrIr'y c loc l \ s  necessa ry  to maj.11tain c o n t i n u i t y  
d u r i n g  cva lua t - ion  p e r i o d s .  'I?iesr r e s u l t s  i ilcl i c a t c  t h a t  t l ~ e  t inie sca.1 e ,  
PT(NRC C S V ) :  gcncra- ted  1)y t h e  JlelG M<C: p r imary c l o c k ,  CsV, cxhibi .2 :~  a 
u n i f o r m i t y  of' t h e  o r d e r  o f  4 100 r i s  o v e r  a n  initil-1.1 s i  x-montll p c r i o d  
of operation. Ucrmparisons w i t h  t h c  11ltes.llat.i on;al .Atomic Tirr~e S c a l e ,  
TAI, r i lso show t h a t  t t ~ c  r a t e  o f  I)'J'(NI<C: CsV) has  r c ~ r i a i ~ i e d  w i t h i n  
1 . 4  x 1 0 - l 3  of  p r e v i o u s  s h o r t  tcrril measurements ma.dc d u r i n g  1973 and 
1974 ,  which were i n  closc: agr.eenic11t: wit t i  t h o s e  maclc w i t h  r e s p e c t  t o  
t h e  pr imary cesium s  tandarcls a t  t h e  Nat ional  I<u-rc;il~ o f  S t a n d a r d s  of 
t h e  11511. and t h e  P h y s i k a l i s c l l - ' I ' c c h ~ ~ i s c I - i e  Liunclesanstalt o f  \ilcst C~I-many.  

I n  a d d i t i o r ~  t o  t h e s e  improvcmcnts rind simp1 jf ic;lt ions i n  t ime-  
keeping a t  N R C ,  con t inuous  opera t io11 of (:sV has  a l s o  g r e a t l y  s i r r ~ p l i f i e d  
rou t i .ne  calibrations o f  cornniercitil frequency arlcl t i m c  standal.cls. 

EXPERIMENTAL 

1. Phys ica l  and E l e c t r o l i i c  Dt's i gn  

Si  rice t h e  gcricral  pllysictil  c h a r - a c t e r i s t  i c s  o f  C s V  a.nd .its 
performance a s  a f-r.equency starleiarc1 Ilavc a l r e a d y  been clescribecl i n  a  

-- 

*The ternlinology PT i s  usecl lnstt.;ld o f  AT sLncc l t  r y p r e s e n t s  a s c a l e  
o f  p r o p e r  t ime  wi th  no c o r r - e c t l o n s  beirlg ,~ppl lecI  f o r  a l t i t u d c  ,ihove 
set* l e v e l .  







p r c v i o u s  paper ' ,  and no major m o d i f i c a t i o n s  t n  t h e  d e v i c e  have  been 
made, o t h e r  t h a n  m o d i f i c a t i o n s  t o  t h c  e l e c t r o n i c s  sys tems ,  o n l y  a b r i e f  
o u t l i n e  w i l l  bc g iven  h c r e .  

A s e c t i o n  drawirig o f  C s V  i s  shown i n  f i g u r e  1 ,  and two photo-  
graphs  o f  it w i t h  a l l  t h e  niodificd e l . c c t r o n i c s  r-cquircd f o r  c l o c k  
oper-a t ion a r e  shown i n  f i g u r e  2 .  In  e s s e n c e ,  C s V  c o n s i s t s  o f  a  con- 
v e n t i o n a l  t r ansver - sc  (: f i c l d  d e v i c e  w i t h  a  b i - d i r e c t i o n a l  r i b b o n - t y p e  
cesium beam. 'The d i p o l c  s t a t c  s e l e c t o r  magnets a r e  p laced  o u t s  idc  t h e  
atom-ic t r a r i s i t i o n  r e g i o n  which c o n s i s t s  of  a c e n t r a l  space  magnet ica . l ly  
s h i e l d e d  by t h r e e  c o n c e n t r i c  molybdcnu~n permal loy c y l i n d e r s .  Th i s  
space  c o n t a i n s  a  f o u r - r o d  c u r r e n t - c a r r y i n g  s t r u c t u r c  p rov id ing  a  C 
f i e l d  unifor111 w i t h i n  ? O . O ( i % .  A s e r i c s  o f  o p t  l c a l l y  ground pyrcx  g l a s s  
s p a c e r s  p r o v i d e s  a c c u r a t e  al ignnient  o f  t h e  r o d s  and a l s o  suppor t  f o r  a  
s c r i e s  o f  c o i l s  used t o  e x c i t e  t h e  ( 4 , - 4 )  tt ( 4 , - 3 )  t r a n s i t i o n s  
r e q u i r e d  f o r  C f i e l d  mer*surement. 'Thc shielcls  and s t a t c  s e l  c c t o r  
niagr~cts a r c  mounted i n s - i d c  an Rrmco i r o n  c y l i n d e r  wh.ich a l s o  p r o v i d e s  
a d d i t - i o n a l  magnet ic  s h i  e l .d ing.  'I'lle 2 . 1  rn lorig a i  crowavc c a v i t y  i s  
c x t e r n a l  t o  t h e  51-liclcls ancl vacuum systenl and e n t e r s  through s l o t s  i n  
t h e  f o u r  c y l i n d e r s .  '['he cesium beam i s  produced by e i t h c - r  o f  a p a i r  
o f  t r a n s v e r s e l y  movablc ovens ,  one  a t  racll end o f  t h e  vacuum tube ,  and 
i s  c le tcc ted ky  one o f  a  p a i r  o f  s i m p l e  hot  w i r e  80% p l a t i n u m ,  20'6 
i r i d i u m  d e t e c t o r s  mounted a d j a c e n t  t o  each ovon. Each oven and 
d e t e c t o r  pai r .  i s  mounted on a movable c a r r i a g e  a t t a c h e d  t o  t h e  o u t e r  
end o f  cach s t a t e  s e l e c t o r  ma.gnet. A low I-lot w i r e  t e m p e r a t u r e  o f  l e s s  
than  80U0(: i s  uscd t o  m i n i n ~ i z c  i n c i d c r l t a l  h e a t i n g  o f  t l ic  adjricent  oven 
ancl t o  prbovide a d e t e c t o r  t jo ise  l c v c l  u f  allout 15 x 10-1C)~ i n  a  1  Hz 
l)a~idwidt.h. For c l o c k  o p e r a t i o n  and a f requency  s t a b i l i t y  o f  a  few 
p a r t s  .in 1.014 over  a 1 11 a.vcraging t irnc,  a bear11 cur ren t .  o f  1 . 5  t o  2.0 
pA i s  ~ ' ec ju i red ,  and f o r  f r equency  s t a r~da . rd  o p c r a t i o n  ancl s y s t e m a t i c  
cr r -or  e v a l u a t  i 011,  beam c u r r c n t s  1111 t o  2 0  p12 prov i  d c  corrcspnnclirlgl y 
b c t t e r  s t ; l b i l i t i  c s .  For thc lower- I1canr curr -cnt  r e q u i r e d  for- cloclc 
ope ratio^^, t h e  4 g ccsiunl cha rge  ixi cach ovt.11 should  p r o v i d e  a n  oper -  
a t i .ng  l i f e  of several y e a r s .  ' i ' l~e vacuum systcm i s  punlped c o n t i n u o u s l y  
by two t;OO l!/s ion  pumps wh.icll p r o v i d e  a  t y p i c ~ l  o l ~ e r ' a t i n g  p r e s s u r e  o f  
2 t o  4 x 10-9 Torr .  A l l  electronic s y s t c m s ,  inc11.ldi.ng one i o n  purnp 
supply  exccpt i t lg  t h e  s c c o ~ l d  which is o p v r a t e d  fro111 2 2 0  vat, a r c  
s u p p l  iccl 11y a p a i r  o f  28 v  b a t t e r i e s  a r ~ d  a r c  mouritcd i n  t h e  t a b l e  
helow t h e  vacuum t a n k .  'I'otr-tl power constunption i s  about  200 w o r  7 . 3  A 
at 2S v .  The two 1 ) a t t c r i e s  a r e  f l o a t - c h a r g e d  by 0 .01% vol t a g e  rcgu-  
la. ted power s u p p l i c s  opura.tcd from a 115 vac  1 i . n ~  cmerjicncy protectccl  
by two d i u s c l  g c n c r a t n r s .  

' I l ~ c  p r e v i o u s  p u b l i c ; l t  ion oil C s V  g i v c s  clctai 1s o f  t h c  gericral  
pt.rfo rro;rnce a s  regr~rcls  t 11 o microwr~va 2nd low f r e q i ~ c n c y  spcct:ra , and 
t h e s e  w i l l  no t  bc  r c p e a t c d  here.  However, c x t e n s l v c  m o d i f i c a t i o n s  
have been wide t o  t h e  nlicrowave cxc it:r.tior> system, p ~ . r t  i c u l a r l y  a s  
r e g a r d s  t h e  5 MIlz cryst.:~1. o s c  i 1 1  a . t o r ,  and m u l t i p l i  ex. and s y n t h e s i z e r  
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1:igur.e 3. I:omplctc c. lc ,c: t . ro~~ici ;  systciii  f(r,r: micr-c!i%:~;rc. o x c i t : ~ t i . o n  o f  thc 
ces ium TCSOI I~ I~L: ( '  ; L ~ I L ~  : ;~I 'vo coi~tr. ;)j .  0 1 '  t i le  ., >lil: osc i l l ; ~ t a r ~ .  

systt:n!s.  'I'hc mociific.4 1.1 c>~- t - i -o r~ i c s  s ) / ~ t c r ; 1 5  ; i re  .;llo\\ri i n  S i g u r c s  3 ancl 
4 .  .As a r e s u l t  o f  t h c  ilnpro;-c:~l i icsigr-I of: t . 1 1 ~  o5i.i ! l ; ~ t o s - ,  d i i i t . ~ . . i l ~ i ~ t  ion 
arrlpl i t ' i e rb ,  s o l i d  stat: 3-90 Ill!: ~ r ~ u l t . i l ) l  ie:., ;ilid 1 2 .  !i Mliz sy-~ltii::.s-i zer. 
ai~tl k 1 yst.xc,r~ j7!iasc i o c k  sj;sti3:1i. ?.fie p o \ ~ e r  ; l i pc r i r i c l~~  f rcc1cc.11i.y :;tilit'ts 
wh ich  haci prcc luc lcd  i l ~ i : l <  o p e r f l r i o ~ i  ~:arl.ii.:. 15-c1.t: ~.:;:;ci~t : a l l y  cii!riirl;itil:u 
'I'hcsc shifts apyarcr l t  1 y a ~ x s c .  f r . i~n~ t. i 111i.-ilcpindrr~r :;l)cct r.31 i::;;!~l:' it i e s  
i n  thc l~iiclrowavc c x c i t ~  t.i 0 1 2  '; i ~11:il  w l ~ i c l ~  l ~ c . ~ - , c  ~~~ . : j c . . l~~ i - cd  or. enllnnceti I>!- 
cach o f  thc units m c n t i ~ i i ~ i l  aimvc. .'\ k i > , s t t . c n  \I;?..- -f..lscJ i n  j : r e f c r ~ n c i ,  
1.o a. C \ . u i r ~  diodc: a.5 t 1 1 c r  illicr'(>l\Liv(., ilsci i l ; i t . l . ~ i  : ; i l : i L ,  t i ] ( ,  i e . t t c r  :ippi:~lrclti 
to C o n l r - i i ~ u t e  t o  t l ~ c  .~;perIr;j?L ili1p1.i.l.i 1 j ri; 111ci1t i ( i l i~ ' ( i ,  Ihii t l ?  1 . 1 1 ~  il(flS; 

rni crowavc: cxci  t.at i O I I  :;yiiterr;, ti?(. l > o w t . r  rlc~p:~~~~lcr:cc. :?f t h c :  rcson:incc 



PROGRAMMABLE DIVIDERS 

1 .  
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or 
' 2 

or 
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I 
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8261-43791 H z  

4 0  kHz 
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BUFFER 

AMPLIFIER 

TO KLYSTRON 

PHASE LOCK LOOP 

Figure  4 ,  Thc 1 2 . 6  MHz d i g i t a l  syntl- lesi .zer,  

frequency i s  approximately  t h a t  t o  be  expected from t h e  combined 
e f f e c t s  o f  t h e  sccond o r d e r  Doppler s h i f t  and t h e  c a v i t y  phase  d i f f e r -  
cncu.  

