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ABSTRACT 

Since 1978 the time-and-frequency standard 
CS1 of the Physikalisch-Technische Bundes- 
anstalt (PTB) has operated continuously a? 
a "primary clock". Its uncertainty (7.10 15) 
is considerably smaller than that of the 
other existing primary standards. CS1 is 
equipped with a combination of quadrupole 
and hexapole magnets and uses a longitudinal 
C-field. Consequences of utilizing primary 
clocks of this quality for the generation of 
the International Atomic Time Scale TAI are 
discussed. 

In contrast to the other existing primary time and frequency 

standards the Cs standard CS1 of the Physikalisch-Technische 

Bundesanstalt (PTB) is equipped with a two-dimensional beam 

deflection system and a lonqitudinal C-field. Details of the 

construction and the performance can be found in /I, 2, 3, 4/. 

Uncertainty evaluations were published in 1969 /5/, 1974 /6/ 

and 1979 /7/. Measurements of the frequency of the Interna- 

tional Atomic Time Scale TAI carried out since 1969 with CS1 

have revealed for the first time a rather strong frequency 

deviation from nominal and a frequency drift of TAI of about 

-1. per year / a / .  
I 

I 



I n  1974 t h e  u n c e r t a i n t y  o f  CS1 was eva lua ted  a t  26.10 -15 

us ing  t h e  beam r e v e r s a l  method and s e l e c t i n g  slow atoms 

i n  t h e  beam. S ince  it was thought  a t  t h a t  t ime t h a t  unknown 

frequency s h i f t i n g  e f f e c t s  might e x i s t ,  t h e  u n c e r t a i n t y  of 
-1 3 CS1 was s e t t l e d  a t  1 .5 .10  ( l a ) .  I n  t h e  cou r se  of f u r t h e r  

exper imental  and t h e o r e t i c a l  i n v e s t i g a t i o n s  / 3 ,  4 ,  9/ i t  

was p o s s i b l e  t o  g r a d u a l l y  reduce t h e  u n c e r t a i n t y .  The 1 9 7 9  

e v a l u a t i o n  / 7 /  r e s u l t e d  i n  an u n c e r t a i n t y  of 7 . 1 0 - I  ( 1  6 ) 
-15 and an i n s t a b i l i t y  of 4.10 , both  v a l u e s  based on a  

measurement t ime of 80 d  (Table  1 ) .  

CS1 is one of t h e  t h r e e  s t anda rds  used f o r  t h e  " s t e e r i n g i '  of  

t h e  TAI f requency.  The o t h e r  s t anda rds  have been developed 

a t  t h e  Nat iona l  Research Counci l  ( N R C ) ,  Canada, / l o /  ( t h e  

1 0  u n c e r t a i n t y  of t h e  s t anda rd  C s V  being 5 3 . 1 0 ~ '  5, and a t  

t h e  Nat iona l  Bureau of S tandards  (NBS), USA, / 1 1 /  ( t h e  1 6  
-1 5) 

u n c e r t a i n t y  of t h e  s t anda rd  NBS-6 being 85.10 

S ince  J u l y  1978 CS1 has  opera ted  cont inuous ly  a s  a  "primary 

c lock".  The NRC s tandard  has  opera ted  cont inuous ly  s i n c e  

1975 /12/ .  The NBS performs about  one TAI frequency c a l i -  

b r a t i o n  wi th  r e f e r e n c e  t o  NBS-6 per  year .  

The q u a l i t y  of  CS1 is based on t h e  fol lowing:  

a .  p r i n c i p a l  advantages  of t h e  

quadrupole/hexapole beam d e f l e c t i o n  

and a  l o n g i t u d i n a l  C- f i e ld  

b. s p e c i f i c  t e c h n i c a l  des ign  of CS1 

c .  o p e r a t i n g  p r a c t i c e  of CS1 



P r i n c i p a l  q u a l i t i e s  of Cs beam s t anda rds  w i th  

a  quadrupole/hexapole d e f l e c t i o n  system 

Holloway and Lacey proposed a  f l o p - i n  C s  beam s t anda rd  wi th  

hexapole magnets, a  c o a x i a l  r e s o n a t o r  and a  r i n g  d e t e c t o r  

/13 / .  The r e a l i z a t i o n  of a  c o a x i a l  r e s o n a t o r  wi th  an i n t e r -  

a c t i o n  l e n g t h  of about  0.8 m f a i l e d  a t  t h e  PTB. L i t t l e  chance 

was g iven  f o r  t h e  u s e f u l n e s s  of a  f l o p - i n  r i n g  d e t e c t o r  i n  

combination wi th  an a n a l y s e r  hexapole magnet. I n  / I 4 1  it is 

shown t h a t  a  c o n i c a l  quadrupole a n a l y s e r  magnet in combination 

wi th  a  r i n g  d e t e c t o r  i s  p r e f e r a b l e .  Never the less ,  i n  view of 

t h e  r e l a t i v e l y  l a r g e  r i n g  d e t e c t o r  s u r f a c e  necessary t h e  

f lop-out  system wi th  a  p o i n t  d e t e c t o r  on t h e  a x i s  i s  preferred 

a t  t h e  PTB. W e  have had no exper ience  wi th  a  double  d i p o l e  

f l o p - i n  a n a l y s e r  magnet a s  proposed by Kartaschoff  / 15 / .  

Figure  1 shows t h e  b a s i c  arrangement of t h e  s t anda rd  CSI. I n  

t h e  fo l lowing ,  it i s  assumed t h a t  t h e  func t ion ing  p r i n c i p l e  

is known. The c h a r a c t e r i s t i c  q u a l i t i e s  of t h i s  arrangement 

w i l l  be d i scus sed .  

1 .  Beam d e f l e c t i o n  system 

The dimensions o f  t h e  quadrupole/hexapole d e f l e c t i o n  system 

used a s  t h e  p o l a r i z e r  and a n a l y s e r  a r e  given i n  / 4 / .  I t  se- 

l e c t s  atoms wi th  an  average  v e l o c i t y  of 92,7 m / s  (in a  r e l a -  

t i v e l y  narrow v e l o c i t y  range  of about 7%)from t h e  atoms leav-  

ing  t h e  oven w i t h  a  modified Maxwell-Boltzmann v e l o c i t y  

d i s t r i b u t i o n  (F ig .2  and F ig .3 ) .  The temperature  o f  t h e  se-  

l e c t e d  atoms i s  about  65 K .  Due t o  t h e  smal l  v e l o c i t y  and 

v e l o c i t y  range ,  t h e  f i r s t  and second o rde r  Doppler s h i f t s  

a r e  smal l .  I n  d i p o l e  system s t anda rds ,  v e l o c i t y  ranges  o f ,  

e .g . ,  30 t o  50% a r e  used; Phase d i f f e r e n c e s  between t h e  end 

r e s o n a t o r s  cannot  be complete ly  avoided.  Changes of t h e  HF 

r a d i a t i o n  then  produce changes of t h e  frequency ("power 



s h i f t " )  which, o f  cou r se ,  a r e  sma l l e r  f o r  smal l  v e l o c i t y  

ranges  i n  t h e  beam. 

The conc lus ion  t h a t  a  dev ice  us ing  on ly  a smal l  v e l o c i t y  ran- 

ge  i s  disadvantageous because of "wast ing"  atoms is u n j u s t i -  

f i e d  / 4 / .  The a p e r t u r e  of t h e  beam o p t i c s  f o r  quadrupole and 

hexapole magnets i s  much l a r g e r  t han  t h a t  of a d i p o l e  system. 

