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ABSTRACT 

T w o  e f f e c t s  which inf1uenc:c t t i r~  ac.ctiracy of  ces ium beam 
p r i m a r y  f r eq l l ency  standart-1s a r e  exarrlined: ( A )  s econd  
o r d e r  Doppler  shi f t ,  a n d  (K) apparent .  frecluerlc:y s h i f t  
upon r e v e r s a l .  a F  t h e  s t a t i c  - 1  (-60 mC;auss) i n  
which t h e  f iyperf  i n e  t r a r l s i t i o n s  occl.lr. 

( A )  A new t e c h n i q u e  f o r  e v a l u a t i n g  t h e  v e l o c i t y  
d i s t r i b u t i o r i  o f  t h e  C s  beam i s  p r e s e n t e d .  Using t h i s  
m e t h o d ,  t h e  s e c u h d  o rde r -  D o p p l ~ r  s h i f t  (p = 4 x 1 1 ) ~ ~ ~  
f o r  o u r  p r i m a r y  s t and ; i rd s )  can he < . v a l u a t e d  t o  a n  

A 4- 
L1 1. 

u n c e r t a i n t y  o f  -. 1 0 - 1 5 ,  a n  i m p r o v e m e n t  on  o u r  
p r e v i o u s  unce r t a i . r i t y  of  2 x 1 ( 7 - 1 4 .  

( B )  P r o g r e s s  i n  u r i d e r s t a r l r l i n g  t l i e  i i ~  o f  t h e  
f r e q ~ l e n c y  s h i f t  o f  o l ~ r  p r imary  stanrli3rds a s  t l ie  s t a t i c  
C - f i e l d  i s  r e v e r s e d  i n  d i . r e c t  i o n  i s  r cpo r t e t l .  T h i s  
e f f e c t  h a s  hecri c l i m i n a t c r l  ill n t i r  i ' v a l u a t  i n n s  nf C s V ,  
btit n o t  For t h e  C s V l  ' s .  

A p p l i c a t i o n  of t h e s e  mcttiods i  11 e v a l r l a t i  ng N R C  c:locks 
g i v e s  no Erequency  s h i f t  o l l t s i d c  p r e v i  or l s ly  pub 1 i s h e d  
e r r o r  budge t s .  

INTRODUCTION 

A major  p roh lem wi.th pr i lnary  cesium cl.oc:ks i s  ~ t e t e r r n i r ~ i n g  t h e  ve l oc i t i y  
d i s t r i h u t i o n  of t h e  C s  atoms, w h i c h  i s  neccs:; , lry t o  c v a l r l a t e  t h ~  second  
o r d e r  Doppler  s h i f t . .  P r e v i o u s  a p p r o a c h e s  e i t h e r  s i ~ t i ~ l l . a t c d  t h e  iZamsey 
p a t t e r n  w i t h  t r u n c a t e d  v e l o c i t y  d i s t r i b u t i o n s  (?4t.lnga1l1 );  uscd  t h e  Rarnsey 
p a t t e r n  i t s e l f  ( ~ a n r n s ~  and . J R K V ~ S ~  ); i3r uscd  p l l l se  c x c i  t a t i o r l  ( t ie l  ].wig4 ). 
The f i r s t  t w o  methods s u f f e r  f r o m  tlre app rox ima t io r l s  matie c i r h e r  t o  t h e  forrn 
of  t h e  v e l o c l t y  d i s t r i b u t i o n  o r  i n  i t s  c a l c u l a t i o n  from t h e  Karnscy pa t : tc ru .  
The  t h i r d  mctl-lod r e q u i r e s  major m o d i f i c a t i o n  of  t h e  microwave e x c i t a t i . 0 1 1  
sys t em.  We haved f o u n d  ano ther  rnc tliod u s i n g  t h e  rc 1 a t  i o n  bc  tween t h e  
t r a n s i t i o n  p r o h a h i  I i . t y  a t  t h e  c e n t e r  o f  t h e  Kamsc!y p a t  t e r r i  and  t h e  
(microwave)  e x c i t ~ a t i o n  l eve l . .  Wc h a v e  shown that .  t h i s  f r lnc t ior l  i s  a  sirnplc? 



c o s i n e  t r a n s f o r m  of t h e  t ime of f l i g h t  d i s t r i b u t i o n .  The new method i s  more 
a c c u r a t e  and i s  e a s i e r  t o  use  t h a n  t h e  o l d  methods. 