One of t h e  most impor tan t  c i r c u i t  modifications concerned t h e  1 2 . 6  
Mllz s y n t h e s l z c r ,  t h e  e a r l i c r  model o f  which had bccn found t o  g i v e  r i s e  
t o  t roublcsome s idehands  a t  t h e  cesium resonance f rcqucncy .  A new 
s y n t h e s i z e r  o f  fundamental ly  d i f f e r e n t  d e s i g n  was c o n s t r u c t c d .  With 
t h i s  d e s i g n  no s idebands  occur  w i t h i n  8 kHz o f  t h e  c e n t r a l  f requ t .~ lcy ,  
and t h e  l e v e l s  of  t h o s e  which do o c c u r  a r c  bclow 85 dl3 with r e s p e c t  t o  
c a r r i e r .  F igure  4 i n d i c a t e s  t h e  p ~ . i n c i p l e  of o p e r a t i o n .  From an i n p u t  
frequency o f  e x a c t l y  5 Mtlz two phase- lockcd ou tpu t  f r e q u e n c i e s  of  
12 631 805.510 53 and 12 631 738.562 O9 H z  a r c  s o l a c t e d  a l t e r n a t e l y  a t  
s w i t c h i n g  f r e q u e n c i e s  of  about  6.69, 3 .35,  1 . 6 7 ,  0 .84,  o r  0.084 H z .  
Thc lowest  f requency i s  normal ly  employed f o r  c lock  o p u r a t i o n ,  s i n c e ,  
a s  w i l l  be mentioned l a t e r ,  i t  g i v c s  r i s e  t o  a n e g l i g i b l e  s y s t e m a t i c  
f requency s h i f t .  Mixing of t h e s e  two 1 2 . 6  MHz f r e q u e n c i e s  w i t h  t h e  
9180 MHz s i g n a l  produced by f requency  m u l t i p l i c a t i o n  from t h e  same 
5 Mt-lz s i g n a l  t h c n  p r o v i d e s  a l t e r n a t e l y  two hear11 e x c i t a t i o n  ~nicrowavc 



f r e q u c n c i c s  of 9 192 631 738.5(-;:! 0:) ancl '.I 192 031 S05.510 53 Hz. 'I'liesc 
two f-requt:nc-i e s ,  wliich 11;-~ve a. I I I E : ~ I I  o f  C) 1\12 031 772.i.336 31 llz a r c  
sep3ra tc :d  b y  a b o u t  h 6 . 3  H z ,  wllich is s . l i g h t l y  g r c ; * t c r  t h a n  thc C:sV 
r e s o n a n c e  l i n e  widt:li o f  a.bout 60 Hz. S i n c c  Z.lic ccs ium r c s o l ~ a n t  
frr:q[lency i s  dcf inec l  a s  e x a c t . 1 ~  !-I lCJ2 (751 770 I-lz, t l ic  syl1t1iesizc.d 
f rcyuc.r~cy is t l l 1 . 1 ~  c x a c t l j .  2 .  050 31 ilz or. 21 f,. 15 p;ir.ts i i )  1 0 l 3  ;ibove 
t h i s  eid ' incd valucx. 'The s l i m  o f  n l l  t . 1 1 ~  s v s l . co~a t  i c  fr.et1ucvii:y . ; i ~ i f t s  i n  
t h r  C s V  resonant f ~ ~ e q u c r ~ c y  i s  tllcll r~cl:justcci I)y a l t c r  i ng t h e  ( :  f i c . 1 ~ 1  :;o 
a s  t o  11e r tppr .oximatr ly c q ~ a l  1.o t h i s  o f f s c l  o f  2 1 L x 10-13 .  'I'liis 
i s  a ccompl i shed  th ro~ .~gEi  i l i s c r c t c  c u r r c l ~ i t  s t c p s  .i 11 t i l c  i' t ' i ~ l i :  s u p p l y ,  
~ :ac i ,  s t e p  corrclspondii ig t o  n Y :  511-i f t  o f  : i i ~ a u t  3 .  s I (WP1.  
Co~~secjucrl.t l y ,  t h y  rl.cquc11cy i ~ f  ( :r; \ .  i';lil ijc. :.;ct itli ;I ~ I ' c : c : ~ s  i0i1 of ;11)0~lt 
+ 2 x 1 o - ~ ' i .  

,I chvicc of  t ' r cque r -~c i c s  cbas prbovi.cica Tor t h c  s w i t c h i n g  r a t < :  
betwccl l  t h e  two _syntht.s i zcd  f r c ~ q ~ ~ e n c  icbs so n s  t o  er-i;~I-~lc-. t . e s t s  t:) l?e 
ri~aclc for. p o s s i b l t .  c l ~ : p c . n ~ l c ~ ~ c e  o f  t l ~ c  C s V  .!-rcciuc.rlc.!; <)I-I t h i s  p:ira.rncter. 
For  j:rettucnc i e s  o f  1 . (-); :.).nil 15. .75 11- sj-.;tcmii t .i C: I'i 'cquc~icy s h i f  1 5  o f  -5 
r-ii~ci -1's x 10-14 fr-orri t i i c x  v;lli.ii, 1'0:- 0. ( jY4  i i . r  i i < : r . i s  o t j s i . ~ . ~  ccI. NO i g n i f i -  
cxrlt. change o c c [ ~ r r c c i  i.)etu,ci,;i s i \ l t . c l i i ng  fretjucilc,ic,.s o f  0. 084 anti 0. :34 
H z .  liar 1ic)r.r11;.11 c 1 0 ~ 1 ~  opc>7.;-1t i o i ~  ;l sh i tcji  i11i; r:.l~.v $3 f 0, O X 4  Hz h-;.+s cili~scbii 
so  as 1.0 nv0i.d ; ~ n y  s i g r i i f i ~ : ; ~ : ~ t  ;ystc.ma~-1,:  C.I.L'C?T ; i . ~ i > %  : , l so  L ~ J  ~ C Y I ; : J  t i ~ ~ i  

t e m p c r a t u ~ c  o l ~ o r . ; ~ t i o i ?  o i' tili: !lot \ \  i r 'c rli,.! i c t d r '  a: : t i  corlsccjllrr~t low 
r1r:tector rloi.sc I ( \ \  c l .  

I-t wi l 1 2 1 s ~ )  112 :lot <(.I f ~ ( 3 i l l  c ~ : : ) ~ ~ ~ j  ~ i ~ r , : i t  lo11 (3 t' thc ,  riietllod risecl 
t.u 011t.a i.n t h e  s w i t c h  iylg U~ 'cqr~cnc  i c s  t l l n t  t j ~ c :  t i111i.r; ~ ' rcqt lcr icy % w i t .  - 
c1li.11g i:!.j i n c i d e  w i ti: 1 . 1 1 ~ 7  ~ ~ 1 . j . :  i J T 0 5 5  i ~ i g  of t :11~ i\iii .-!\ i t zhc t i  frt-:qilciii'i C S .  

. . 
t l iyr~ci>y t1:)vintillg p o s s i h !  L> i ~ r o l ~ l e m s  ;I; . : .< I!!;; t'roiil !?il,isi 1.1 i s c o ~ i t  i t)ui: ills 

i ~ i  t.li(: n~ i ( :~ow; .~vc  ( ,xc  it ill;; 5 i ~ I I X  1 . 

111 ;idd i t i o ~ i  Lo t 1 . 1 ~  I I I L : T ~ I ~ < ~  !.II-" sy11i I I L . ~  i z  i 1);; ! I i ?  L2" ( 3  LlIlz s i.21:;tI s 
o11t L iiiccl a b o ~ . e ,  :~ l i i  cIi 1 s  t . ? ~ ; ) ?  lIorn1z 1. 1). [ l i r i i  for L !o<:i cpi5r;lt i 011, an 
a l t c r ~ i ; i t  c- syst.er11 r,as :-1ls~7 I ICV i S I ' I ~ .  111:: 'I ;i! t c r  FII:;J! o y p ~ i  :I L .c~~~~~~lt :~:ci ;+l  
: ,ynthusi  ;lcr uf conlp 1 c.!.cl:\y ii.i j'l'crc ilt J c ~ i , r j i l  :ir ici  iii%!-,i: : :  :I i t - t c ~ i - ~ l t  s ic1c.- 
1):in;l sLr.i;ct.~.lrc.  !;oi1:;i.cj,.11:1?? I \ " ,  i - t  citis r:;ljs i i ~ i -  , ! I , .  i:ompa.ri.:ig tile:> c ioci* 
J _ ' ~ c r l ~ . ' e r ~ ~ . ' . ~ s  IJ!.QC~UCI:I! I>:, t l : c >  . t \ :o  ili l ' r r r i : ~ i t  - ;y . t ; tc .n; .q ,  <.o ilctcrniili t '  
tvlicthctr. t l l c sc  5 ideh31ieis i -n~!s~.cI  .; i g l i j  f i ,:,In+ rc .oi i ; l r i~ -fr'rl:qilen;y s!i i F t  s . 
'Thc. a1  t .ern3t .c  s y r ; ~ h t ' ~  i ;rr \ i c l i  oil<! i \ l l  i.cl-1 >: r i , i  lcl l)r: biii;i~';i-,_c,<ic: r.t.iilotc!)i 

, . . 
p~<)g.r'~nilll~:<! by' 2 .ip::~~j ~ . I ~ ~ ~ ; , :  ~ ; o J ~ ~ ~ ~ ~ ~ . I c  L C ~  ; i~ j . , l  , i :, !.it [ . : I I ~ !  ;I:; V;j .;\$-; [ c.11 

I L , i . l w c r , ~  ., - f~ctjuc.rli . i( ,2; 0:' -..; 1 -.!;.?I:) .5(: ![I L ~ :  s\, i l :cI-,i : i~~ I . : ) ~ L : : ;  , ' I ,  1 
, , 

1 1 1  . 0 1 ,  Sllllin~:lt.~~ll .::- i : i l ( . 'Si  r ' : .~ :~4i l~[~l~l i :5  \ % - i t , :  i . ~ > i c !  !y 1 L  : s i l l . .  

d c ~ r i ~ ~ e c ~  f i ? i j ] i ~  7 . i ) ~  !TI:I.S~:?!~ 5 ,:!>L i ! i;iTdl' L ] I : . ~ I  ~ ~ ~ ~ ~ ? ~ ; i d t ~ ( i  t t - i~  1;. . :.; 
.) i gtla i r-c~.ju i r c d  f o r  -t.i~cs ki\.:;-:ror~ ;)i-i:?:;r i::,cl. ioo;:). \Ic:i:-;un.en!;.nt sf : i ~ c  

. , (IS\' 0l.ltrl~l.t fTt- : l i t l~l l~. j~ !.;j? < i T 3 c ' l ' : l t  t it.)!) 1% I t 3 i L : ~ l , ! l ~ r '  .;'s;:i-!il'.?5 i :CT ~ ; % ~ 5 ? P l l ;  

i d  1 1 i 3 1  i i L f I ~ I C  , i L ' X  i 5 t r 2 J .  5 i l l i c  it 
was hiiowr-1 t1la.t t . 1 1 ~  sL:i~.l:;inl I t r i  c.1 s fi,~.. eir,: ;LI : :~?c"s  1 7 . 1 . ' ~  11or'11131 I I S C ' L ~  

wcrc vttry much lc.)n-er. th:-I.;! tilost. i'or the: ;-11ti:rria:v i;ys:cm, i ' r r qu i , i~cy  
.;h-i f t s  ri.ri !. i n g  fro111 : ~ n y  s \ :ch  .-i.del)znrls h - c r , ~  cons  i~icr.ecI t o  hc: n q l i g i l i  1 E,. 