A s  shown i n  / 3 /  and / 4 /  t h e  v e l o c i t y  range i n  t h e  beam i s  

l a r g e r  f o r  a hexapole p o l a r i z e r  than  f o r  a quadrupole pola-  

r i z e r  assuming comparable dimensioning of t h e  magnets. I f ,  

e . g . ,  f o r  s i m p l i c i t y  of  c o n s t r u c t i o n ,  on ly  one magnet is 

used ,  e l t h e r  hexapole o r  quadrupole ,  i n  many c a s e s ,  t h e  

quadrupole magnet w i l l  be  advantageous. I t s  v e l o c i t y  range 

dec reases  wi th  dec reas ing  magnetic f i e l d .  

A long i n t e r a c t i o n  l e n g t h  n e c e s s i t a t e s  a v e r y  p r e c i s e  d e f l e c -  

t i o n  of t h e  atoms i n  t h e  p o l a r i z e r .  This  means t h a t  t h e  shape 

of t h e  p o l e  t i p s  should be a s  c l o s e  a s  p o s s i b l e  t o  i d e a l .  

I n  t h e  i n t e r e s t  of  a h igh  beam i n t e n s i t y  i n  r e l a t i o n  t o  t h e  

C s  consumption, t h e  beam source  diameter  d has  t o  be r a t h e r  

smal l .  A s i n g l e  channel  w i th  d = 0.1 mm and a l eng th  of some 

t e n t h s  of mm i s  used i n  CSI. It is necessary  t o  o p e r a t e  t h e  

oven a t  a r a t h e r  h igh  tempera ture  (160 t o  180°C) i n  o r d e r  t o  

ach ieve  an  adequate  C s  beam. This  means t h a t  t h e  r e l a t i v e  

c o n t e n t  of atoms w i t h  t h e  d e s i r e d  v e l o c i t y  r e f e r r e d  t o  the t o t a l  

f l u x  is l e s s  f avourab le  t han  in  t h e  c a s e  of d i p o l e  dev ices  

whose oven temperature  i s  on ly  o f  t h e  o r d e r  of  100°C. The 

d i r e c t i v i t y  f a c t o r  X of t h e  C S 1  beam source  is r a t h e r  l o w  

under t h e  c o n d i t i o n s  desc r ibed .  On t h e  o t h e r  hand, t h e  l a r g e  

a p e r t u r e  a n g l e  of t h e  p o l a r i z e r  system l i m i t s  t h e  admiss ib le  

X - f a c t o r  t o  a va lue  which i n  p r a c t i c a l  c a s e s  w i l l  be  

below 10. 



2 .  Phase d i s t r i b u t i o n  i n  t h e  end r e s o n a t o r s  

The CS1 u n c e r t a i n t y  e v a l u a t i o n  of 1974 / 6 /  a l r e a d y  took i n t o  
-5 

account  t h e  e x i s t e n c e  of a  phase g r a d i e n t  (of about  1.6.10 

rad/mm) i n  t h e  end r e s o n a t o r s  perpendicu la r  t o  t h e  beam 

d i r e c t i o n .  For t h e  u n c e r t a i n t y  e s t i m a t i o n  it was assumed 

t h a t  t h e  beam pa ths  f o r  both  beam d i r e c t i o n s  might d i f f e r  

by a  few t e n t h s  of mm. I n  t h e  e v a l u a t i o n  o f  1 9 7 9  / 7 / ,  t h e  

frequency u n c e r t a i n t y  due t o  t h e  phase d i s t r i b u t i o n  i n  t h e  

end r e s o n a t o r s  is  t h e  l a r g e s t  c o n t r i b u t i o n  t o  t h e  t o t a l  

u n c e r t a i n t y .  

Obviously,  t h i s  most impor tan t  u n c e r t a i n t y  can  be reduced 

by reducing t h e  beam diameter  and by proper  al ignment.  CS1 

uses  a  beam diameter  of  3 mm. I n  d i p o l e  dev ices  beam widths  

of about  1 0  mrn and more a r e  used.  Hence, it can be expected 

t h a t  t h e  problem of t h e  phase d i s t r i b u t i o n  i s  l e s s  s e v e r e  

by a  f a c t o r  of  about 3 f o r  CSI. 

I n  t h e  d i p o l e  system, t h e  a c t u a l  phase d i f f e r e n c e  between 

t h e  end r e s o n a t o r s  is  dependent r a t h e r  s t r o n g l y  on t h e  HF 

r a d i a t i o n  power: i n c r e a s i n g ,  e .g . ,  t h e  r a d i a t i o n  favours  

f a s t e r  atoms a t  d i f f e r e n t  t r a j e c t o r i e s  t o  c o n t r i b u t e  t o  t h e  

s i g n a l .  This  r e s u l t s  i n  a  s p e c i f i c  power-dependent f requency 

s h i f t  due t o  t h e  phase d i s t r i b u t i o n .  Not o n l y  i s  t h e  velo-  

c i t y  range i n  t h e  quadrupole/hexapole system much sma l l e r ,  

bu t  t h e  v e l o c i t y  d i s t r i b u t i o n  a c r o s s  t h e  beam has  a l s o  a  

r o t a t i o n a l  symmetry c a n c e l l i n g  t h e  power-dependent phase 

d i f f e r e n c e  between t h e  end r e s o n a t o r s  t o  t h e  f i r s t  approxi-  

mation. Taking t h i s  i n t o  account  it i s  supposed t h a t ,  a l t o -  

g e t h e r ,  t h e  phase d i s t r i b u t i o n  problem is more seve re  by a  

f a c t o r  o f  3 i n  t h e  d i p o l e  dev ice  than  i n  t h e  CS1 device .  



3.  Magnetic C- f i e ld  

The magnetic s h i e l d i n g  of CS1 c o n s i s t s  o f  t h r e e  c o n c e n t r i c  

Mu meta l  c y l i n d e r s  w i th  a  w a l l  t h i c k n e s s  of 5 mm each. The 

l o n g i t u d i n a l  magnetic f i e l d  H produced on t h e  a x i s  by a  

so l eno id  has  been measured wi th  a  magnetometer. - Neglect ing 
2 t h e  measured d i f f e r e n c e  between Z* and H produces an  e r r o r  

of  I . I O  - I 7  on ly .  

A s  a  primary c lock ,  CS1 o p e r a t e s  w i th  H = 4A/m. Due t o  t h e  

fo l lowing  r ea sons ,  o p e r a t i o n  wi th  such a  low f i e l d  is f ea s ib l e  

wi thout  over lapping  of t h e  a d j a c e n t  t r a n s i t i o n s :  These reso-  

nances a r e  r e l a t i v e l y  smal l  due t o  t h e  low beam v e l o c i t y  and,  

a d d i t i o n a l l y ,  due t o  t h e  long i n t e r a c t i o n  l e n g t h  i n  t h e  Rabi 

f i e l d ;  t h e  atoms pas s  t h e  waveguide i n  i t s  longer  d i ame te r .  

Furthermore,  t h e  H F  e x i t a t i o n  ampli tude f o r  t h e  atoms pas s ing  

t h e  waveguide i s  a  s i n u s o i d a l  and n o t  a  r e c t a n g u l a r  f u n c t i o n  

a s  i n  t h e  c a s e  of a  des ign  w i t h  a  t r a n s v e r s e  C- f i e ld .  I f  

necessary ,  H could be reduced even f u r t h e r .  I t  i s  n o t  

necessary  t o  apply  H F  e x c i t a t i o n  below optimum r a d i a t i o n .  

The s h i e l d i n g  f a c t o r  i n  t h e  d i r e c t i o n  of t h e  a x i s  of a  

s h i e l d i n g  c y l i n d e r  i s  smal le r  t han  t h a t  perpendicu la r  t o  

t h e  a x i s .  This  may be a  b a s i c  d i sadvantage  of dev ices  w i th  

l o n g i t u d i n a l  C- f i e ld .  