Another problem which was though t  t o  e x i s t  i n  cestum beam c locks  i s  t h e  
s o - c a l l e d  "Millman ef f e e t H 5 .  It has  been proven by Van ie r  e t  a16 that: t h c  
M i l l m a n  e f f e c t  d o e s  n o t  e x i s t  f o r  a  A m  = 0 t r a n s i t i o n  h u t  o n l y  f o r  a 

F 
A m F  = + 1 t r a n s i t i o n .  The f r e q u e n c y  s h i f t  r e s u l t i n g  from r e v e r s a l  of t h e  
C - f i e l d  r e p o r t e d  e a r l i e r  by ~ u n ~ a l l ~  f a r  C s V ,  was a rorlsequence of t h e  
method used t o  measure and s e t  t h e  C- f i e ld  i n  t h e  normal and r e v e r s e d  f i e l d  
d i r e c t i o n s  ( u s i n g  ( 4 , - 4 )  t o  (4,-3) t r a n s i t i o n s ) .  L t  i s  not  an o f f s e t  i n  
f r equency  due t o  t h e  d i r e c t i o n  of the C-f ie ld .  T h i s  was demons t ra ted  i n  
C s V ,  u s i n g  f i e l d  dependen t  t r a n s i t i o n s  w i t h  AmF = 0 t o  measure and s e t  t h e  
C-f ie ld .  However, i n  t h e  c a s e  of  C s V I ' s  t h e r e  i s  a n  a p p a r e n t  s h i f t  i n  
f r equency  upon f i e l d  r e v e r s a l  u s i n g  e i t h e r  of t h e s e  two methods. 

A - Determination of the velocity distribution 

a)  The e x c i t a t i o n  l e v e l  method 
I n  cesium f requency  s t a n d a r d s ,  t h e  t r a n s i . t i o n  p r o b a b i l i t y  a t  t h e  resonan t  
Frequency of an atom between s t a t e s  p  and q  i s  given  by7 : 

where b i s  t h e  e x c i t a t i o n  l e v e l  and z t h e  t ime of f l i g h t  through one of t h e  
two c a v i t i e s .  I t  can he shown t h a t  t h i s  r e l a t i o n  i s  t r u e  w i t h i n  a  p a r t  i n  
lo6 f o r  t y p i c a l  pr imary cesium s t a n d a r d s  w i t h  c u r r e n t l y  a t t a i n a b l e  
u n i f o r m i t y  of t h e  C-f i e l d ,  microwave e x c i t a t i o n  l e v e l  and microwave phase*. 

Using s imple  t r i g o n o m e t r i c  manip t i l a t ion  t h i s  e q u a t i o n  can he  r e w r i t t e n :  

P - - - -  - l cos 4 t x  . 
P,4  2 2 

On t h e  o t h e r  hand,  t h e  measured s i g n a l  ampl i tude  i s  t h e  i n t e g r a l  o v e r  a l l  
p o s s i b l e  times of f l i g h t  

OD 

1 
I ( b )  = ? l  ( 1  - cos 4 b , ) f ( r ) d r ,  

0 

which can be r e w r i t t e n  a s :  

LD 

1 
I ( h )  = Cons tan t  - - I  2 f(T) cos  4bX dz . 

0 

* J-S Roulanger ,  t o  be pub l i shed .  



The second  term Is a c o s i n e  t r a n s f o r m  of t h e  t i m e  of  f l i g h t  d i s t r i b u t i o n .  
The r e v e r s e  o p e r a t i o n  g i v e s  ( f o r  s # 0 ) :  

S i n c e  v7; = 2 ,  t h e  l e n g t h  of one  c a v i t y ,  i t  Fo l lows  t h a t  t h e  v e l o c i t y  
d i s t r i h ~ i t i o n  i s :  

C o n s e q u e n t l y  i t  i s  p o s s i b l e  t o  r a l r ~ ~ l a t e  t h e  t ime of f l i g h t  d i s t r i  h t i t i o n ,  
a n d  hence  t h e  v e l o c i t y  clistri h u t i o n ,  f rom mcd%urmc.rlt s t h e  arnpl i  t u d c  c ) f  
t h e  s i g n a l  a t  t h ~  c e n t e r  o f  t h e  r e s o n a n c e  a s  f u n c t i o n  of t h e  c x r i t a t i o n  
l e v e  1.  

once  t h e  v e l o c i t y  d i s t r i b u t i o n  i s  known i t  can  he used  i n  t h e  g e n e r a l  b m s e y  
e q u a t i o n 7  t o  r e t r i e v e  t h e  Karnsey p a t t e r n  of Cs beam i n t e n s i t y  vs  microwave 
f r e q u e n c y .  T h i s  p a t t p r n  c a n  a l s o  be r r i ea s~~red  a n d  t h e  ag reemen t  hetween t h e  
c a l r u l a t e d  a n d  t h e  m e a s u r ~ d  p a t t e r n s  s e r v e s  a s  a check t o r  t h e  acc t t r acy  u t  
t h e  v e l o c i t y  distribution. The sccond  o r d e r  Dopp le r  s h i f t  c a n  he 
e v a l u a t c d  f rom t h e  v e l o c i t y  r l i s t r i h u t k o n  i n  A s t r ;3 ightLorwarr l  manner. 