2 .  Measurement o f  Systcma.t ic t.'requency S h i f t s  

A s  meritioncd i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  C f i e l d  c o r r e c t i o n  i s  
a d j u s t e d  s o  t h a t  t h e  sum o f  - i t ,  t h e  frequcrlcy o f f s e t  a r  is jr ig from t h e  
mcthod of f requency s y ~ l t l i e s i s ,  and a l l  t h e  known c a . l c u l a b l e  o r  mcasur- 
a b l e  s y s t e m a t i c  s h i f t s  a r c  approx imate ly  z c r o ,  w i t h i n  t h e  l i m i t s  of 
p r e c i s i o n  of s e l . t i ~ i g  o f  t h e  C: f i c l d  c u r r e n t  s o u r c e .  In t h i s  way, 1 . 1 1 ~  
c l o c k  -Fr.eq~*e~icy i s  a.cljustecl t o  w i t E l i 1 1  2 x 1 0 - l 4  o f  t h e  nomina.1 v a l u e .  

In C s V  t h c  hnowri systerr~r-ltjc f requency o f f s e t s  a r e  t h o s e  a . r i s i n g  
fr-orn t.he C f i e l d ,  6 f H ,  t h e  c a v i t y  phase  d i f f e r e n c e ,  6 f c ,  t h e  Millman 
e f f e c t ,  6 fm,  and t h e  secorid o r d e r  Doppler e f f e c t . ,  6 f d .  I n  g e n e r a l  each 
o f  t h c s c  Is dependent on bo th  t h c  bca.m d  i r e c t  ion a.nd t h e  C: f i e l d  
cl i r e c t i o n ,  ;*rid t h c s c  two pa ramete r s  can be  denoted ky t h e  s u b s c r i p t s  
,413, B A ,  N ,  and K ,  t.hu f i r s t .  p a i r  r c f c r r i r l g  t o  beam d i r c c t i o r ~ ,  a n d  t h e  
sccond p a i r  t o  normal or. r 'eversed C f i e l d  d i r e c t - i o n .  A normal C: Eje ld  
d i r c c t i o r l  i s  orie f o r  which t h e  iiiagrictic f.i e l d  i s  i n  t h c  same d-il--ection 
throughout  i)otli s t a t e  selectors and t h c  C: f i e l d  r e g i o n .  

Mc:a.surenients or t h e  chr-lnges i 11 t h e  C:sV f r e q u e ~ ~ c y  a r c  ma.dc w i r h  
r e s p e c t  t o  t.he str-l.blc r c f c r c n c c  f r c q u c ~ i c y  p.r-(3vided ;i.t 1420 MHz 1)y one 
o f  t h e  two au to - tuned  NKC h y d ~ o g e n  Inascrs.  Tf Tlie cesium and hydrogen 
rlormalized f r e q u e n c i e s  a r e  d e f i n e d  hy f c S v  and f ~ ,  and a consta .n t  K i s  
used t o  account  f o r  t h e  s e t t i n g  o f  t h e  synt l ic .s izcr  i n  t h e  5 t o  1420  MI-iz 
mase-r frequcrlcy s y n t h c s  i z e r  c!ln i.11 requ i red t o  prov i c!e a. 511 i t a b  1 y  slow 
hea t  hetween t h e  c e s i u n ~  r-lrld hydrogel) f r cqucnc  i c s ,  t i le  f o l  lowing 
r c 1 a . t i o n s h i p s  rnay b e  shown t o  e x i s t  hetween t.hcm and t h e  sys ten la t i c  
f requency s h i f t s .  I n  t h c s c  c x p r c s s i o n s ,  ljflll and 6 f c  a r c  a r b i t r a r  i l y  
chosen a s  t l l o s ~ '  .CC)T t h e  A13 arid N su l>sc r ip t . s ,  ancl t h e  s  igri of each 
change.: w.i t h  ci t l ic r  bca.m o r  C f i c l d  r u v c r s a l .  'I'lie ] ) e a t  f roqucncy ,  
normalized wit11 .r.e.r;pcct t o  1 4 2 0  Mllz, i s  a rncasure o f  t h e  diffc-rcncc:  
f(;sv - f ~ .  

Methods o f  dctcrmir l ing each o f  tlicsc q u a n t i t i e s  w - i l l  now I-lo o ~ * t l i . n c d .  



A s  m c n t i o ~ l c d  i l l  t.he c.ar.1 i e r  1);'iper l i ( ' s~~: ib i l l ; :  j:sV-, t l lv  (: f i i : l c i  
cor.rec t i on &IH i s  ciel.ermi ned from t h c  ~ncnn stI1lxl.e val l i t x  o f  1:hr 
( 4 ,  - 4  j tt (-4, -3) t r a n s i t i o n  fri:q~:eiic i rs nic>r-i.surcd 1-1)- mcans o f  t h e  f, 

;!xi r - ~ i  1 y o-r-i t -nled Low fr.equcncy c x c i t i ~ ~ g  c - o i l s  \ \ I 1  i cil :I r.e 1ncr:itt.d ljet\,it.ei! 
t11c two rnicrow:ivc: intcx-rii-tioli  7.eg ioilc;. .\s i 11 1111: ~ ? ~ - c l v j  011s ;ills l ysis t h r .  
v a l u c  o f  \V:IS given by t h c :  c,sl~-l.c-~ss-ioii~; 

where f ,  i s  1.11~: r c s o n a ~ ? t  f reqiiency mcasureii  f o r  c-acli of  t l ~ r  c o j  l s ,  ;i.rtd 
t h e  two cons t an t : s  r1lr.e t h o s e  \$Iiich \b-cr-i- c s p c r - i m c : ~ t ; ~ l l y  ver . i f  iecl i ! - I  t lle 
p r c v i o u s  c v u . l u a . t i . o ~ ~ .  ~ I I  prr-LC: I. i c e :  i io~iever , ,  1,cc:atlsi' of t.ll~> + i ~ .  Oh',) C 
f ir:lcl u n i f o r m i t y  t h y  s inlpl L:Y c . s l7  r.css i c-j-n 

If,, = 427. 1 & 

p~.c)vidc 's  t l i c  same r( 's i i i :  i l i  t i ~ i i i  2 X lo- ' ' ;  k i t h  : . ~ I C T Y I I C C -  t o  t l i c  C C S ~ U I ~ I  

r.esonnnce f recit.ie!lcy. i3ecnuse o f  uncc.r t :~ i n t  i e.; i 1, t : l~t .  c!xpcrimr:iita.l 
cleter'niir~al lo11 o f  t i l e  t.lvo C C ) I ~ S ~ A I > ~ . S ,  ~ h i i ' l !  1 l ; i~ 'e  1101 1b~tc11 i~ l~p ravcc i  s l i i i ' i7  

t h c  p r e v i o u s  c v a l u a t  i o n ,  th i :  ~ l r ~ < e r . t ; !  i n l y  i ~ i  t h y  v:i lur:.s o f  dfI.i i 5 o f  t h e  
o r d c r  o f  ? I x 1 0 - l 4  11, i t i 1  r-.c.i'c:.l:llcc~ t.o t l ic  ~ j l s  i Ulil I ~ Y S O I I ; ~ I I C C '  f r c q u c ~ ~ c Y  . 

'Illc S L ' C O T I ~  o ? . ~ i i ~ .  l..iol'lj>li'l' i - f t 'ecl ,  wi l i i : l :  p,i.xrc:; r i s e  t o  t l i c  f r c -  
quency  o 1-Cset cS f , ~ ,  i .i; d o t c r n ~ i  ried i'roril tiic~: s l ~ a p c  o f  r i lc  li;i~~lsey - r . c so~ la r~cc  
by  Inealls o f  a uu rvo - r ' i  t ? : i ~ i g  I c ~ l i i l  i ql.~? i1cs~:r'ihcci 111 a l)-rcv io11s p:lbl.ica- 

8 t l o r i  . T h i s  t.ocliiji quc, i.5 ll;ii;t.il ori t11e i-iss~iiiiptior: t i i n t  ;-I t r . u l ~ c a t  crl 
Maxwellir-11-1 v e i o c i . t y  d i~ t .7 . j l~ i l t . io r - i  i ' : a~ l  1)e L I S V ~  t c )  ;~p~)roxinl;:i.te t h e  ;-~ctll;il 
d i s t . r i b u t i o l l  of  a to1n . i~  vi : lc ;ci t ic .s  ~ i ?  i cl! e x i s  t .s i l l  t h e  d e t e c t e d  1,c.r-LIII. 
Smal l  a l t e r a t i o n s  ir: t l i c  hcnni o p t i c s  subsc.c~~.ient.  t o t h e  f i r s t  c v a l u a t  i on  
o f  C s V  a.nd p r i o r  T O  i n c e p t  i on  o f  c loc l ;  o/)cr.;l t  in11 I - r s u l t c d  i11 v c l o c i t y  
d i s t r  i l . ) ~ i t  ions  wllicl~ wt.:rt. css<:ilt  i:i 1 l y  t l i r i  sallii: f o r  i:otii 11t:jm r l i r ~ ~ t i o ~ ~ s .  
F i g u r n  5 shows t l i e  Hxn~sey resonancc l ;  f o r  t . l i c :  l . \ io Isc.;im i l  i r e c t  i olis , 
rncasurcil f o r  an  e x c i t i n g  poihcr l c v c l  3 1113 l )c lo \ i  t h a t  for-, rl1axii11~~111 t r a i l -  
s i t i o n  pro1)al)i l i  t y  . 'i'hc. c l o s e s t  f i t .  1)ctcici n c . spc r i~~rc . i~ t r l l  ; i ~ l c i  c:il cu- 
l a t  ud rcsona. l lccs  o c c u r s  f o r  j>,,,i ,, = 1 . 0 ri.114 i',,, = . t ; ,  t h e  ~ )a rnme te r . s  
prniIl  and I J ~ ~ ~ . ~  r ~ p r c s c ~ r ~ t i r i g  t.hc: r ; i t i o s  o f  t.hcx lo\.\ :incl h i g h  ljcam v e l o c i t y  
c u t o f f s  w i t h  r c s p c c t  t o  t h c  most pi-ohablc: a-tonlic v e l o c - i t y  iri tlie cc s ium 
oven .  For thcse  v a l u o s  ;?Id is - 4 . 1  x 10-13 ,  :lnd t l i c  e s t i ~ n n t e c l  un-  
c e r t a i n t y  resulting f rom c r r o r s  i 1 1  c u ~ ~ v t t - f i t t i n g  i s  allout 2 x 1 ( : ) - 1 4 .  
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F i g u r e  5. Mcasured and c a l c u l a t e d  Rarnsey resonances  f o r  b o t h  heam 
d i r e c t i o n s .  

D .  Cav i ty  Phase Difference and Millman E f f c c t  

'i'hc s y s t e m a t i c  e r r o r s  -r .esult ing from a  c a v i t y  phase  d i f f c r c n c c  
and from a change i n  a n g l e  hetwccn t h e  C: f i e l d  and t h c  microwavc 
e x c i t - i n g  f i e l d  a long  t h c  bear11 d i r c c t i o n ,  r e p r e s e n t e d  by ?ifc and (Tf,,, 
r ' e s p e c t i v c l y ,  car1 l-)e cletcrmir~ed hy  C: f i c l d  and beam r e v e r s a l ,  'I'he 
cjuilntity (Sf,, which r e p r e s e n t s  t h e  Millman c f f c c t l O  a s  nppliecl t o  tr 
t r a n s i t i o n s ,  canrlot be i s o l a t e d  fro111 b f c  by reeans o f  beam rcvcrsa.1 
a l o n c ,  s i n c e  110th (Sfm and Sf, cha r~ge  si.gn wi th  reversa.1 o f  t h e  beam 
cii r e c t i o n .  Ilowever, C f i e l d  r c v c r s a l  does no t  a f f e c t .  t h c  s i g n  of 6 f c ,  
and consequently tl ie  two frequency s h i f t s  call b e  s e p a r a t e d ,  a s  i s  
a p p a r e n t  from i n s p e c t  ion o f  oquatioris  1 t o  4 ,  111 p r a c t  i c e ,  a l s o ,  s i l i c c  
bo th  (Sf, and Gf,, a s  w e l l  a.s (Sfd a-rc clcpcndcnt or1 t h e  beam v e l o c i t y  
d i s t r i b u t i o n  9 ,  10, a.nd hence t h c  mic-r.owave e x c i t a t i o n  1 cvcl , t h e s e  
f requency  s h i f t s  must he  dcternlinccl a s  a  f u ~ ~ c t i o n  o f  t h e  c x c i t i r i g  power 
1 evt.1. 'l'he clcpcndcnce o f  iSf,,, on power l e v e l  i s ,  however, o f  much 
l c s s c r  importancclO. W i t h  rega.rd to A f ,  arlci 6 f d ,  s i n c c  t h e  s i g n  o f  t h e  
fornicr r eve- r ses  wi th  bei~111 d i r c c t i ( j r l ,  .For a g iven  C: f i c l d  d i r e c t i o n  t h e  
powcr s h i f t s  tend t o  cancel  f o r  one bear11 d i - rec t - ion  and add f o r  t.he 
o t h e r .  