I n  o r d e r  t o  avoid Majorana t r a n s i t i o n s  between t h e  d i f f e r e n t  

Zeeman l e v e l s ,  l o n g i t u d i n a l  "gu id ing  f i e l d s "  a r e  used be- 

tween t h e  d e f l e c t i o n  magnets and t h e  magnetic s c r een ing .  

4 .  De tec tor  

The s u r f a c e  necessary  o f  a  h o t  w i r e  d e t e c t o r  l oca t ed  a t  t h e  
2 

f o c a l  p o i n t  of t h e  a n a l y s e r  may be a s  smal l  a s  0.1 mm / 4 / .  

This a l l ows  a  c o n s i d e r a b l e  r e d u c t i o n  o f  t h e  C s  background 

f l u x .  



5. S igna l - to -no ise  r a t i o  

I t  may be of i n t e r e s t  t o  compare t h e  C s  beam f l u x  on t h e  

d e t e c t o r ,  ND, f o r  a  quadrupole/hexapole system (4P/6P) wi th  

t h a t  o f  a  d i p o l e  system (2P) .  Using a  formula f o r  ND(4P/6P) 

de r ived  i n  / 4 /  i n  t h e  c a s e  of a  s tandard  such a s  CS1 and de- 

s c r i b i n g  t h e  d i p o l e  system by a  r e c t i l i n e a r  beam of v e l o c i t y  

v  and a  v e l o c i t y  range Bv(2P) r e s u l t s  i n :  

f o r  beams w i t h  t h e  same c r o s s  s e c t i o n  and wi th  t h e  same 

average v e l o c i t y  v .  ro  ( 1 . 5  mm) is t h e  r a d i u s  of t h e  beam, 

r C D ( 0 . 4  mm) i s  t h e  r a d i u s  o f  t h e  c e n t r a l  d i s c  accord ing  t o  

Fig.1.  k (1 .8 )  i s  a  c o n s t a n t  c h a r a c t e r i z i n g  t h e  d e f l e c t i o n  

4 X(4P/6P) (about  2 )  i s  t h e  d i r e c t i v i t y  f a c t o r  of  t h e  

beam source  and X(2P)  i s  t h a t  of t h e  d i p o l e  dev ice .  Values 

f o r  CS1 a r e  given i n  paren theses .  With a  mul t i -channel  

source  X(2P)  = 50 may perhaps  be ach ievable .  Assuming 

dv (2P) /v  = 1/3 r e s u l t s  i n  

The s u p e r i o r i t y  o f  t h e  4P/6P system is lowered by a  f a c t o r  

of 2 i f  i n  t h e  2P system both  hyper f ine  l e v e l s  a r e  used. An 

a d d i t i o n a l  r e d u c t i o n  of t h e  s igna l - to -no i se  r a t i o  occu r s  

due t o  t h e  f lop-out  o p e r a t i o n  and t h e  l e s s  f avourab le  oven 

temperature  of t h e  4P/6P System under d i s c u s s i o n .  There 

seems t o  be no fundamental d i f f e r e n c e  between t h e  two 

systems w i t h  r e s p e c t  t o  t h e  S/N r a t i o .  



s p e c i f i c  t e c h n i c a l  des ign  and o p e r a t i n g  p r a c t i c e  of cS1 

I n  t h e  fo l lowing ,  in format ion  concerning t h e  s p e c i f i c  d e s i g n  

and o p e r a t i o n  of CS1 which is n o t  r e l a t e d  to t h e  two-dimensional 

beam d e f l e c t i o n ,  is reviewed from t h e  papers  r e f e r r e d  t o .  

Beam r e v e r s a l  i s  performed every 6 weeks (= 42 d ) .  Each 

c a l i b r a t i o n  i n t e r v a l  of  8 0  d  c o n t a i n s  bo th  beam d i r e c t i o n s  of 

a lmost  t h e  same d u r a t i o n s .  The oven chamber ( con ta in ing  t h e  

oven and t h e  p o l a r i z e r )  and t h e  d e t e c t o r  chamber ( c o n t a i n i n g  

t h e  a n a l y s e r  and t h e  d e t e c t o r )  a r e  d i r e c t l y  exchanged. This  

method ensures  t h e  a p p l i c a t i o n  of t h e  same beam i n  bo th  beam 

d i r e c t i o n s .  Operat ion o f  CS1 can be cont inued 1  h  l a t e r  

a f t e r  beam r e v e r s a l .  

The m u l t i p l e  l ine-width  modulation method / 3 ,  4,  9/ is a p p l i e d  

on a r o u t i n e  b a s i s .  The a p p l i c a t i o n  of t h i s  method i s  favoured 

by t h e  s p e c i f i c  form of t h e  Ramsey resonance shown i n  Fig.3. 

So-called " f u l l  eva lua t ions"  of t h e  primary s t anda rds  a r e  

performed a t  t h e  NBS and t h e  NRC from t ime  t o  t ime,  e . g . ,  

every year .  The o p e r a t i n g  p r a c t i c e  used a t  t h e  PTB c o n s i s t s  

of  an  a lmost  con t inuous  s u p e r v i s i o n  o f  a l l  important  opera- 

t i o n a l  parameters .  Fu r the r  in format ion  on t h e  o p e r a t i n g  

p r a c t i c e  can be found i n  /7/. 

Measurements w i t h  t h e  s t anda rd  CS1 

Fig.4 shows a  f requency comparison between t h e  Canadian 

s t anda rd  NRC:CsV and t h e  s t anda rd  PTB:CSI. The s t anda rd  
-14 

d e v i a t i o n  of independent measurements is about  6.10 . 
Since  it c o n t a i n s  c o n t r i b u t i o n s  from propaga t ion  changes of 

t h e  LORAN-C l i n k s ,  t h i s  r e s u l t  of  a 4-year-comparison is 

cons idered  t o  be ve ry  s a t i s f a c t o r y .  



Frequency measurements o f  some t ime s c a l e s  i nc lud ing  t h e  f r e e  

t i m e  s c a l e  EAL of t h e  B I H  from which T A I  i s  de r ived  by f r e -  

quency c o r r e c t i o n s  ( s t e e r i n g )  a r e  shown i n  F ig .5 .  Seasonal  

frequency changes o f  f r e e  t ime s c a l e s  produced wi th  i n d u s t r i -  

a l  C s  c locks  can be seen from t h e  measurements wi th  CS1 s i n c e  

1969. An a n a l y s i s  of  t h e  f r e e  t ime s c a l e  of  t h e  PTB revea led  
- 14 

seasona l  frequency changes w i th  an ampli tude of 4.10 /7 / .  

I t  i s  es t imated  a t  t h e  PTB t h a t  a change of t h e  environmen- 

t a l  temperature  of +I K may cause a f requency change of 

about  -1 .1  0-13. However, t h e  c l o c k s  d i f f e r  i n  t h e i r  behavi- 

our .  Measurements o f  t h e  temperature  c o e f f i c i e n t  of  an  

i n d u s t r i a l  C s  c lock  performed i n  Japan /16/ r e s u l t e d  i n  a 

va lue  a s  smal l  a s  - 0 . 2 .  l 0 - I 3 / ~ .  

Fig .6  shows a t ime comparison between t h e  Canadian and t h e  

German primary c lock .  The s l o p e  of t h e  r e g r e s s i o n  l i n e  i nd i -  
L 

c a t e s  t h a t  t h e  f requency of t h e  s t anda rd  NRC:CsV i s  h igher  

by about  4.10 - I 4  which i s  w i t h i n  t h e  u n c e r t a i n t y  l i m i t s  

claimed. 