( h )  E x p e r i m e n t a l  and  c o m p u t a t i o n a l  technique 
We rlscd t h e  c l o c k s  w i t h o r ~ t  m o d i f i r a t i o n s  ~ l t h o u g h  f o r  C s V ,  t i l e  2-mctcr 
c l o c k ,  we had t o  change  t h e  microwave s o u r c e  i n  o r d e r  t o  o b t a i n  s u f f i c i e n t  
power. These  c l o c k s 8  a r c  of t h e  f l o p - i n  t y p e  w i t h  a s i n g l e  c a v i t y  p rov id i r l g  
two e x c i t a t i o n  r e g i o n s .  The e x c i t ; l t i n n  i s  rlormr-tlly p r o v i d e d  hy a Grinn 
o s c i l l a t o r  and a  c a l i b r a t e d  v a r i a h l e  a t t c !nua to r .  For  t h c  CsVI1s ,  10 mW of 
tni crowave power i s  a v a i l a b l e ,  and t h e  a t t e n l r a t n r  r o v e r s  a r ange  of  10 dI%. 
F o r  t h e  p r e s e n t  e x p e r i m e n t  t h e  Gunn o s c i l l a t o r  was l o c k e d  t o  a s c p a r a t e  Cs 
r e f e r e n c e  and s e t  a t  t h e  c e n t e r  f r e q ~ i e n c y  of t h e  Uamsey p a t t c r r l .  

The e x c i t a t i o n  l e v e l  i n  t h e  c a v i t y  i s  not  known e x a c t  Ly. I t  c a n  he 
c a l c u l a t c d  w i t h i n  a few p e r c e n t  from a knowl.edge of t h e  i:nvity () 
( l o a d e d  ( 2  - 4000 f o r  o u r  c l o c k s )  and t h e  power a v a i . l a b l e .  G r e a t e r  a c c u r a r y  
c a n  he o b t a i n e d  by f i . t  L i n g  t h e  ca l.c11l;3ted Rarnsey pa t t : e rn  t:o t h e  Kamsey 
p a t t e r n  measrrred on t h e  c l o c k .  T h i s  pa t t t 2 rn  rari he c h a r a c t e r i z e d  by i t s  
s h a p e  (the r e l a t i v e  amp1.i t u d e  of secor ldary  p e a k s  a n d  v a l l e y s  t r : ,  t h e  c e n t r a l  
p e a k ,  t h e  number of p e a k s ,  e t c . )  and by i t s  s c a l e  i n  H e r t z  ( t h e  d i s t a n c e  
be tween peaks,  or t h e  w i d t h  a t  h a l f  t h e  h e i g h t  of t h e  c e n t r a l  p e a k ,  e t c ) .  

From t h e  Ramsey e q u a t i o n ,  i t  can  be s e e n  t h a t ,  a p a r t  f rom t h c  rlcpendcrlc:~ or1 
b ,  t h e  s h a p e  of  t h e  Ramsey p a t t e r n  i s  dependen t  o n l y  on t h e  s h a p e  o f  Lhc 
v e l o c i t y  d i s t r i b u t i o n ,  i f  t h e  second o r d e r  Dopp le r  s h i f t s  and  t h e  c a v i t y  
p h a s e  d i f f e r e n c e s  a r e  neglected ( v a l i d  f o r  a  f i r s t  approxirn;r t i .on) .  Thc 
f r e q u e n c y  s c a l e  of t h e  Kamsey p a t t e r n  ( o r  i t s  wii.lth) i s  d e t e r m i n e d  o r ~ l y  by 
Che v c l o c i t y  s c a l e  (o r  t h e  a v e r a g e  ve1oc.i t y  of t h e  cli s t r i  b u t i n n ) ,  and tl-lc 
c l o c k  l e n g t h .  