'I'hc. v a l u e s  o f  Gf,,, hf,, and t h e  co111birled power dcpcndcncc o f  



6fn1, 6 f c ,  and fifd wcre rneasu-red bo th  immediately p r i o r '  t o  Erlceptiorl o f  
c l o c h  opera t . ion  on blay 1 ,  1975, 3 r d  aga. in a f t e r  ahout. 4 . 5  months of  
cori t inuous o p e r a t i o n ,  i r ~  mid-September. Tn 1.Iie Apr'il s e r i e s  o f  i n e a s u r ~  
rnents t h e  beam d i r e c t  ion was reversed  a. t o t a l  of 4 t i m c s ,  and t h e  C 
f i e l d  12 t i m e s .  In  t h e  Septcnibcr s e r i e s ,  t h e  C f i e l d  has aga in  
~ . e v c r s e d  1 2  t i m e s ,  bu t  t h c  1)c:arn dirhect.ic)rl o n l y  oiice, s o  a s  "LO miri-imizc 
t i m e  s c a l e  c r r o r s  d u r i n g  tllc periocl I l la t  t h e  c l o c h  \iris i . nopera t ivc .  No 
s i g r i i f  i c a n t  d i  f'f c r e n c e s  wcre found l~c tween  t h e  two s e t s  o f  mcasurc- 
rnents, t h c  v a l u e  o f  Sf,, t ~ e i i l g  2.C) x l ( d 3  f o r  bo2.h c a s e s ,  a n d  va. lur  of  
6 f c  be ing  - 3.1 x  10-13 f o r  t l ie  f i r s t  and - 3.11 x 1 0 - l 3  f o r  t l lc  second.  

I t  i s  d i f f i c u l t  t o  cst imatc:  t h e  to l .31 ul lcer ta . in ty  f o r  r\fc rirld 
6fin, and a l s o  6f,1 and t h e i r  con~bincd powcr depcr~dencc ,  s i n c e  thyy a.1 1 
a c t  s jn iu l t ancous ly .  Iri a d d i t  iorl, i t  i s  not  known how accu-rattly thc: 
powcr cicper~der~ce p r e d i c t e d  by t h e  t h e o r y 8  3 '. bascd on t l le  assumption 
of  a t r u n c a t e d  Maxwc l l  i a n  vc1oc.it.y d i s t  r  ibut:ion po-rktrays t h e  a c t u a l  
pt- iysical  c o n d i t i o n s .  As i nclicatcd i n  Llie p r c v  ious p ~ p c x .  ~ C S C  i 'kt~iiig 
CsV as  a f requency s t a n d a r d 7 ,  ;-I t o t ; l l  fi.equciicy c1ccr.ca.s~. o f  ahout  3 o r  
4 pa.rt.5 i n  1014 is  p r c d i c t c d  a s  t l lc  powcr l e v c l  d rops  t o  ze ro  f ~ o m  t h e  
u s u a l  o p e r a t i n g  l c v e l  3 dB below t h a t  f o r  maximum t r a l i s i t i o r i  p roba l j i l -  
j t y .  For t h e  A t o  B hear11 d i r e c t i o n ,  t l ~ c  me;-isurcd s t l i f t  was about 
5 x 1 0 - l 4  and f o r  t h c  13 t o  ;\ d i r e c t i o n  a.bout 3 x 10-14,  a s  deterrnincd 
from b o t h  t h e  rr~ost r e c e n t  n1casurement.s made i n  Scptembt:-I* and t h o s e  made 
e a r l i e r  -in A p r i l ,  1975. I'lle uncertainty o f  t h e s e  rrleasurcrnents was 
a f f c c t e d  t o  some degree  by baromct r i . c - p r e s s u r e  ind~lced f requcncy shi  f t s  
of  s e v e r a l  p a r t s  i n  1014 -in t l lc  f rcyuency o f  t h e  re fc re r l cc  hydrogen 
m a s e r l 3 .  However, a  combinecl u n c c r t a i r l t y  in  t h e  dctvrrni.nat ion o f  Sif, 
and  (Sfm of about  1- 2 x  10-14 appt.3r.s not  u n x e a s o ~ i a l ~ l c  or1 t h c  h a s i s  
of  these rr~easuremcnts . 

1\11 important  f a c t o r  i n f l u e n c i n g  t h e  accura.cJr o f  determination 
of  6 f c  is t h e  t ime  e l a p s e d  betwee11 c l o c k  opera t io i l  f o r  one berun 
d . i r c c t i o n  arid i n  t l lc  Tevcrse  d i r . ec t jon .  A t  t h e  t imc of  t h e  most r e c e n t  
bearn revcrs:ll  i n  Scptembcr,  i t  w3.s fouiid t h a t  t h c  l o n g ,  4 . 5  month 
p e r i o d  o f  c l o c k  o p e r a t i o n  i l l  t h e  i-1 t o  I3 d i ~ e c t i o ~ l  liad r e s u l t e d  i n  
po i son ing  of t h e  hot  w i r c  d e t e c t o r  which b a s  adjaccli l .  t o  t l ie  A oven.  
A p e r i o d  o f  abou t  26 11 was r e q u i r e d  t o  r e s t o r c  normal operation o f  ?.he 
A d c t c c t o r  ho t  w i r e ,  t h e  t c r r ~ p c r a t u r c  (if whicli was mail-ltajncd n e a r  t o  
1200°C f o r  ahout  7 h -in orclcr t o  evaporate fro111 t l lc  wi re  t h e  d l -posi ted  
ces ium.  I t  i s  hoped t l i a t  ill f i l t u r c  i t  w i l l  1)e pos.sib1c t o  avoicl such 
long i n o p c r a t i v c  p e r i o d s  by a t  l e a s t  p a r t i  r-i l  p r i o ~ .  c lcar l ing o f  t h e  
d e t e c t o r  w i r e  t o  be  usecl a f t e r  l:leam -rkevcrsr-ll. HOII~LTCF, d e s p i t e  t h e  26 
hour  p e r i o d  d u r i n g  which CsV w r i s  i n o p e r a t i v e  b c c a ~ l s e  o f  ~ ~ o i s o n i n g  o f  
t h c  hot. w i r e ,  conipa.risons ~ \ , i t h  t h e  h e s t  NKC: scconclary c l o c k ,  HP 911,  
show t h a t  a t imy s c a l e  erro-r. exceeding 5 n s  - is  ui11 i kc3 y .  

One o f  t h c  problems inherent .  i l l  t h e  cxper  imentnl  determi  n a t i o n  
o f  Aft, by C f i e l d  r e v e r s a l  concer.ns changes i n  t h e  rnagnctic cl-larac- 



t e r i s t i c s  o f  t h e  magnet ic  s h i e l d s  a r i s l n g  from r c v e r s a l  o f  t h e i r  d l r e c -  
t i o n  o f  m a g n e t i z a t i o n .  A s  might be  cxpcc ted ,  f o l l o w i n g  each C f i e l d  
r e v e r s a l  t h e  v a l u e  o f  S f ~ i  dlcl no1 r c p e a t  e x a c t l y ,  even though t h e  
c u r r e n t  th rough  t h e  C f l e l d  rods  reroained c o n s t a n t .  h g r a d u a l  d e c r e a s e  
o f  s e v e r a l  p a r t s  i n  1 0 l 5  i n  S f f l  occurred, as shown i n  t a b l e  I ,  f o r  t h e  
most r e c c n t  s e r l c s  o f  measurements.  

Tab le  I  - Change j r ,  C f  i e l d  cor rcc t i .on ,  p a r t s  i n  1013, w i t 1 1  
s u c c e s s i v e  C f i c l d  r e v e r s a l s ,  f o r  bo th  beam d i r e c t i o n s .  

Bean) D i r e c t i o n  A - B  Bcam 0 i . r cc t  ion  B - A  

F .  Time Dependent V a r i a t i o n  of  t h e  I: F i e l d  

One o f  t h e  ~i ios t  i n ~ p o r t a n t  f a c t o r s  l i r r ~ i t l n g  t h c  accuracy  o f  a 
primary ccsiuni c l o c k  1 s  t l ie  l o r ~ g  term stability o f  t h y  C f i e l d ,  s l r lce  
t h c  C Cic ld  f requency  o f f s e t ,  dfil, can bc r.erncasured o n l y  a t  r e l a t i v e l y  
widcly  spaccd i n t e r v a l s .  l a r l i e r  experlrnents w i t h  C s I I I  had shown t h a t  
o c c a s i o n a l  f r equency  v a r i a t i o n s  up t o  s e v e r a l  p a r t s  I n  1013 cou ld  occur  
a s  a r e s u l t  o f  C f i e l d  changes which wcre no t  duc t o  changcs in t h c  
c u r r c n t  flowing i l l  t h e  C: f i c l d  r o d s .  Presumably, a l t e r a t  ions In t h e  
mag11ct ~ z a t i o n  o f  t h e  magnetic s h i e l d s  wcre r e s p o n s i b l e  f o r  such changes  
I n  C s I I I  o n l y  one mu-metal s h i e l d  was u s e d ,  a l t h o u g h ,  a s  i n  CsV, an  
Armco i r-on suppor t  cy l i r lde r  d i d  p r o v i d e  some a d d l t  i o n a l  slii  e l d i n g .  111 

t h e  d e s i g n  o f  C s V  much rnor-u complete  rr~agrieti c s h i e l d i n g  i 5 p r o v i d e d ,  
wi th  t h r e e  c o n c c n t r i  c molybdenum perinalloy c y l  I 1 id r l ca1  ri~;ipnctic ~ h l ~ l d s  
c n c l o s l n g  t h e  C f i c l d  r e g l o n ,  as  shown i n  I l g u r e  1 .  

'l'lle lorig tern1 U f i c l d  s t a b i l i t y  o f  C s V ,  shown i n  f i g u r e  6 ,  i s  
rrulch s u p e r i o r  t o  t h a t  o f  C s I I I ,  b u t  some v a r - i a t l o n ,  which i s  p robab ly  
n o t  due s o l e l y  t o  a g r a d u a l  d r i f t  o f  t h e  c u r r e n t  i n  t l ie  C f i c l d  rods ,  
docs  o c c u r .  Only p a r t i a l  c o r r e l a t i o r ~  bctwet.11 t h i s  c u r r c n t ,  rneasurcd 
by means o f  a  s t a n d a r d  r e s i s t a n c e  i n  t h e  C f i e l d  c u r r o n t  c i r c u i t  and a  
differential v o l t m c t e r ,  and t h c  C f i e l d  c o r r e c t i o n  was obse rved .  The 
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M J D  - D A T E -  1975  

F i g u r e  0 .  'I'Emc depcrldcllcc o f  t h c  C: f i r1  d c o r r c c t  io i i ,  lifl1, durbi  rlg t .he 
p c r j  oJ May-Uctobe~. ,  1 0 7 5 ,  ; ~ r l c i  ~ 'cslll t . ;+ilt  t ililc 5 ~ 3 1 ~ :  c r r o r .  

chr-lilge i n  s l o p e  of  t11c g7.;~pI1 of  fig1.11'c (1 2.1. l.ile time. of  thc:  most ~'ctrcnt.  
re-evaluation, which  i ~lcluclc.il 111111 t i p 1  c: i: f i c l c l  r c \ ~ t . r . s a l s ,  j nd l c a t c s  
t h a t  chr-n~ges i n  r~l;.~gilct.i z : l t i o i ~  o f  tlic shi.clcis n r c  prol~r-1l)ly r - c s p o n s i b l e  
f o r  1-1 consic1erabl .c  po r . t . i o l~  o f  L11c C: f i c l c l  v a r i a t i o ~ i ,  which ~~vc r r - t ged  
a b o u t  5 x lo-]-; p c r  rllonth. .{is(, s h o ~ i l  i n  f i g ~ l r c :  o i s  t h e  t i lnc  dcpencl- 
cnce of  t h e  t i.mc s c ; ~  l c :  c7.m r , i i l l i i : l 7  ; ~ t  t.3 i n ~ d  ;:I 111axim11111 vn  l u c  o f  a b o u t  
4.5 11s on Oc to t ) c~ -  1'1, 1<17>. R e s ~ t t  illg of t h e  (: f i r l d  current or1 tl1a.t 
d a t e  r e s u l t e d  i n  a s t e a d y  i l i ~ ~ l i ~ l u t i o ~ i  o f  t h i s  er.r.or. 