The d e v i a t i o n s  4t of t h e  measured t i m e  d i f f e r e n c e s  from t h e  

r e g r e s s i o n  l i n e  a r e  p r i m a r i l y  due t o  t i m e  t r a n s f e r  changes of 

t h e  LORAN-C l i n k  between North America and Europe. A t  has  a 

s tandard  d e v i a t i o n  of about  160 ns.  This  i s  an  unexpectedly 

smal l  v a l u e  s i n c e  it i s  based on f o u r  LORAN-C t ime  compari- 

sons: one each a t  t h e  NRC and t h e  PTB and two performed by 

t h e  USNO. Time comparison r e s u l t s  u s ing  t h e  NTS-1 and NTS-2 

s a t e l l i t e s  had a cons ide rab ly  l a r g e r  s t anda rd  d e v i a t i o n  / 17 / .  

b To t h e  f i r s t  approximation 4 t  r e p r e s e n t s  t h e  f l u c t u a t i o n s  of 

t h e  USNO t ime  comparisons w i t h  t h e  Norwegian Sea LORAN-C 

Chain (LC/7970) publ ished i n  /18/ .  The i n t e r p r e t a t i o n  of TAI 

a s  c o n s i s t i n g  of two components is j u s t i f i e d ,  a  North Ameri- 

can one and a European one,  f l u c t u a t i n g  a g a i n s t  each o t h e r  by &. 



Since t h e  c locks  of North America and o f  Europe c o n t r i b u t e  

a lmost  t o  t h e  same amount t o  T A I ,  about  50% of a  change of 

A t  should appear  on t h e  European component of T A I  and,  w i th  - 
t h e  o p p o s i t e  s i g n ,  on t h e  North American component of  TAI*. 

This  can be seen from Fig.7 showing a  comparison o f  TAI w i t h  

t h e  t ime s c a l e s  o f  t h e  Canadian primary c lock  C s V  and t h e  

German c lock  CSI, u s ing  t h e  d a t a  publ i shed  by t h e  B I H  i n  i t s  

Circ.D (curves  A ) .  In most c a s e s  t h e  f l u c t u a t i o n s  of t h e  cur-  

ves  A have i n  f a c t  o p p o s i t e  s i g n s ;  t h e  amount of  t h e  T A I  chan- 

ges  wi th  r e s p e c t  t o  t h e  primary c locks  i s ,  however, n o t  q u i t e  

t h e  same f o r  bo th  curves:  t h e  f l u c t u a t i o n s  of t h e  North Ameri- 

can T A I  component a r e  by about  50% s t r o n g e r .  Applying 40% of 

A t  a s  a  c o r r e c t i o n  t o  t h e  European TAI and 60% of 4 t  a s  a  cor -  

r e c t i o n  t o  t h e  North American T A I  r e s u l t s  i n  t h e  cu rves  B 

which a r e  much smoother: t h e  A t  c o r r e c t e d  TAI  has  a  b e t t e r  f r e -  

quency s t a b i l i t y ;  t h e  s p l i t t i n g  of T A I  i n t o  two components i s  

reduced. 

F ig .6  shows t h a t  A t  may have a  sys t ema t i c  d e v i a t i o n  from t h e  

average over  a  few months. The d e v i a t i o n  between October 1978 

and February 1979 i s  probably a  seasona l  e f f e c t .  A consequence 

of a  sys t ema t i c  change o f  4 t  w i t h  t ime i s  t h a t  de t e rmina t ions  

of t h e  T A I  frequency i n  North America and i n  Europe r e s u l t  i n  

t w o  d i f f e r e n t  v a l u e s ,  even when t h e  s t anda rds  used,  do n o t  

d i f f e r .  A s  shown i n  F ig .8  t h e  f r e q u e n c i e s  (80 d  averages)  of  

t h e  two T A I  components may d i f f e r  by a s  much a s  7.10-I 4 .  The 

s t anda rd  d e v i a t i o n  between t h e  two T A I  components f o r  80 d  
-1 4 frequency averages  i n  t h e  i n t e r v a l  i n v e s t i g a t e d  i s  3.5.10 

and 4 .3-10  - I 4  f o r  60 d  averages .  

* The e x i s t e n c e  o f  t h i s  "mi r ro r  e f f e c t "  of t h e  f l u c t u a t i o n s  
has ,  a s  f a r  a s  t h e  au tho r  remembers, a l r e a d y  been mentioned 
by Granveaud ( B I H )  a t  t h e  C I C  1974. 



f With r ega rd  t o  t h e  s t e e r i n g  o f  TAI, t h e  e f f e c t  of t h e  TAI 

f requency s p l i t t i n g  i s  n o t  n e g l i g i b l e .  I t  i s  also impor tan t  

t o  unders tand t h e  r ea sons  f o r  p o s s i b l y  d i v e r g e n t  TAI c a l i -  

b r a t i o n  r e s u l t s  i n  o r d e r  t o  be a b l e  t o  develop conf idence 

i n  t h e  c a p a b i l i t i e s  o f  primary c l o c k s  t h a t  i s  necessary  i f  

a l lowing  them t o  assume g r e a t e r  i n f l u e n c e  w i t h i n  t h e  i n t e r -  

n a t i o n a l  time-keeping system. 

Due t o  t h e  (assumed) s easona l  f l u c t u a t i o n  o f  A t  er roneous 

seasona l  f requency f l u c t u a t i o n s  on t ime s c a l e s  o f  t h e  o t h e r  

c o n t i n e n t  are observed.  The r u l e s  f o r  app ly ing  t h e  A t  cor -  

r e c t i o n s  a r e  a s  fo l lows:  

For a  comparison of a  North American (NA) t i m e  s c a l e  w i th  a 

European (EU)  t ime  s c a l e :  

( T A ( N A ) - T A ( E U )  )corr.  = (TAI-TA(EU)) - (TAI-TA(NA) ) - A t .  
C i r c  . D C i r c .  D 

For t ime s c a l e  comparisons w i th  TAI :  

I n  Europe: 

(TAI-TA ( E U )  ) corr. = (TAI-TA(EU))  - pA.At 

Circ.D. 

In  North America: 

(TAI-TA (NA) ) corr. = (TAI-TA(NA) ) + p E . j t  

Ci rc -D 

pE i s  t h e  r e l a t i v e  European weight ,  and pA i s  t h e  r e l a t i v e  

North American weight .  By d e f i n i t i o n  pE + pA = 1.  

pE = 0.6 (and cor respondingly  pA = 0.4) seems t o  f i t  b e s t  

up t o  now. I n  p r i n c i p l e ,  t h e  T A I  d a t a  publ i shed  by t h e  B I H  

i n  t h e  Circ.D could  a l r e a d y  inc lude  t h e  propaga t ion  co r r ec -  

t i o n s .  

F ig .9  and 1 0  show some At-corrected measurements. It should 



be noted t h a t  TA(NBS) is n o t  a  f r e e  t ime  s c a l e  b u t  a s t e e r e d  

one. The comparison wi th  TA(NBS) s u f f e r s  from a d d i t i o n a l  

l i n k  f l u c t u a t i o n s  . 
Due t o  t h e  n o i s e  on t h e  A t  c o r r e c t i o n s  optimum smoothness o f  

t h e  curves  i s  sometimes observed i f  o n l y  50 t o  80% of t h e  

c o r r e c t i o n s  a r e  app l i ed .  

Fu tu re  r o l e  o f  primary c locks  - 

A few y e a r s  ago it was thought  t h a t  t h e  c a l i b r a t i o n  o f  t h e  

TAI f requency wi th  a  primary s t anda rd  (w i th  an assumed c a l i -  

b r a t i o n  u n c e r t a i n t y  of about  1.10 - I 3 )  n e c e s s i t a t e s  n o t  much 

more than  one measurement a  year  cons ide r ing  t h a t  t h e  EAL 

frequency d r i f t  t u r n s  o u t  t o  be less than  1.10 - 13 
pe r  year .  