We a d j u s t  a s c a l e  f a c t o r  and recompute t h e  F o u r i e r  t r a n s f o r m  of t h e  
e x c i r a  t  ion  l e v e l  d a t a  u n t i l  t h e  t h e o r e t i c a l  and e x p e r i m e n t a l  w i d t h s  of t h e  
Karnsey p a t t e r n s  a r e  equa l .  T h e  ad jus tment  i s  a  few p e r c e n t  of  t h e  power. 
T h i s  f i t t i n g  i s  requi- red  once f o r  e a c h  c lock .  The Gunn o s c i l l a t o r s  a r e  
s u f f i c i e n t l y  s t a b l e  i n  power f o r  t h e  same s c a l e  fat-tor t o  he adequa te  two 
months a f t e r  t h e  f i r s t  measurement, inc.l.rlding a r e v e r s a l  of t h e  heam 
d i  rectiol-1. 

I n  o r d e r  t o  r e s o l v c  t h e  Rabi resonant-cs and minimize t h e  e f f e c t  of t h e  
o v e r l a p p i n g  of t h e  f i e l d  dependent  t r a n s  it: i o n s  on t h e  ( 3 , O ) c + ( 4 , 0 )  
t r a n s i t i o n  a t  h i g h  power l c v c l s ,  t h e  C- f i e ld  was r a i s e d  t e m p o r a r i l y .  A s  ic, 
s e e n  i n  F igure  1 ,  a t  2 0  dB above t h e  optimum power l e v e l  f o r  t h e  Kdrnsey 
resonance ,  t h i s  e f f e c t  i s  q u i t e  s e r i o u s  a t  a C- f i e ld  of  67 mGat~ss which ir; 
tllr normal o p e r a t i n g  f i e l d .  h magnet ic  f i e l d  of 260 rnGauss is enough t o  
reduce t h i s  problem t o  a c c e p t a b l e  l e v e l s  a s  s e e n  i n  t h e  same f i g u r e .  

( o )  P r o c e s s i n g  of d a t a  
--- 

A F a s t  F o u r i e r  Transform (FFT)  program was uscd. l t  r e q u i r e s  d a t a  ~ q u a l  l y  
spaced  i n  e x c i t a t i o n  l e v e l .  Recarlse of  t h e  d i f f i c u l t y  i n  s a t i s f y i n g  Irhis 
c o n d i t i o n  w i t h  o u r  a t t e n u a t o r ,  we u s ~ d  a s p l i n e  i n t e r p o l a t i o n  Lo e x t r a r t  
abou t  200  p o i n t s  from t h e  75 exper i rnet l ta l  p o i n t s  ( s e e  F i g u r e  2 ) .  We hope i r a  
t h e  n e a r  f u t u r r  t o  be a b l e  to  t a k e  more p o i n t s ,  improving t h e  accuracy  of 
t h e  d a t a  f e d  t o  t h e  PFT. 

We have a l s o  adticd a  " t a i  1 "  of c o n s t a n t  v a l u e  equal  t o  t h a t  of t h e  h i g h e s t  
power d a t a  p o i n t  heyond t h e  l a s t  measured p o i n t  t o  f i l l  t h e  1 0 2 4  p o i n t s  
needed hy t L - 1 ~ 2  program. T h i s  approach i s  j ~ l s t i f i c r l  by t h e  f a c t  t h a t  at: h i g h  
e x c i t a t i o n  l e v e l  t h e  d e t e t l t o r  r e sponse  t e n d s  towards a c o n s t a n t .  If [.he 
e x c i r a t  ion  i s  s u r f i c i e n t  ly  g r e a t ,  even t h e  h igh v e l o c i t y  atorns make many 
t r a n s i t i o n s  i n  p a s s i n g  t h r u r ~ g h  fhe  c a v i t i e s .  T f  w e  a v e r a g e  a  l a r g e  lirl~~rher 
of atorns a t  d i f f e r e n t  v e l o c i t i e s ,  t h e  average  t r a n s i t i o n  p r o b a b i l i t y  -i.s t h e n  
e x a c t l y  one h a l f .  'The e f f e c t s  of a d d i n g  tlhis " t a i l "  are d i s c u s s e d  below. 

( d )  E i f e c t s  of e x p e r i m e n t a l  d i f f i c t l l t i e s  
I n  o r d e r  t o  e v a l u a t e  t h e  i n f l u e n c e  o t  p o t e n t i a l  s o u r c e s  of e r r o r  i n  t h i s  
method, we have exaggera ted  f o u r  s e p a r a t r  r r r n r  s o u r c e s  and examined t h e  
consequences  of each.  I n  each c a s e ,  f o l l o w i n g  t h e  method d e t a i l e d  ahov13, a 
v e l o c i t y  d i s t r i h u t i o n  was n h t a i n e d ,  a n d  t h e  s c a l c  f a c t o r  was cherkcd u;ing 
t h e  wid ths  of t h e  e x p e r i m e n t a l  and c a l c u l a t e d  c e n t r a l  Ramsey peaks .  