I - .  Frequency I ) e p e n d c ~ ~ c c  011 Uean~ I n t c i ~ s i  l . ~  

I t  i s  c s s t : r i t i a l  t 1 1 ; : ~ t  t l ic frcclllency o f  a pr . i n~a ry  c l o c k  11ot. b e  
del3cndc11t or1 t i l e  13ea111 c u r ~ . c n t  i ~ ~ t c r i s i t y  s i i lc i :  sys tc l l~a . t : i c  e r r o r s  a1.r 
110-rmally d c t  ermincrl  I I ~  h i g h  Ijcarn c u r r c l l t s  w i t 1 1  c.011~0111itant -i mprovcd 
s h o r t  tern1 f r e q u e n c y  3 t a b i l . i  t y  i~nc i  c l o c k  o p e r a t  ion  deperlds 0 7 1  pr.olorlgcd 
o p e r a t i o n  ;-it low beam c ~ l r r ~ e n t s .  '41 thougll s u c h  r-1 c lcpc l~dcnce  wollld not. 



a c t u a l l y  be  a n t i c i p a t c d ,  i t  i s  impor tan t  t o  e n s u r e  t h a t  it does n o t  i n  
f a c t  e x i s t .  

Subsequent t o  r e v e r s a l  o f  t h e  bcam d i r e c t i o n  i n  September,  1975, 
t h r e e  c o n s e c u t i v c  r e l a t i v e l y  long  C s V  - 11 maser comparisons were made 
f o r  cesium beam c u r r e n t s  p rov id ing  p e a k - v a l l e y  resonance ampl i tudes  o f  
abou t  1 . 7 ,  4 . 2 ,  and 1 . 7  pA. A s  shown i n  f i g u r e  7 ,  t h e  f requcncy  o f  C s V  
appeared t o  b e  independent  o f  t h e  changes i n  beam c u r r e n t ,  a l t h o u g h  t h e  
s h o r t  term s t a b i 1 , i t y  was n o t i c c a b l y  worse a t  t h e  lower beam c u r r c n t ,  
w i t h  v a l u e s  o f  0 ( 2 , 2 h )  o f  about  2 t o  4 x 1 0 - l 4  o c c u r r i n g  o v e r  t h e  f i r s t  
and l a s t  measurenient p e r i o d s ,  each abou t  20h i n  d u r a t i o n .  Thc v a l u e  of 
1 . 3  x  10-14 f o r  t h e  h i g h e r  bcam c u r r c n t  i s  t y p i c a l  o f  t h e  r e l a t i v e  
s t a b i l i t y  o b t a i n a b l e  d u r i n g  s y s t e m a t i c  e r r o r  evaluation. 

6(2,2h)s 2.2" b'(2.2 111; 1-3 x 6(2,2h)= 3 - 7 ~  10-l4 

MEAN = 3-94x 1 0 ~ ' ~  
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Figure  7 .  Dependence o f  t h e  f requency  o f  C s V  on boam c u r r e n t . .  

Also shown i n  t h i s  f i g u r e  i s  a  dashed l i n e  i n d i c a t i n g  a 
3 x 10-14 f rcquency  d r i f t  a r i s i n g  from changes i n  t h e  magnet ic  f i e l d  o f  
t h e  maser.  Th i s  d r i f t  i s  based on two n~easurements  o f  t h e  magnet ic  
f i e l d  immediately p r i o r  t o  and f o l l o w i n g  t h e  70 hour  t o t a l  measurement 
p e r i o d .  'l'he rriearl f r equency  o f f s e t s  for. each o f  t h c  t h r e e  runs  i n d i c a t e  
a somewhat l a r g o r  d r i f t  o f  about  5 x  10-14.  '17he d i f f e r e n c c  bctwcen 
t h e s o  two d r i f t s  o f  2 x 10-14 cou ld  have heen i n  p a r t  t h c  r e s u l t  o f  
b a r o m e t r i c  p r e s s u r e  e f f u c t s  on t h e  maser o r  simply n s t a t i s t i c r - l l  f l u c -  
t u a t i o n  o f  t h e  measu-r'ernents . 



C;. Surnrriary of  Sys temat ic  Frequency S h i f t s  

Tn the f o l l o w i r ~ g  tr-lklc: sumn1a.l-i z i l ~ g  t h e  u~icvr>t.ain: ies i n  t h c  
s y s t e m a t i c  f r cquency  s11ift .s  c h a r u c t c ~ i s t i c  o f  I : s V ,  it -is assuriied t h a t  
any va-rkiat i  on o f  t h e  f requency w i t h  1)cam c u r r e n t  i n t ~ n s i t y  i s  nogl i g i -  
b l c ,  imply-Lng t h a t  t h e  f-r-equency i s  t h e  samc f o r  e i t h e r  c lock  ope-ratic>n 
o r  ope-rbat.ion as a f r c q ~ ~ e r l c y  sta. l idard.  

Iri addi.tio11, ariy Frcqucncy u n c c ~ t a i r l t y  ar i s i ~ l g  from p u l l i l i g  o f  
t h e  resonarlcc by c a v i t y  n i is tuning i s  cor~sic lcs~ed t o  be t l lc  s m e  a.s i n  
t h e  p r c v i o u s  c v a l u a t  ion ,  o r  2 x 1 0 - l ~ .  

Tab le  11 - Sumrriary o f  t h c  u n c e r t a i n t  j c s  of  t h e  known f'rcquency s h i f t s  
c h a r a c t e r i s t i c  o f  C S V  

Frequency Shi  Ft  
IJncer.tainty, f i 
Par t s  i n  1014 

Second o r d e r  Dopp1e-r. c f f e c t  , u r i c c r t a l n t y  i n  
cu rvc  f i t  t i ng 

Combined u n c e r t a i n t y  i n  v a l u c s  o f  6 f m  and 6 f c  
and power dependcncc of 6 fm,  6fc, and 6fLl 

Combined u n c c r t a  l n t y  I n  v a l  uc o f  6 f l [  a1.1 s i n g  from 
( a )  coristari ts  used i n  i t s  c a l c u l a t i o n  
(1)) rne:lsux.emcnt of  t h e  mcdn s q u a r e  vr*Lut of  t h e  

( 4 ,  - 4 )  u ( 4 ,  -3) t r a r i s l t  j on frequencies 

Servo sys tem frequency o f f s e t  bnsecl o ~ i  moasu~.cd 
s h i f t  wi th  modula t ion f requency 

Frequency p u l l i n g  f o r  cst imatecl  maxi rrlulll c a v i t y  
deturiirlg o f  5 MHz 

To ta l  u n c e r t a i n t y  f o r :  
2 . 1,. - 

( a )  randorn i n d i v i d u a l  u n c c ~ t a i n t i e s ,  (Ce-,) - 5 . 3  x 1 ( 1 - ~ ' ~  o r  
4 .  G ns/day 

( b )  a d d i t i v c  i n d i v i d u a l  u n c c r t a i n t i e s ,  !:cj = 1 0 . 2  x 1 0 ~ ' ~  o r  
8 . 8  ns /day .  

I t  a l s o  must be s t r c s s c d  t h a t  t h i s  t a b l e  surrimarizes orlly t l i t  
u n c e r t a i n t i e s  of t h e  know11 s y s t e r ~ ~ a t i  c  c r r o r s  , uncl 110 a  t.t.empt. 1la.s bccn 
n~adc t o  p r e d i c t  or. cornpellsatc f o r  e r r o r s  w h i c h  I - ~ I ; L ~  appear  a s  f u r t h e r  
expcr- ience  wi th  CsV i s  gairied d u r i n g  f u t u r c  operation. 1 1 1  t h i s  r e g a r d ,  
i t  cou ld  be  mentioned t h a t  t h e  Millman c f f e c t ,  d i s c u s s e d  i n  t h i s  p a p e r ,  



C s V  i n  1973,  b u t  d i d  i n - t h e  two e v a l u a t i o n s  c a r r l e d  o u t  d u r i n g  1975.  
Iniprovcd measurement t c c l l r ~ i q u e s  were p robab ly  r e s p o n s i b l e  f o r  t h e  
appearance  of  t h i s  e f f e c t ,  a l t h o u g h  p o s s i b l e  changes i n  t h c  s t a n d a r d  
i t s e l f  cannot  be r u l e d  o u t  e n t i r e l y .  I t  is ,  howevcr, impor tan t  t o  n o t e  
t h a t  a l t h o u g h  i n  t h e  1973 e v a l u a t i o n  t h e  Millnian e f f e c t  was n o t  i s o -  
l a t c d  from t h e  c a v i t y  phasc  d l f f e r e ~ l c c  f requency  s h i f t ,  t h e  comhi ncd 
e f f e c t s  wcrc compensated f o r  by bexm r e v e r s a l .  I t  woulcl, indeed ,  be 
s u r p r i s i n g  i f  f u t u r e  work a t  I.RC anci o t h e r  l a b o r a t o r i e s  were n o t  t o  
uncover o t h c r  new and unsuspected s o u r c e s  o f  s y s t e m a t i c  f requcncy 
s h i f t s ,  c s p e c i a l l y  as mcasurerrlerit tcchr i lques  Improve. I f  such s h l f t s  
appear  t h c y  w i  11 bc r e p o r t e d  and t h o  r a t e  o f  PT(NI<C CsV) w i  11 be 
a d j u s t e d  a c c o r d i n g l y .  

3 .  Time Comparisons wi th  Secondary Clocks and Othcr  'I'ime S c a l e s  

Although i n t e r n a l  e s t i rna tos  of  accuracy  and stability such  a s  
t h o s e  o u t  1 ined  ahovc a r e  essential i r i  t h c  eva lua t io r l  o f  t h e  pcrforr r~ance 
o f  a  prhimary s t a n d a r d  such a s  CsV, l h c y  a r e  o f  l i t t l e  v a l u e  u n l e s s  t h e y  
;LI*C corroborr i ted  by cornpar-isons w i t h  o t h c r  c l o c k s  o r  f r e c l u e ~ ~ c y  s t a n d -  
ards c i t h e r  w i t h i n  u r  o u t s i d e  t h e  l n h o r a t o r y .  Such comparisons l e a d i n g  
i n  g e n e r a l  t o  s u p p o r t  f o r  t h c  accuracy  and s t a b i l i t y  e s t i m a t e s  g iven  
f o r  CsV have been niadc w i t h  t h e  NRC hydrogen rnascrs, t h c  t h r t ' c  b e s t  NRC 
secondary ccsium c l o c k s ,  t h e  p r c s c n t  NRC prirnary ce5ium frequcncy 
s tandar-d ,  C s I l  I ,  t h c  T n t e r ~ l a t l o n a l  /\tornlc 'I'irnc S c a l e ,  T A l ,  and t h e  UTC 
t i m e  s c a l e s  o f  t h e  Na t iona l  Bureau o f  S t a n d a r d s  dnd t h e  US Naval 
Observa to ry .  D e t a i l s  o f  t h c s c  compnrisons a r c  g ivcn  below. 