The s i t u a t i o n  has  s i n c e  changed: t h e  c a l i b r a t i o n  u n c e r t a i n t y  

i s  now about  1 . I 0  -1 4 ( u t i l i z i n g  t h e  propaga t ion  c o r r e c t i o n s  

made a v a i l a b l e  by primary c locks )  and t h e  newly d e t e c t e d  sea-  

sona l  e f f e c t s  of t h e  EAL f requency a r e  l a r g e r  than  t h e  c a l i -  

b r a t i o n  u n c e r t a i n t y  by abou t  a  f a c t o r  of 10. A s  a  r e s u l t ,  it 

can be s a i d  t h a t  t h e  in format ion  a v a i l a b l e  from a  continuous- 

l y  running s t anda rd  i s  of cons ide rab ly  more va lue  than  t h a t  

of  a  s t anda rd  which i s  switched on o n l y  once a  yea r .  

The p r e s e n t  i n t e r n a t i o n a l  t ime  system n e c e s s i t a t e s  a g r e a t  

d e a l  o f  e f f o r t  ( e .g . ,  d a i l y  LORAN-C t ime  comparison measure- 

ments) t o  keep i t s  synchronism t o  a  few t e n t h s  o f  a micro- 

second. Two primary c locks  w i th  a  maximum i n s t a b i l i t y  o f  e.g.  

5.10-l5 over  un l imi t ed  t ime  i n t e r v a l s  r e q u i r e  comparisons 

on ly  v e r y  r a r e l y  f o r  t h e  synchron iza t ion  u n c e r t a i n t y  quoted,  

e .g . ,  once a  y e a r .  This  may b e  of importance f o r  c o u n t r i e s  

which have no a c c e s s  t o  TAI and UTC when LORAN-C i s  n o t  

a v a i l a b l e .  



At present there are only two primary clocks, though a num- 

ber of laboratories throughout the world are dealing with 

the construction of Cs clocks. Since it appears that in the 

future too, the number of primary clocks will increase only 

very slowly the question arises as to how to make the best 

use of existing primary clocks for the establishment of TAI. 

It should be realized that the accuracy and stability of the 

time scale of a primary clock (assuming the performance dis- 

cussed in this paper) is much superior to that of EAL or TAI. 

At its meeting in 1979 the CCDS "Working Group on the Stee- 

ring of TAI" discussed the question of whether TAI could be 

based totally on the primary clocks of the NRC and PTB. A 

decision of this kind cannot be taken by the Workinq Group 

but only by the CCDS. Nevertheless, this proposal is an indi- 

cation of the interesting development which lies ahead of us. 

The PTB is in favour of this proposal. We believe that a 

solution can be found to combine the superiority of the pri- 

mary clocks with the operational reliability of the present 

TAI system. 

With respect to steering methods / 19 / ,  primarily three types 

of steering can be distinguished: 

1.  Correction of a TAI frequency departure from 
nominal; "accuracy steering" 

2. Correction of the TAI frequency in order to 
compensate a frequency change which has 
occurred; "stability steering" 

3. Correction of the TAI frequency in order to keep 
approximate time synchronism of TAI with the 
time of a superior clock or clock ensemble; 
''time steering" 



The f i r s t  method has  been i n  o p e r a t i o n  s i n c e  1 9 7 7 .  Due t o  t h e  

de l ays  caused by t h e  t ime necessary  f o r  t h e  computation of 

EAL and t h e  e v a l u a t i o n  of t h e  T A I  f requency c a l i b r a t i o n s ,  t h e  

necessary  frequency c o r r e c t i o n s  a r e  a p p l i e d  r a t h e r  l a t e .  The 

TAI frequency may have changed meanwhile. A f requency co r r ec -  

t i o n  i s  on ly  j u s t i f i e d  i f  t h e  d e p a r t u r e  from nominal i s  ou t -  

s i d e  t h e  16 u n c e r t a i n t y  l i m i t  of t h e  c a l i b r a t i o n .  I n  t h e  

c a s e  of a  sys t ema t i c  f requency d r i f t  of T A I  t h i s  causes  a  

sys t ema t i c  f requency d e v i a t i o n  of about 1 6  from t h e  primary 

s t anda rds  a s  w e l l  a s  an  i n c r e a s i n g  t ime d i f f e r e n c e  wi th  them. 

For t h e  second method on ly  t h e  s t a b i l i t y  and n o t  t h e  accuracy 

of a  c o n t r i b u t i n g  s t anda rd  is important .  S t a b i l i t y  s t e e r i n g  

i n  t h e  form of a  c o r r e c t i o n  a p p l i e d  l a t e r  is  n o t  i n  use .  I t  

is more r ea sonab le  t o  i n c o r p o r a t e  t h e  s t anda rd  i n  t h e  c lock  

ensemble a s  t h e  b a s i s  f o r  t h e  computation of EAL. The presen t  

ALGOS computation method of t h e  B I H  l i m i t s  t h e  weight of  a  

c o n t r i b u t i n g  c l o c k  t o  100. The t o t a l  weight of  t h e  c l o c k s  is 

a t  p r e s e n t  about  5500. S ince  t h e  s t a b i l i t y  o f  EAL i s  s i g n i -  

f i c a n t l y  smal le r  t han  t h a t  of a  primary c lock ,  t h e  c lock  

should r e c e i v e  an  ALGOS weight which i s  s i g n i f i c a n t l y  h ighe r  

than  5500. 

The op in ion  has  been expressed t h a t  t h e  weight q iven  t o  a  

primary c lock  could be determined w i t h  ALGOS. Th i s ,  however, 

i s  n o t  p o s s i b l e ,  because t h e  weight g iven  t o  a  c lock  is ,  i n  

p r i n c i p l e ,  d e r i v e d  from t h e  i n s t a b i l i t y  of  t h e  c lock  a s  

measured by t h e  r e s t  of t h e  c lock  ensemble. I t  is, of course ,  

impossible  t o  measure t h e  i n s t a b i l i t y  of  a  v e r y  s t a b l e  c lock  

us ing  u n s t a b l e  c l o c k s .  

When ALGOS was e s t a b l i s h e d ,  t h e  s p e c i a l i s t s  thought  t h a t  a  

new type  of c lock  could be qiven a  s p e c i f i c  upper l i m i t  

weight  t o  be determined from s t a t i s t i c s  based on a  s u f f i -  



c i e n t l y  l a r g e  number o f  t h e s e  c locks .  There a r e  n o t  enough 

primary c locks ,  of  cou r se ,  t o  apply  t h i s  p r i n c i p l e  t o  them. 

Ob jec t ions  have been expressed  t o  g i v i n g  t h e  primary c locks  

a h igh  ALGOS weight because t h i s  could r e s u l t  i n  d i scourag ing  

those  c o n t r i b u t i n g  t o  T A I  w i t h  i n d u s t r i a l  s t anda rds .  The ad- 

van tage  o f  having t h e  primary c l o c k s  inc luded  i n  t h e  ALGOS 

computation wi th  a high weiqht would be t h a t  they  would 

immediately c o n t r i b u t e  t o  t h e  s t a b i l i t y ,  whereas a l l  s t e e r i n g  

methods wi th  l a t e r  c o r r e c t i o n s  cannot  p reven t  t h e  f l u c t u -  

a t i o n s  due t o  t h e  c o n t r o l  system. A p o s s i b l e  compromise would 

be t o  s t a r t  w i th  a primary c lock  weiqht  o f ,  e . g . ,  500 and t o  

i n c r e a s e  t h e  weight l a t e r  when s u f f i c i e n t  exper ience  has  been 

gained.  A r ea sonab le  weiqht would presumably s t i m u l a t e  t h e  

work on primary c locks .  The p r e s e n t  ALGOS weight  f o r  primary 

c locks  is o n l y  100. 

I f  t h o s e  o p e r a t i n g  primary c l o c k s  de r ived  t h e i r  UTC(i) from 

t h e i r  primary c lock  a t  t h e  same r a t e ,  UTC(i) would d r i f t  

away from U T C ( B 1 H )  when t h e  f i r s t  two s t e e r i n g  methods a r e  

1 a p p l i e d .  To main ta in  approximate agreement between U T C ( i )  

and UTC(B1H)  t h e  q u a l i t y  of  U T C ( i )  could  e i t h e r  be decreased  

and s t e e r e d  t o  conform wi th  UTC(B1H)  o r  t h e  TAI f requency 

could be s t e e r e d  t o  avoid an  i n c r e a s i n g  d e p a r t u r e  of UTC(B1H) 

from t h e  UTC(i) produced by primary c locks .  Th i s  l a t t e r  

method i s  what has  been c a l l e d  " t ime  s t e e r i n g " .  I n  t h e  c a s e  

of s e v e r a l  s lowly d ive rg ing  primary c lock  t ime s c a l e s ,  T A I  

could be a d j u s t e d  t o  fo l low t h e i r  t i m e  average.  

A t  i t s  1979 meeting,  t h e  CCDS Working Group reques ted  t h e  

B I H  t o  s t e e r  TAI i n  a way t h a t  would avoid  a sys t ema t i c  

t i m e  d e p a r t u r e  from t h e  primary c locks .  This  cor responds  t o  

a t ime  s t e e r i n g  method. 



It seems that in the future, we shall see primary clocks 

greatly influencing international time keeping, resulting 

in a reduction of the principal role of the industrial 

Cs clocks in some cases. The practical role of these clocks 

will certainly not be reduced, as they ensure the accessibi- 

lity to TAI. Concerning the role of the metrological insti- 

tutes operating primary clocks, it should be noted that it 

is quite normal that a comparatively small number of them 

ensures the availability of the reference standards of 

international metrology. 



/1/ G.Becker, B.Fischer, G-Kramer, E.K.Muller, "Neuentwick- 
lung einer Casiumstrahlapparatur als primdres Zeit- und 
Frequenznormal an der ~hysikalisch-Technischen Bundes- 
anstalt", (New development of a cesium beam device as a 
primary time and frequency standard at the PTB), 
PTB-Mitt. - 79 (19691, pp.77-80 

/2/ G.Becker, B.Fischer, G.Kramer, E.K.MUller, "Neukqnstruk- 
tion eines Casiumstrahl-Zeitnormals an der Physikalisch- 
Technischen Bundesanstalt", (New construction of a 
cesium beam time standard at the PTB), Proc.Int.Congress 
Chronom.1969, CIC 69-A1 and Jb.Deutsche Ges.Chronom. 
20/I (1969) DGC - A 1 - 

/3/ G.Becker, "Recent progress in primary Cs beam frequency 
standards at the PTB", IEEE Trans.Instrum.Meas, vol. 
IM - 25, (1976) pp.458-465 

/4/ G.Becker, "Research on Cs-Beam Frequency standards at 
the PTB: Beam Optics, Majorana Transitions", IEEE 
Trans.Instrum.Meas., vol.IM - 27, (1978) pp. 19-325 

/5/ G.Becker, B.Fischer, G-Kramer, E.K.Muller, "Diskussion 
der inneren Unsicherheit des neuen C3siumstrahl-Zeit- 
normals der Physikalisch-Technischen Bundesanstalt", 
(Discussion of the inherent uncertainty of the new 
cesium beam time standard of the PTB), Proc.Int.Con- 
gress Chronom. 1969, CIC 69-A2 and Jb.Deutsche Ges. 
Chronom. - 20/I (1969) DGC - A 2 

/6/ G.Becker, "Das prim3re Zeit- und Frequenznormal CS1 der 
Physikalisch-Technischen Bundesanstalt", (The primary 
time and frequency standard CS1 of the PTB), Proc.Int. 
Congress Chronom.1974, CIC 74-Al.1 and Jb. Deutsche 
Ges.Chronom. - 25 (1974) DGC - A 1 

/7/ G.Becker, "Das Casium-Zeit- und Frequenznormal CS1 der 
PTB als Primare Uhr" (The Cesium Time and Frequency 
Standard CS1 of the PTB as a Primary Clock), Proc.Int. 
Congress Chronom. 197P, CIC79, vo1.2, pp.33-40, edited 
by the Socigtk Suisse de chronomgtrTe, 3294 Bueren, 
Switzerland 



/8/ G.Becker, "Frequenzverqleiche mit dem primsren Zeit- 
und Frequenznormal CS1 der Physikalisch-Technischen 
Bundesanstalt zwischen 1969 und 1973", (Frequency 
comparisons with the primary time and frequency stan- 
dard CS1 of the PTB between 1969 and 1973), PTB-Mitt. 
83 (1973) pp.319-326 - 

/9/ G.Becker, "Frequenzverschiebunq beim CSsium-Frequenz- 
normal durch die Rabi-Resonanz", (Frequency shift at 
the cesium frequency standard due to the Rabi reso- 
nance), PTB-Mitt. 87 (1977), pp. 288-295 - 

/lo/ A.G.Mungal1, H.Daams, D.Morris, C.C.Costain, 
"Performance and operation of the NRC primary cesium 
clock, CsV". Metroloqia - 12, (1976) pp. 129-139 

/?I/ D.J.Wineland, D.W.Allan, D.J.Glaze, H.W.Hellwiq, 
S.Jarvis, "Results on Limitations in Primary Cesium 
Standard Operation", IEEE Trans.Instr.Meas., vol.IM - 27 
(1978), pp.453-458 

/12/ A.G.Mungal1, "A new concept in atomic time keeping; 
The continuously operating long-beam primary cesium 
clock", IEEE Trans.Instr.Meas.vol.IM - 27, (1978) 
pp. 333-334 

/13/ J.H.Holloway and R.F.Lacey, "Factors which limit the 
Accuracy of Cesium Atomic Beam Frequency Standards", 
Proc.Int.Congress Chronom. 1964, CIC 64, vol.1, 
pp.317-331, edited by the Soci&t& Suisse de Chronom6- 
trie, Neuchdtel, Switzerland 

/14/ G.Becker, "Performance of the Primary Cs-Standard of 
the Physikalisch-Technische Bundesanstalt", Metro- 
logia - 13 (19771, pp.99-104 

/15/ P.Kartaschoff and P.-E.Deb&ly, "Rgsonateur cssium de 
conception nouvelle" (Cesium resonator of a new con- 
ception), Proc.Int.Congress Chronom.1969, CIC 69-A3 

/ 1 6 /  S.Iijima, K.Fujiwara, H.Kobayashi and T.Kato, "Effect 
of Environmental Conditions on the Rate of a Cesium 
Clock", Annals of the Tokyo Astronomical Observatory 
Second Series, vol. XVII, Number 1 (1978), pp.50-67 



/17/ J .Buisson ,  T.McCaskil1, J-Oaks,  D.Lynch, C.Wardrip and 
G.Whitworth, "Submicrosecond comparisons o f  t ime 
s t anda rds  v i a  t h e  Navigat ion Technology S a t e l l i t e s  
(NTS)", Proceedings  of t h e  Tenth Annual P r e c i s e  Time 
and Time I n t e r v a l  (PTTI) App l i ca t ion  and Planning 
Meeting, Nov.1978, e d i t e d  by NASA, Goddard Space F l i g h t  
Cente r ,  Greenbe l t  Maryland 2 0 7 7 1 ,  USA, pp.601-624 

/18/ U.S.Nava1 Observatory Washington, D.C.  20380, "Dai ly  
Time Di f f e r ences  and R e l a t i v e  Phase Values ,  S e r i e s  4 "  