B .  Frequency Comparisons w i t h  C s l l I  

I)urbing t h e  p e r i o d  May-October, 1975,  r i  t o t a l  o f  36 Cih compari-  

I sons  were macle betwccn t h e  f r c q u c n c i e s  o f  CsTTl and CsV, a s  shown i n  
f i g u r e  8 .  Tlzc estirna.tcd u n c e r . t a i n t i c s  o f  ca.ch o f  t h c  comparisons i s  
about  2 x 10-13, and t h e  v a l u e  o f  o(2,T;e)  f o r  T, t h e  t i m e  hetwccn 
mcasuremcnts, o f  abou t  4 d a y s ,  a.nd I., t h e  t i m e  f o r  a n  i n d i v i d u a l  
measurement, of  about  6 h ,  i s  1. b x 10-13. The  comparisons i n d i c a t e  
t h a t  t h c  menn frequency o f  C s I l l  i s  1 0 . 7  x 1 0 - l 3  above t h a t  o f  CsV. 
' lhe v a l u e  found i n  1973 f o r  a much slior-tcr p e r i o d  of  s c v c r a l  days7 wa.s 
1 0 .  S x 10-13.  An unpub l i shed  v a l u e  measured i n  mid-l!j74 and g ivcn  a.t. 
t h e  ,July 1974 meeting o f  t h e  Consu l t a t . ive  Conlmittce f o r  t h e  D e f i n i t i o n  
o-F t h e  Second was 1 1 . 0  x 10-13.  The l a t t e r  was based on 1 5  6-hour 
mcasuremcnts.  The c l o s e  agreerncrit shown i n  t l i e se  t -h ree  comparisons i s ,  
Ilowevcr, 11-rohr-rbly f o r . t u i t o u s ,  s i n c e  i t  i s  appr-rrcnt f-rorn f i g u r e  8 t h a t  



0 Csl l l  - csv 

0 0 
14 

E 0 

M O N T H -  1975 
CL: - 
LL 

JUNE JU LY I AUG SEPT OCT 
I I I 1 I I 1 I I 1 I I I I I I 

42600 42650 
M J D  

Figure  8 .  Frequency d-i f f  c~encc. betwct:i~ Cs l I1 a n d  CsL '  111e3sure~I o v c r  
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1 9 7 5 .  

a g r a d u a l  change of s e v e r a l  p a r t s  i n  1 0 1 3  p r o b a b l y  o c c u r r c d  i n  t h r  
f r equency  o f  C s I I I  clurir-lg t h c  period Ma.y t o  Octol,cr, 1975, ar id ,  i n  
a d d i t i o n ,  cornpa-r.isons ljetwcc.11 tllc. NRC t ime s c a l  c s  l~ r~scc l  oil C s I I I    lid 
TAI i l l d i c a t e  that frequency vr-lr. i : ~ t i u n s  o v e r  s r v c r a l  months a f  a b v u t  
2 x 10-13 a r e  not  uncommon. Such v a r i a t i o l ~ s  i n  C:sIII rrlay a r i s c  from 
cha.rlges i 11 tht :  spectral purity o f  tlle microwavc! e x c i t i ~ ~ g  s i gna l . Ilow- 
e v c r ,  w i t h i n  t h y  lowcr accu racy  and  p r e c  is ion a.tt;liilablcx wi t11 C s I I 1 ,  o f  
about  10-12 and 2 x 10-13 resllcc: t.i v e l y ,  thibrt: ;ipperlrs tcl 11c no  c o ~ l l - l i c t  
between t h c  i l1tcrna.1 ?s t  imates o f  r-lccuracy ; ~ r i c l  s t a b i  1 i t y  g i v c ~ i  f a r  c:sV 
and t h o s e  dcte-r.111i ncd wj ti1 r c s p e c t  t o  i : s I I I .  



C .  Frequency Corriparisons With t h e  NRC llydrogcn Masers 

Data a l r e a d y  p r e s e n t e d  i n d i c a t e  t h a t  t h e  r e l a t i v e  f requency 
s t a b i l i t y  o f  C s V  and t h e  NRC hydrogen masers ,  f o r  s u f f i c i e n t l y  h i g h  
beam c u r r e n t s  i n  C s V ,  a p p c a r s  t o  b e  of  t h e  o r d e r  o f  10-14 f o r  p e r i o d s  
of s e v e r a l  h o u r s ,  For l o n g e r  p e r i o d s  o f  up t o  s c v e r a l  days ,  mascr mag- 
n e t i c  f i e l d  d r i f t s  and e f f e c t s  on t h e  mascr c a v i t y  o f  b a r o m e t r i c  p r e s s -  
u rc  changes t c n d  t o  i n c r e a s e  t h i s  v a l u e  t o  s e v e r a l  p a r t s  i n  1014.  

D .  Time Comparisons wi th  NRC Secondary Clocks 

Although t ime  s c a l e  comparisons wi th  secondary  c l o c k s  do n o t  
i n  g e n e r a l  p r o v i d e  u s c f u l  accuracy  e s t i m a t e s  t h e y  do p r o v i d e  some 
i n d i c a t i o n  o f  long term s t a b i l i t y .  F i g u r e  9 shows a  ( J ( ~ , T )  - r p l o t  
f o r  48 ,  80, and 112 day t ime  comparisons between CsV and t h e  b e s t  o f  
t h e  NRC secondary c l o c k s ,  IIP 911, a  I lewlct t -Packard cesium c l o c k  

6(2,r) FOR CsV- HP9II 
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F i g u r e  9 ,  R c l a t i v e  f r a c t i o n a l  f r equency  s t a b i l  i t y ,  o ( 2  , T )  f o r  CsV 
and 11P 911 f o r  t h r c c  concur ren t  measurement p e r i o d s  o f  
48 ,  SO, and 112 d a y s .  



cqujppcd w i t h  t h e  h i g h  p e r f o r m a n c e  c e s i u m  hcam t u b e .  I t  i s  a p p a r e n t  
from compar ison  of  t h e  v a l u e s  of 0 - ( 2  ,,I ) f i ) ~  thesc .  t.llrccx cor lcur ren t .  
p c ~ ~ i o d s  of  4 8 ,  S O ,  and 112 clays, f o r  1,:10 i i ays ,  t h a t  -tile s t a t i s t i c s  
clcscril .)e an c : f fec t i  v c l y  s t a t j  o1ln-r.y 110 i s u  j ) ruc:css ,  :; i l ice 1-10 s i . gn i f  -i ca.ilt 
charlgcs o c c u r  fo-r. t l ~ u  d.i ff C T ' E ' T ~ ~  t 0 t a . 1  ~ ~ ~ c a s i l r c i i i e ~ l t .  j ~ e r i o ~ l s  . The minimum 
v a l u e  o f  ( ? ( Z , T )  i s  about.  4 u 10-14 for .  T = (1 d a y s .  

l i s so r l t i a l  l y  t t l c  same iirita is S I I O \ ~ I I  rn  ;i c l i f l f e r ~ l i t  for111 i n  one  
of t h e  g r a p h s  of f igu1.e 10, ~ i i l i c l ~  incl icutc. . ;  t h e  t. i m c .  ilifL'erc.nci: l)et.wt.en 
P' l ' (NKC UsV), t h e  t i m e  sc:aii: 1):i~ed on  C s 1 ,  ;i~-iil l11;lt pr'oviilcd l jy I lk '  91 1 .  
D e s p i t e  t l i e  a p l ~ a r e n t .  s t a t .  ionar ' i t .y o f  tl-le da t .3  fol- 7;- 16 d a y s ,  i t  i s  
~:.vidcri t  t h a t  a chcillgc i n  s l o p c  o f  t h j  s j i ~ a l ~ l i  o c c u r s  abou t  t .hc begi r ln ing  
o f  Augus t ,  and t h a t  t h e  nt.w s l o p ?  i s  mnitit;:ii~ecI t l ~ e r c a f t c r  h i t 1 1  Iiu 

i lbscrvr-il)lc cllarigc. 'The absclicc. or' s n y  s i g n i f  ic;~.rit c-hr~ngc ir) slope i l l  

t l ic  v i c i r ~ i  t y  o f  Sep tc~nbc l .  1s - 1 9 ,  wIic.11 ;i  r ~ : - i ' ~ - ; i l  L I ; ? ~  j o i ~  0 1 '  C 5 Y  i i l c lu i l -  
i i lg  ber-LIII reversal n-as c n r r i  ci.1 o11t., i i i ~ l i c ~ t  (r7s t.l~;lt- ; - L I I ~  cl1;lllge i l l  The. 
, f r c q l l e ~ ) ~ y  o f  (.:s\i at.  t h a t .  ti:ile i s  u n l i k e l y  1 0  i l , i~ . t .  cxccidecl 2 x l ( ) - L ' l .  

Two o t h c r  gr r -~phs  i n  I ' igurc  1 0  sllov compar71sc:)11s of' P ' l ' (N1lC C:slr) 
nritl t h e  t i m e  scales clct-xixrcd fro111 t h c  IIP i :Loihs 122 ; I I IL!  1'(>7', b o t l ~  o f  
which a r c  oquippcd  w i  t.11 tile st ; l r l r l ;~rd cccs i~ ln~ ben111 t : ~ t>c \ s ,  o m i :  c o u r e l a -  
tior-1 bctwocn t h e  267 srlcl 91 i p l o t s  .is a l )pa~ . e r - i~  , 11 I l l  is f i p , i ~ r ~ . ,  21114 i f  
i t  were n o t  f o r  t . 1 1 ~  o t .hcr  plot:;, t o  lbc d i : s i r ibec i  !;i tc.r,  which i r i d . i ca t c  
!lo s u c h  c . o r ~ . e l a t . i o n ,  i - t  migilt be i~rl'c.r-r.cit t i ) ; i r  t l j c  f r e c i u c ~ ~ ~ y  of' i:sL 1la.d 
a l t c - r e d  somc t i m e  i I u r i : ~ g  . Ju ly  o r  j \ u ~ i ~ s t  by ;i:;;~os: : x ! ( ! - l . ? ,  SII~:II :jil 

a l t c r a t  ion i s ,  h o w e ~  c r ,  ox t  ~.c.nitlly unlj.1\cic , ; , s  i .)l i t i i i leil  bi.loi\.,. The 
t h i r d  p l o t ,  showing CsS. vc):sui; 1.32 i n d i c r i t p s  1.10 c:( .~r ' r (~l ; i t iol i  wit11 t11e 
CsV-911 o r  t i ic  C s L - 2 0 7  gr.~?pli:;. 

1 t i s  ev iden t .  t h a t .  t h i ,  r c s u l t s  o f  -tlicsc. i o n ~ p a r * i s o i l ~  betw~:cr: 
CsV arid t h ~  NItC S C C . C ) I ~ C I ; I . ~ ~  i 1c)cks :]I-t; 1101. i l l  co!:f.i i c t  ~i t h  1 . 1 1 ~  j . l i - t ~ ~ r l i ; . ~ l  

s t a b i l i t y  ~ s t i r ~ l a t c  for Cs\'. 

E .  I ' i  mi: Sca l e i:orr;l~aw..j soils i Z i  !h ( j t  hcl- : i n t  l or-1~11 i.,;L13c:,r:~ t o r ?  ?:< 

111 ~ o m p r - L ~ L I ) ~  t h ~ :  t ~ 1 1 1 e  s c ~ i l c  1) ' l  (LR(., i:sI:j , < l I . l > (  t l l ( . j ~ c  of o t l i e r  
riatioil;al I r-ll jnrator-ies [ i l l  ncicl i t  i o n a l  probiern a7.i si.5 i 11 riny cst.ir:iiiic o f  
eitl-ic-r- t h e  accu-r.ac!- o r  .s ta .L3il i t ) r ,  5 i i . i ~ ~ :  tlic: I ~ I K . O I I ~  GI . '  ~:oinl~:i:'-i..;on iii;ly 
i n t  roc i l~cc  s i gni.f i cal-?i c:r-imr:;", i ~ s 1 ) c ~ : i  ; i l l ; /  i 11 tilt. c:i..;c o f  :~:ctilocl:; i iivci: - 
v ing  t l ~ c  t - r . a n ~ i o i s s i o n  ; - t r l ~ i  sri : ,pr lo11 of :.:iclii, 5 i g : ~ i l i ;  . !Ic~wev~.~.r, i f  
curnpsrj.solls n1a.d~ ~ i t h  ~.cs/ .)~~il .-c t.cc 2.jle t ime r c a i e s  rll;I!?liairictl hy t:\\o 
d i f f  c.rcl!t ia.L)crs.t.n r i c s  a r c  ca.~.r. l .od o u i  * c ; s i i l ~  t-i~c~ :pi r e  it? f f c r e n t  pl.,cjpa- 
gal: ion  p n t h s ,  ar1certr-l i:lt i e s  a r i s i n g  f'ron! lcii:irl):e.: i:i 1:Yopnq:i 'i.i or, ~icl ; ! j ;  
ma.y i-)c at l c a s :  p,ir 't i a  l ly conlpel~saTc.ci Si? l'. 