/19/ G-Becker, "Problem of t h e  s t e e r i n g  of t h e  I n t e r n a t i o n a l  
Atomic Time Sca l e  w i th  primary s t anda rds" ,  PTB-Mittei- 
lunqen - 87 (1977) pp.465-467 

/20/ S.R.Wagner, "On t h e  Q u a n t i t a t i v e  C h a r a c t e r i z a t i o n  o f  
t h e  Uncer ta in ty  o f  Experimental  R e s u l t s  i n  Metrology", 
P T B - M i t t .  - 89 ( 1 9 7 9 ) ,  pp.83-89 



Table  I *  

R e l a t i v e  u n c e r t a i n t y  and i n s t a b i l i t y  of  t h e  s t anda rd  CSl 

of t h e  PTB i n  cont inuous  o p e r a t i o n ,  based on 8 0  d  average 

Parameter 
R e l a t i v e  R e l a t i v e  

u n c e r t a i n t y  i n s t a b i l i t y  

1 0 - l 5  
- -- 

Resonator phase d i f f e r e n c e  < 5 < 5 

Beam pa th  < 9 + ( 3 

Beam v e l o c i t y  ( 0 . 1  ( 0 . 1  

Second o rde r  Doppler s h i f t  (0 .4  + ( 0 . 1  

Resonator de tun ing  ( 1  + ( 0 . 1  

Magnetic f i e l d  s t r e n g t h  ( 1  ( 1  

Magnetic f i e l d  inhomogeneity I  + ( 0 . 1  

HF s idebands 5 0  Hz ( 1 . 3  + ( 1  

Adjacent  t r a n s i t i o n s  < 1  + ( 0 . 1  

Demodulator < 1 + ( 1  

Shot  n o i s e  2 2 

Square r o o t  o f  t h e  sum 
of squares  ( 1 0 . 8  < 6 . 4  

Sum of t h e  amounts ( 2 1 . 9  (13.5 

1  6 va lue  * *  6 . 5  4 . 0  

+ C o n t r i b u t i o n s  t o  t h e  sys t ema t i c  u n c e r t a i n t y  

* 
T r a n s l a t i o n  from /7/  

** 
The 1 6  v a l u e  i s  achieved accord ing  t o  an  e v a l u a t i o n  
method publ i shed  by Wagner / 2 0 /  and recommended by PTB: 
upper l i m i t  v a l u e s  of u n c e r t a i n t y  c o n t r i b u t i o n s  a r e  
d iv ided  by f ? r e s u l t i n g  i n  an e s t i m a t i o n  of a  1 0  va lue  
of t h e s e  c o n t r i b u t i o n s .  



Fig.  1-Basic arrangement of  t h e  primary C s  s t anda rd  of t h e  
PTB. P.M p o l a r i z e r ,  A.M. a n a l y s e r ,  bo th  c o n s i s t i n g  of a 
combination of quadrupole and hexapole magnet, 0 ,  oven; 
F ,  d e t e c t o r ;  L ,  i n t e r a c t i o n  l e n g t h  (0 .8  m ) ;  C D ,  c e n t r a l  
d i s c  a s  beam s t o p ;  HF, high frequency f i e l d ;  H ,  s t a t i c  
magnetic f i e l d ,  bo th  i n  beam d i r e c t i o n .  The d o t t e d  l i n e s  
r e f e r  t o  t h e  beam t r a j e c t o r y  i n  c a s e  of resonance 

Fig .  %-Veloci ty  d i s t r i b u t i o n  i n  t h e  atomic beam of CS1 
eva lua ted  from t h e  resonance curve F ig .3 ;  i n t e n s i t y  I i n  
a r b i t r a r y  u n i t s .  The average v e l o c i t y  i s  now 9 3  m / s ,  lower 
than shown i n  t h e  graph 
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Fig. 3-CS1 resonance curve ;  l i n e  width  59 Hz  

F = F(NRC'C5V) - F(PTB:C5I) 
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Fig.  4-Relat ive f requency d i f f e r e n c e  F (80d averages)  between 
t h e  s t anda rds  NRC:CsV and PTB:CSI wi th  r e f e r e n c e  t o  sea  
l e v e l .  Since t h e  beginning of t h e  cont inuous o p e r a t i o n  of 
CS1 i n  1 9 7 8 ,  s l i d i n g  averaqes  a r e  shown, i n  s t e p s  o f  10d 
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Fig.  5-Frequency measurements o f  some t ime s c a l e s  TA(i)  and 
of EAL wi th  t h e  s t anda rd  PTB:CSl. F r e f e r s  t o  t h e  French 
t ime s c a l e  and RGO to  t h a t  of t h e  Royal Greenwich Observa- 
t o r y .  Seasonal  e f f e c t s  of d i f f e r e n t  s i z e s  can be seen 

~ i g .  6-'~ime d i f f e r e n c e  4 T  ( p l u s  an a r b i t r a r y  c o n s t a n t  C )  
between t h e  s t anda rds  MRC:CsV and PTB:CSl (w i th  r e f e r e n c e  
t o  s ea  l e v e l )  eva lua ted  us ing  t h e  Circ.D d a t a  of t h e  B I H .  
The d e p a r t u r e  A t  from t h e  r e g r e s s i o n  l i n e  has  a s t anda rd  
d e v i a t i o n  of 160  n s  



T A I - T ( N R C  C s V ) + C  

- 
TAI - T ( P T B  C S I ) + C  

Fig .  7-The curves  A show t h e  t i m e  d i f f e r e n c e  /)T between TAI 
and t h e  t i m e  T ( N R C : C s V )  and T(PTB:CSl) r e s p e c t i v e l y ,  u s ing  
t h e  Circ.D d a t a .  Applying t h e  propaga t ion  c o r r e c t i o n  r e s u l t s  
i n  t h e  curves  B. A European weight  of 6 0 %  and a  North American 
weight of 40% of A t  was chosen f o r  t h e  c o r r e c t i o n s .  An a r b i t -  
r a r y  a d d i t i v e  c o n s t a n t  C i s  chosen t o  s e p e r a t e  t h e  cu rves  

Fig .  8-Measurement of  t h e  T A I  f requency (80d s l i d i n g  aver -  
ages  i n  s t e p s  o f  10d) w i th  t h e  s t anda rd  PTB:CSl. Crosses :  
no A t  c o r r e c t i o n ;  squares :  c o r r e c t i o n  i s  100% of 4t; 
s o l i d  l i n e :  c o r r e c t i o n  i s  4 0 %  of At 
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Fig.  9-Time d i f f e r e n c e  AT o f  t h e  t ime s c a l e  TA(USN0) (wi th  
r a t e  c o r r e c t i o n s  and a r b i t r a r y  a d d i t i v e  c o n s t a n t s )  from t h e  
t ime s c a l e s  T(PTB:CSl) and T A I  r e s p e c t i v e l y .  Curves A 
wi thout  4t  c o r r e c t i o n ;  curves  B wi th  A t  c o r r e c t i o n  

Fig .  10-Time d i f f e r e n c e  AT o f  t h e  t ime s c a l e  TA(NBS) (with 
r a t e  c o r r e c t i o n s  and a r b T t r a r y  a d d i t i v e  c o n s t a n t s )  from t h e  
time s c a l e s  '?(PTB:CSl) and T A I  r e s p e c t i v e l y .  Curves A 
without  A t  c o r r e c t i o n ;  curves  B wi th  A t  c o r r e c t i o n  - - 



QUESTIONS AND ANSWERS 

MR. CHI: 

Dr. Becker, I noticed in your final vu-graph you showed the time 
difference of about 2 microseconds for about 400 days, that is 
between PTB and NRC, which represents about 5 nanoseconds per day 
of 5 parts, 10 to the 14th. Is that systematic? 