C : o ~ ~ ~ p ; i ~ i s c ) r ~ s  o f  l j ? - ( { X l < L  (.:sV) w i t . 1 1  ~J.Y( . . ( !YBS;~ ; L I I L ~  l.J'!'(~(I.J.5%0~) ; i r~ :  S~ICI \ \ I . I  

I f i r  1 0 .  'I'hcse L I ? ~  l c s t c ,  i n  t l i c  ;i.l.>sc.ni::, o f  1.) l ,op; i~; ' t ion ariomn i i e s  
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1:i gure  10. Tirne s c a l c  com~)nr i sons  betwccn PT(NR(: C s V )  and UTC (NBS) , 
UTC(USNO), TAl, and tllc N K C  secondary c l o c k s  1 2 2 ,  2 6 7  
a n d  911. 



i n  thc. ] ,oran (: s ig r i a l  usccl as t h e  b a s i s  o f  t h e  comparisorls ,  tha t .  t:lie 
urliforml t y  of I"T(NRC CsV) i s  probah l y  ;ipprcxciab 1y 1 ) c t . t . c ~  t.lian 1 x 1 11-13 
o v e r  any  o11e month p e r i o d ,  arlcl i s  l i i i c l y  t.o ljc n frk- p;-1r.t.; i n  1014 over  
t l ic  c ~ i l i r ' e  (;-II~vIIZ.II ~ ~ c r i o c l .  111 cormvi:tioi-~  wit.!^ t h e  I.ISNO pic!l., it w i l !  
t3c ~lof .e~. l  t 1 l ; i t  t l ~ e  rate:  c11a11gc ~ ) t '  L O  11~lcjily 1llad.v 1 . 0  i~T'i:[.lJStiO) on #July  1 ,  
1975, has  br.en t a E ; ~ \ n  i rlto :j.~:cc)unt. 

r h c  Pl'(NI<C CsV) - I!TC ( K t S )  p l o t  2 1 5 2  prov ii1c.s :;. ccjrlq>;ariso~~ 0.1. 
t h e  : ~ b s o l u t e  v : ~ l u e s  of  t h e  frc~cju'encics o f  i:sl :incl !.hc NRS prirrir-ir.y 
f r c q ~ ~ e r l c y  staricl;~.rcis Kl3!5-'l ;+lid NBS- 0. Aci:ordlr:g t o  t!ic NI3S t il:lc :liiii 
frcclue~icy kt11 1 e-i i 11s f ' o ~  1975, 

'I'he f r cqucr~cy  9ffs i . t  o f  U ' l ' I ' ( N l 3 5 1  !'roil1 PrI-(\H(: <:-,l'\ dc:r.ived frorr~ t h e  incall 
s l o p "  O Y  t h e  I) 'I '{KR(: C ~ V )  - IJ'IL!.?~E;S) p l o t  is about 89 ~is/ciay 3r 
10 .3  x 10-13.  'l'l-lerc i s ,  tllcrc:Sorc, ;-I cliffc-.rcllc-c. 01: :<kout. 3 .4  x 10-lLi 
hctmicci~ t11c NKC ancl I\ii<i-:; es t i i r i ; . i tc  o f  t l ~ c  i'csiiun i.'i->sonarit frequcricy ailci 
hcrlcc l.he S I  sc:concl. 'l'liis i i iTl .crLx~~cc: i:; grc:.i.tc:r 1.11.:~1; t l lc  SUI)I o f  :.11c 
c.r-l.or, 1 i m i t s  f o r  t h y  p;. linai-J- ~t; i l ldu~.cis  of' the. f \ G O  I;ilji)l-;i.I.!)l. i e s ,  whicl! 
is l e s s  t.11~11 2 x 10-13. ! ) o s s i b l e  iinpl jcxt i o n s  (:if 1.11 i ? ,  r.nthc.1. 1;irgc 
c l i sc rcpr i~~cy  w i l l  be  ~ l i s i " u ~ : i . c !  i r i  :he: :~c:xi. s c . c t ! i ~ ~ i ~ ,  

Thc: r v l a t  i o ~ l s n i p  l,cth-~::en PT('NR(; Cs\: ) 3nc.i I'i?l -is a l s o  showri :i 11 

f i g u r e  1 0 .  1'0-i n t  sc;it.Ter fuy t : l ~ i s  p l o Z  i s  l c s s  t.?iaii .!'or :iny of 1.he 
o t l i c r s  ;i.l~C: t h i s  ri.pperYirs 1.0 iivply 1)c t tc . r  a l i i i ' o r t o i ~ y .  'Tllis p l o t  21.50 

proaricicr; t h e  o111y ! nnji t.e1'1:1 ~';f.in~;lTc of '  1 . h ~  t 'atc of 7.~11 based c i i rcc t  l y  
011 a. ps.irr~ary 1abo;';ltor.y c-s ium c: iocl;. Acc-or.~li llg ti? this i:oriq;ar.i son 
t h e  f r c q ~ . l e n < ~  of 'l'!\I i s  ri.bo~c t11c I-iomirlz! ;-a.ltrtt 1)). :1,t'r(:)ut K.3 r:s/cl:~!;, o x  
!I. f~ x lO-l:, i111plyi.11g t . 1 i : l t  t.1:~ i ' .AI  :<c>t:t)~id i 5 of T O O  s h o r t  :I i1urrit:iori tjy 
t l i  i s fac2.or .  I n  Z.'liu 1973 v\'iilu~i! i or1 i:f kCs\- t lhi, ct:!!:l>a ra i i lc  v a l i ~ t .  was 
10 x 1 0-13. M c a c u r c t ~ ~ e ~ l t s  :u:itli. i ~ j  thi: IyI '13 -iricl;.catc~il ,i valcre o f  
1:' x 1 0 - 1 3  ir-: mici-197.3 a1.1~1 3 ilccr.easc p r i o r  t:) t l ~ i s  of  aL)o,~i I x 1(1-13 
r c .  i f  5 ~ 1 ~ 1 1  ;-I clecrra.sc c.onti131led cl!l.r.-iiig :llc, pc~riocl 1973 - l ! ) 7 !< ,  
t h e  P'l 'K v a l u e  woulcl bc: .in til~' 1 . i c ' i n i t . y  o f  i 0  x LO".':; by rr~id-1975, arid 
hcncc i n  c l o s c  agi.eerncrlt !\- it!^ t h i .  Nlli: I:sL v a . l u c ,  i t  liley a l s o  be 
rnent ionecl .that s irlcc l11ii f rcqi leniy  o f  !:si I 1  'nr.15 tlccrl ve ry  c l o s c  t o  t - I i r - i t  

o f  '!'A1 d u r i n g  t h c  p e r - i o ~ l  1973 - -  1!15:), t h e  micl-1974 value mcnf io11ec.1 
e a r l  l c r  f o r  1 . h ~  r a t i o  01' tlli, C s I I I  ; i ~ i c l  Csl- 1'r.equcnuj cs  of 1 1 .  0 x i l )- lY 
a. lso a p p l i e s  t o  t l ~ c  r.3t.c: of 'Y.45 1.1t th:ii. I-ill~c. I'lic f r c q i ~ c l ~ c y  o f f s e t  f o r  
'I:AX quotecl i r l  t h e  197'1 1'1111 r e p o r t ,  :j11d i?a..;crl on N R S ,  I''l'K, l i ~ l c l  NRC 
rneasurerncnts, was 1 x 10-12, whic l~  i s  i i l ~ o  i l l  gooti ngrccillcrlt wi th  t h c  
p r e s e n t  NRC I:sV va.lue.  Indct:ci, tilo X13S 111-icl-1971 v a l l ~ t .  To-r. t h c  r a t e  o f  
'ml was12 1 U x 10-1.7. Ilowcvu-r, t h c  rr1icl-lC)75 NHS v:ilue for '1'1-2T, wli  icli 
cr-ln be d e r i v e d  from t h e  p l o t s  o f  figure 10 ancl th:-t ~ . ; ~ t c  of  IJTC(NI3S) 



with  r e s p e c t  t o  NBS-4 and NBS-6, i s  o ~ i l y  6 ,  2 x 10-13, implying t h a t  t h e  
r a t c  o f  TAI must have d e c r e a s e d  by 3.8 x 10-13 o v e r  t h e  one y e a r  p e r i o d  
from mid-1974 t o  mid-1975. Th i s  d i s c r e p a n c y  o f  3 ,  4 x 10-13 between NBS 
and NRC e s t i m a t e s  o f  t h c  r a t c  o f  TAI can o n l y  i n d i c a t e  t h e  p r e s e n c e  o f  
urlrecogrlized s y s t e m a t i c  e r r o r s  i n  e i t h e r  t h e  NRC o r  N B S  pr imary 
s t a n d a r d s .  

I n  connec t ion  w i t h  t h e  c o n t r i b u t i o n  t o  TAI o f  PT(NRC CsV) it i s  
i n t e r e s t i n g  t o  n o t e  t h a t  t h e  wcight  a t t r i b u t e d  t o  t h e  NKC: secondary 
c l o c k  267,  which, from f i g u r e  10,  i s  n o t i c e a b l y  l c s s  s t a b l c  t h a n  C s V ,  
i s  100 .  Th i s  c o n s t i . t u t e s  t h e  rr~axirnuni weight a t t r i b u t a b l c  t o  any o f  t h c  
c l o c k s  c 0 n t r i . b u t i . n ~  t o  T A I .  S i n c e  t h e  u n i f o r m i t y  o f  PT(NRC CsV) i s  
q u i t e  co~nparab lc  w i t h  t h a t  o f  UTC (NUS) o r  UTC(USN0) , o r  ever1 ' I 'AI ,  t h e  
q u e s t i o n  then  car-ises a s  t o  what weight  should  he  a t t r i b u t e d  t o  a  
pr imary c l o c k  such as C s V  which i s  c l e a r l y  s i m i l a r  i n  bo th  accuracy  and 
s t a b i l i t y  t o  q u i t e  l a r g e  groups  o f  o t h e r  l e s s  accura t -c  o r  s t a b l c  c locks .  
A s  a d d i t i o n a l  such p r imary  c l o c k s ,  sirni1a.r t o  CsV, hccnme avni l a b l e ,  a 
modif ied  weight-irlg procedure fo-r  'I'AT may become necessary i f  t h e  best .  
un i fo rmi ty  and accuracy  f o r  t h i s  s c a l c  a r c  t o  be a t t a i n e d .  

CONCL.IIS IONS 

Operation o f  CsV as u prk~ilary c l o c k  clurirlg an  i.11-itial 6-aonth  
t c s t  p e r i o d  has  showr~ t h a t  The in tcndcd  goa l  o f  a h i g h l y  i l ccura te  i111d 
s t a b  1 e  a tomic  t inie s c a l c  ba.sed pl.irna-r..i 1 y  or1 a s i n g l e ,  c o ~ ~ t i n u o u s l y  
operating 1abora . to ry - type  cesiuni 1)eani st;lriclr-1-r.d h;1s 17uer1 ach icvcd .  

I t  i s  expec ted  t h a t  as o f  January  1, 197G, t h e  NkC t ime  s c a l e s  
U'I'I:(NKC) a:lcl A I'(NKC:) w l l l  bo th  be  d e r i v e d  d i r e c t l y  from C s V .  
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QUESTION AND ANSWER PERIOD 

DR.  HELLWIG: 

I would l i k e  t o  comment on a c c u r a c y .  W e  have  been  v e r y  
c a u t i o u s  i n  q u o t i n g  a c c u r a c y  numbers o v e r  t h e  p a s t  y e a r  and 
i n  a c e r t a i n  way I am s u r p r i s e d  t h a t  you a r e  r e d u c i n g  y o u r  
a c c u r a c y  number i n t o  t h e  1 0 - l 4  r e g i o n  w h e r e ,  a t  the same 
t i m e ,  w e  have  a d r i f t i n g  a p a r t  o f  t h e  p r i m a r y  s t a n d a r d  
v a l u e s  a s  you have  c o r r e c t l y  s t a t e d ,  and  I s h o u l d  add t o  
t h a t  t h a t  PTB, t h e  t h i r d  p r i m a r y  s t a n d a r d  a c t i v i t y  i n  t h e  
w o r l d ,  is d r i f t i n g  a l s o  away, i n  many p a r t s  i n  1013 .  