DR. BECKER: 

This is in fact at present the difference between the two standards 
and it is within the uncertainty limits which are claimed by both 
institutes. 

MR. CHI: 

I have one more question. That is, in the other comparison of time 
when they use the Loran-C, there seemed to be a high peak, perhaps 
it is due to seasonal variation. In the case of comparison between 
NRC and PTB there is just a systematic straight line. How was that 
comparison made? 

DR. BECKER: 

You mean this one here? 

MR. CHI: 

In the systematic there is no peak. In the others, like NBS and 
NRC, there is always a peak on the comparison. 

DR. BECKER: 

Yes. This is Loran-C. 

MR. CHI: 

How about the first one. How is that measured? The one before 
that? 

DR. BECKER: 

The one before? Loran-C. The other one, from bulletins. That 
means I took the weekly bulletins which I get from Canada and 
from Dr. Winkler from the USNO and our own. And only one day 
is taken out. The specific day is every 10 days at one point 
and I took down these data. 



MR. CHI: 

There is no solution? 

t DR. BECKER: 

If you take just the results which are published for that specific 
date then it looks like that. It is interesting to see that they 
are similar in type. That means maybe there is some kind of typi- 
cal weather which changes slowly. It should be a temperature 
problem I think. 

I DR. FRED WALLS, National Bureau of Standards 

Could I see the vu-graph showing the relative uncertainties and 
instabilities? I had a question about that. 

I DR. BECKER: 

I Can we have the slide once more? 

DR. WALLS: 

lbo questions. One, under the relative uncertainty, under beam 
path you have 9 times 10 to the minus 15th. This is an estimate 
or a calculation of what the maximum uncertainty might be? 

I DR. BECKER: 

This value is achieved in the following way. The theoretical con- 
sideration estimated the phase gradient to be expected and calcu- 
lated the frequency change per millimeter, shifting beam per milli- 
meter. Then, we did a beam shifting, an actual beam shifting and 
tired to verify this estimation and as it turned out it was the 
same order and so we relied on our knowledge and in this case I 
simply chose . 3  millimeter, 10 percent of the beam. I think it is 
better but just because we didn't know it, then we chose . 3  
millimeter. 

DR. WALLS: 

I see. For statistical things, maybe dividing by the square root 
of 3 might be appropriate but for a systematic thing such as the 
beam path to quote a one sigma value less than the uncertainty 
there perhaps is a problem. 

But let us talk about the relative instability, the column 
there on the right. These are, again, estimated rather than 
measured, is that true? 



DR. BECKER: 

Estimated. Yes. 

DR. WALL: 

When you compare against your commercial cesiums in your time scale, 
what kind of stabilities do you measure between season one and 
your-- 

DR. BECKER: 

This is the value which is of interest. This is shot noise. We 
are using . 3  grams here and there is an instability in a second of 
about 5.5 parts in 10 to the minus 12th. 

DR. WALL: 

So that it takes about 25 to 40 days in order to average down to 
that 6 or 7 times 10 to the minus 15 on both your standard and 
against maybe commercial standards. So that is a very long time 
to make a claim of stabilities of 4 or 5 or 6 times 10 to the minus 
15 and to then base an estimate of weighting for TAI on a calcu- 
lated stability rather than a measured one, I think, is quite risky. 

DR. BECKER: 

The method of evaluating an instability is up to the scientist. If 
he can measure it, the better. But if he cannot measure it because 
he has no comparable device, he is allowed to estimate it in the 
same way as he is allowed, and this is done also at NBS, to estimate 
the uncertainity. This is the same type of procedure. 

By the way, this is a conservative estimation, more or less. 
Consider please that for commercial clocks the instability is much 
smaller than the so-called uncertainty. The same could also be for 
other clocks. But you can be quite sure that the instability is 
certainly not larger than the uncertainty is. As you see it is 
only a factor of two here taken. There is no other method of 
evaluating the instability by theoretical considerations. 

Of course you have these things here, magnetic field strength. 
Well, this is based on regular measurements of the magnetic field 
and for 80 days we have 11 such measurements and you know how they 
fluctuate and this is not an estimated but a measured quantity. 

DR. COSTAIN: 

Dr. Becker, do you have any contribution from the power dependents? 
In other words your excitation power? 



DR. BECKER: 

This specific feature, the reason it is not in, the power shift is 
not an isolated effect and cannot be listed here. You have to go 
down to the roots of the physical behavior. 

QUESTION: 

Should it not be possible to use a long time running hydrogen maser 
which does exist, they run for hundreds of hours. You could use 
that maser as a direct method of measuring the changes that you 
have for instance due to beam path reversal and that would not re- 
quire any estimates. You could really measure it. 

DR. BECKER: 

We are going to compare our hydrogen maser directly with this 
cesium. It is just going to be made. Yes. And as far as possibly 
we will try to measure what is possible. 

DR. MICHEL GRANVEAUD, Bureau International de 1'Heure 

I would have two comments. The first one is about the annual term 
and I think we have to make the difference between the local time 
scale and the international one. It seems that in the case of PTB, 
for example, the local time scale of PTB it has some annual terms 
and this annual term can come only from the atomic clocks themselves 
or from the algorithm that is used. In the case of the interna- 
tional time scale, we have furthermore the transmissions using 
Loran-C. 

My second comment is about the use of the difference in our 
cesium-5, minus cesium-1. Can I see the vu-graph? 

DR. BECKER: 

Let me first refer to the first question. In fact, if you refer 
to our time scale TA, is it? 

DR. GRANVEAUD : 

No. I refer to TA(PTB). 

DR. BECKER: 

Oh, TA(PTB). Those have a seasonal term yes. 

DR. GRANVEAUD: 

Please? 



DR. BECKER: 

Have a seasonal term, yes. 

DR. GRANVEAUD : 

And about the second comment? I was thinking of the differences 
in our cesium-5 minus cesium-1. 

DR. BECKER: 

Frequency or time? 

DR. GRANVEAUD: 

The curve. The plateau we saw. 

DR. BECKER: 

Yes. Frequency or time? Time difference? 

DR. GRANVEAUD : 

Time differences. 

DR. BECKER: 

Time differences. Das war das systematischen, wissen Sie, mit 
dem drien kurven. This one? 

DR. GRANVEAUD: 

Yes. And we think that it could be a bit dangerous to use the 
smoothing of the data in our oesium-5 minus PTB cesium-1, and it 
is better to use, when available, satellite data. As you can see 
there is a smaller frequency difference between the smoothing line 
and the satellite results. 

DR. BECKER: 

Yes. You are absolutely right. I said to the first approximation. 
If you have these data available then it is the best as you are 
doing, and have written me in your letter, that a combination of 
both informations is profitable, to use satellite data and these 
measurements of the standards. You are right. 

DR. DAVID ALLEN, National Bureau of Standards 

One note of clarification. I suspect there are many here who don't 
know what a weight of 5,500 means. The miximm amount a clock can 



receive in the international time scale is the weight of 100, 
currently, in the ALGOS algorithm, and 5,500 means the total 
accumulated weight of all the clocks. And when Dr. Becker says 
that the weight of primary standards would be equivalent to all 
of those, he means to the total accumulated weight of 5,500 of all 
the clocks. In other words, if you look at the uncertainty 
associated with his error budget there that would be the resulting 
calculation. 

The other point I would make is that a lot of the graphs 
that we see, especially those for NBS, as Dr. Becker pointed out, 
the Loran path across the NBS/Boulder is a significant problem in 
our communicating time and frequency to international atomic time. 
We are aware of that and are working strongly toward curing that 
problem. And as long as we use Loran-C we will be limited and so 
a lot of the data that we saw in his presentation is an analysis 
of Loran-C, not of primary standard. 