Our a p p r o a c h  a t  NBS is t o  be v e r y ,  v e r y  c a r e f u l  i n  n o t  
o v e r s t a t i n g  a c c u r a c y  a t  t h e  p r e s e n t  moment b e c a u s e  w e  have  
e n c o u n t e r e d  e f f e c t s  w e  have  n o t  p r e v i o u s l y  c o n s i d e r e d .  I n  
o t h e r  w o r d s ,  i f  o n e  s t a t e s  a n  a c c u r a c y  budge t  it c o n t a i n s  
e l e m e n t s  which you know and some e l e m e n t s  where  you migh t  
have  o n l y  a n  i d e a  t h a t  t h e y  migh t  c a u s e  t r o u b l e  o r  n o t  
c a u s e  t r o u b l e  and  t o  res t r ic t  an a c c u r a c y  b u d g e t  o n l y  on 
t h e  e f f e c t s  you know can have  c o n s e q u e n c e s  o f  1 0  s igma  
d e v i a t i o n s  f rom i n t e r n a l l y  s t a t e d  a c c u r a c y  v a l u e s .  

So ,  I d o n ' t  b e l i e v e  o u r  own o n e  p a r t  i n  l 0 I 3 ,  which w e  
q u o t e d  a y e a r  a g o ,  t o t a l l y  anymore.  

DR.  WINKLER 

The answer  i s  t h a t  you b o t h  may be wrong.  O r ,  I s h o u l d  
s a y ,  a t  l e a s t  o n e  of  you i s  wrong ,  w h i c h e v e r  you p r e f e r .  
B u t ,  I do  have  two q u e s t i o n s  t h a t  a r e  r e l a t e d  t o  t h a t  and 
number o n e  i s ,  when you make y o u r  m a g n e t i c  f i e l d  measure-  
m e n t s ,  do  you make them w h i l e  t h e  s t a n d a r d  is s t i l l  o p e r a t -  
i n g  i n  i t s  microwave r e s o n a n c e ,  o r  what do  you do  t o  
i n s u r e  c o n t i n u i t y  of y o u r  c l o c k  o p e r a t  i o n ?  

DR.  COSTAIN: 

W e l l ,  i t  i s  m o n i t o r e d  n o r m a l l y  w i t h  t h e  hydrogen  m a s e r s  
o p e r a t i n g  o r  when we make t h e  C - f i e l d  measu remen t s  o r  
a g a i n s t  911  and  w e  f e e l  t h a t  w e  l o s e  no more t h a n  1 t o  2 
n a n o s e c o n d s .  

D R .  WINKLER: 

I see .  S o ,  you d o n ' t  do  i t  s i m u l t a n e o u s l y ?  



DR. COSTAIN: 

T h a t ' s  R i g h t .  

DR. WINKLER: 

T h e  second  q u e s t i o n ,  o n  one  of your  s l i d e s  you s a i d  i t  w a s  
t h e d i f P e r e n c e N R C - 3  minus  NRC-5 and  i t  gave  some th ing  l i k e  
1 3  p a r t s ,  an  a v e r a g e ,  t h e r e  was some s c a t t e r ,  13 p a r t s  i n  
l o L 3 .  IS t h a t  c o r r e c t ?  

DR. COSTASN: 

Yes. 

DR. WINKLER 

The d i f f e r e n c e  between your  two p r i ~ i i a r y  s t a n d a r d s  was 13 
p a s t s  i n  1 0 1 3 ?  

DR. COSTAIN : 

I n d i v i d u a l  measurements, yes. The a .dve r l j  sed, p u b l i s h e d ,  
c l a i m e d  v a l u e  f o r  cesium-3 mas 15 p a r t s  i n  1013. I t  h a s  
p roved  t o  be c o r r e c t .  

DR. W I N K L E R  : 

B u t ,  I d o n  ' t unde r s t a r ld  !ion t h e  di i ' f  erent-:c between t h e s e  
two s t a n d a r d s  can  b e  t h x t  l a r g e .  

The rc  i s  a l a r g e  d i f l e r c n c e  i n  the noise l e v e l ,  the e f f i -  
c i e n c y  I n  t h e  d e t e c t o r ,  t h e  e f f i c i - e n c y  of  !:,he magnets ic  
s h i e l d i n g  and i n  c l a i n i i n g ,  making  tllc c lu l ixn  o f  accuracy 
t h a t  w e  have  a t  t h e  p r e s e n t  tixr~e L i  i s ,  a n d  I have  t o  
adrnit t h i s ,  i t  i s  o u r  Irno~vn e r ror ; ;  ar:d based on  cxper  i.- 
m e n t a l  measurelmcnts a . g ; a in s t  Ihe 2rrox. ol' h;;drogeni arcorlg 
other t h i n g s .  

I S  t h e r e  a re  urlkrlown e y r o r s ,  W P  d(3i-i t KnouV them.  I an) 
s o r r y  t h a t  is  a l l  I can  say. 

DR. W I NKLEfX : 

I have  n o t  explained myself. 31~- q u e s t i o n  was ,  t h e  slide 



s t a t e d  t h e  d i f f e r e n c e  be tween  two p r i m a r y  s t a n d a r d s ,  n o t  
- t h e i r  f r e q u e n c y  and  s t a b i l i t y .  The d i f f e r e n c e  be tween  two 
p r i m a r y  s t a n d a r d s  and t h a t  was t h e  o r d e r  o f  be tween  1 0  and  
1 6  p a r t s  i n  loi3. I n  o t h e r  words ,  how do you e x p l a i n  t h a t  
i n  t h e  f a c e  of  claims t h a t  a c c u r a c y  h a s  a s t a n d a r d  d e v i a -  
t i o n  o f  1 p a r t  i n  1 0 1 3  o r  4 p a r t s  i n  1 0 1 4 ?  How c a n  t h e  
d i f f e r e n c e  be t h a t  l a r g e ?  

DR. COSTAIN: 

W e l l ,  i n  t h e i r  e v a l u a t i o n  o f  ces ium-3 ,  I b e l i e v e  i ts  
c l a i m e d  a c c u r a c y  i n i t i a l l y  was 1 p a r t  i n  10".  E v e n t u a l l y ,  
w i t h  some improvement i n  t h e  m a g n e t i c  s h i e l d i n g ,  1 5  p a r t s  
i n  1 0 1 3  and t h i s  is 1 0  p a r t s .  I t  is w e l l  w i t h i n  o u r  claim. 
I t  had been  much more s t a b l e ,  i n  f a c t ,  t h a n  t h e  f r e q u e n c y  
o f f s e t .  W e  t h i n k  it h a s  changed  o n l y  a b o u t  2 p a r t s  i n  1 0 1 3  
over  t h e  p a s t  f i v e  y e a r s .  B u t ,  i ts  a c c u r a c y  is c e r t a i n l y  
less t h a n  10 p a r t s  i n  1 0 1 3 .  

A l l  of  t h e s e ,  I t h i n k ,  and  t h e  l e s s o n s  t h a t  w e  l e a r n e d  i n  
ces ium-3 ,  I t h i n k  we have  t a k e n  i n t o  a c c o u n t ,  and w e  c a n  
b e  wrong i n  o u r  e v a l u a t i o n  o f  t h e  ces ium-5 ,  b u t  t h e y  have  
been  e s s e n t i a l l y  t h e  f i g u r e s  w e  g i v e ,  t h e  r e s u l t s  o f  t h e  
p a s t  t h r e e  y e a r s  of measu remen t s .  S o ,  we w i l l  h ave  t o  see. 

DR.  REINHARDT: 

V i c t o r  R e i n h a r d t ,  Goddard S p a c e  F l i g h t  C e n t e r .  

You men t ioned  t h a t  an  a c c u r a c y  o f  a c o u p l e  of  p a r t s  i n  1014 
w a s  due t o  a n  u n c e r t a i n t y  i n  t h e  G f a c t o r ?  

DR. COSTAIN: 

Yes ,  

DR.  REINHARDT:  

Did you c o n v e r t  f rom Zeeman f r e q u e n c y  t o  m a g n e t i c  f i e l d  
u n i t s  and t h e n  c o n v e r t  a g a i n ?  

DR.  COSTAIN: 

We have  done b o t h  i n  m e a s u r i n g  t h e  low f r e q u e n c y  r e s o n a n c e ,  
t h e  d e l t a  f  d i s p l a c e m e n t  o f  t h e  h i g h  f r e q u e n c y  t r a n s i t i o n s  
and  w i t h  t h e  p r e s e n t  c u r r e n t  t h a t  w e  c a n  p u t  on t h e  C- 
f i e l d ,  t h e  p r e s e n t  v a l u e s ,  t h e  e x p e r i m e n t a l  d e t e r m i n a t i o n  
is a b o u t  t h e  same a c c u r a c y  a s  t h e  p r e v i o u s l y  p u b l i s h e d  



v a l u e s  o f  t h e  G f a c t o r .  

We t h i n k  we c a n  improve t h a t  measurement  by a n  o r d e r  of 
m a g n i t u d e .  

D R .  RE INHARDT : 

My q u e s t i o n  i s ,  d i d  you t a k e  i n t o  a c c o u n t  t h e  c a n c e l l a t i o n  
t h a t  o c c u r s  i n  the e q u a t i o n s  i f  you use d i r e c t  Zeeman Pre- 
quency . 
MR. COSTAIN: 

Y e s .  Tha t  comes o u t  e s s e n t i a l l y  t o  t h e  same l i m i t a t i o n ,  
4 p a r t s  in 10". 

DR.  HELLWIG: 

I would l i k e  t o  comment on unknown e r r o r s ,  two s u b p a r t s .  
P a r t  A is what you s a i d ,  we d o n ' t  know them.  Though I 
c l a i m  t h a t  you have  a  hunch a t  g e t t i n g  a  n u m e r i c a l  v a l u e  on 
t h o s e  and t h e  hunch i s  i f  you compare d e v i c e s  of d i f C e r e n t  
d e s i g n ,  a c c u r a c y  c l a i m s  w i t h o u t  t h e  unknown e r r o r s ,  o r  
s o r t  o f  d i s c o u n t i n g  t h e  unknown e r r o r s ,  and  t h a t  is  e x a c t l y  
what I t r i e d  t o  s t a t e .  T h a t  i s  t h e  d i s a g r e e m e n t  between 
t h e  p r i m a r y  s t a n d a r d s  of  t h e  w o r l d .  They  a r e  o f  d i f f e r e n t  
d e s i g n .  They d i s a g r e e  by many p a r t s  i n  1 0 1 3  now, s o  t h a t  
i s  a  good e s t i m a t e  of  t h e  unknown e r r o r s .  

P a r t  R of t h e  unknown e r r o r s  a r e  t h e  e r r o r s  where  w e  d o n ' t  
know how t o  measu re  them,  b u t  w e  lmow t h e y  exist. J u s t  
t o  q u o t e  o n e  and t h a t  is  what I c a l l  t h e  d i s t r i b u t i v e  
c a v i t y  p h a s e  s h i f t  which i s  a  t r a j e c t o r y - d e p e n d e n t  f r e -  
quency  s h i f t ,  e s p e c i a l l y ,  i n  beam t u b e s  f e a t u r i n g  l a r g e  
beams o f  h i g h  i n t e n s i t y *  Our b e s t  t h e o r e t i c a l  e s t i m a t e  a t  
t h a t  f o r  beam t u b e s  o f  you r  and o u r  d e s i g n  is about  1 t o  
1 . 5 i n  1 0 1 3 .  T h i s  b e s t  e s t i m a t e  i s  b a s e d  on o p t i m i s t i c  
a s s u m p t i o n s  a b o u t  c o n d u c t i v i t y  of  t h e  c a v i t y  w a l l s ,  syme t ry  
o f  c a v i t y  d e s i g n  and s o  o n .  

W e  p u t  t h i s  unknown e r r o r  i n t o  o u r  e r r o r  b u d g e t .  I would 
l i k e  t o  add w e  d o n ' t  know y e t ,  r e a l l y ,  how t o  measu re  t h a t  
b u t  w e  have t o  a c c o u n t  f o r  i t .  