Earl1 t ime,  t h e  qua1 i t y  of t h e  agreement i n  terms of  t h e  shape  o t  t h e  two 
Ramsey curves  cou ld  be obse rved ,  and changes I n  t h e  c a l c ~ l l a t e d  v c l o c i t y  
d i s t r i h u t i o n  cou ld  be noted.  For t h e  r.urves p r e s e n t e d  i n  Figrlres '3 to 6 ,  
t h e  agreement: between t h e  two Ramsey c u r v e s  i s  a p p r o x i m a t ~ l y  1% n t  t h e  
c e n t r a l  Uamscy peak. The f o u r  s o u r c e s  of  e r r o r s  we have I n v c s t i g a t e r l  i n  
t h i s  manner a r e :  

1 )  E f f e c t  of m~ f 0  t r a n s i t i o n s  
Tf t h e  m a g n e t i . ~  f i e l d  i.s t o o  low, a n  e x t r a n e o u s  s i g n a l  from neighbour i r lg  
t r a n s i t i o n s  is added t o  t h e  t r u e  s i g n a l  f o r  h igh  e x c i - t a t i o n  l e v e l s .  
Comparing F i g u r e  3 wi th  F i g u r e  7-a shows t h e  d i f f e r e n c e  bctween two s e t s  of 
d a t a  a t  low (67 mGauss) and h i g h  (260  mGarlss) magnet-ic. f i e l d s .  A t  a low 
f i e l d  t h e  e f f e c t  c a u s e s  an e r r o r  a t  the  h i g h  v e l o c i t y  end of t h e  spec t rum,  
c r e a t i n g  s m a l l  Eal.se v e l o c i t y  peaks. These a r i s e  s i n c e  t h e  s i g n a l  from t h e  



n e i g i ~ b c , ~ l u  :.:.!:,i Lrarl:;i t f o r l s  m;.~kes h j  increase ;IS t h e  e x c i f t a t  i o n  l e v e l  i s  
~ T ,  r a i s e d .  1 t i  i r t c rens i?  a d d s  pp r i l c s  irl t h e  s h o r t  t i m e  of € 1  i g h t  (o r  h i g h  

v c l o i - i  t y  ; rc;,:i.or:. 

2 )  L:radeq~~ati? ~nic.:rowave e x c : i t a t  {.on I e v e  i 
1 i r- i - l t  sni;': :"I . n ~ l i l .  i:; ij.11ii l:ed t o  Its&- vva l L I P S  of e x c i  t a t  i o n  p o w e r ,  t h e  i n t e g r a l  
appp r - r~ , ,  . :,, ,>e. i. t -unca te t l ,  'rtic res-;o l r l t i o r i  - i n  t h e  !. irnt .-of-f  l i g h t  d i s t r i b u t i o n  
, . 

l - l : i~ , . l i . i ! , ,  a n t i  i l i i ~  v e 1 c ) c i t v  d k s ; ; t r i k m t i o n  I s  d i q t o r t e t i  w i t h  t l i e  a i1d i . t inn  oT 
,:-IF " ' , , ;s t : i . ! i ;~ri i7n" a l .ong  t h e  v c l o c i  t v  ax.Ls. 'The d i s t o r t  iorl  look.'; muclh t h e  
same ;-is for I:he f i r s t  s u u r c e .  of e r r o r  . i t  h i g h  v e l o c i t y  ;%nd a d d s  some no i  se 
a t  l o w  v~:~c>c'-J t:y :.IS (ran k e e n  seer1 Ly ci)mpari:lg F i g l ~ r e  4 w i t h  Figl. ire 7-a. Ttic 
p c ~ k s  <-~t.. I I L ~ ~ I  v e i t > ~ : i t y  are ~ i ~ l t !  t o  t h e  o f f s ~ t -  g e n e r a t e t i  by t h e  " t a i l "  added  
3t t h ~  tr;'L.r.rl)z I cvKl . 
3 )  Yoisc i r: t . he  r-neasurei! :;i gr~a  l 
S ti?(? ; hear:i n o i s e  i s  ii-luci-I t.11~ same a t  ~ n y  c x c l i t ; l t i n n  l e v e l . ,  i t s  
c f fec i - l  afcrlr  I T P T  s i i n u l d  ht. v i s i b l e  i n  t11c rci;i.oris o f  l o n g  tirnes nt f l i g h t  o r  
i i t  l o w  veioc:-ities. Thi.s e t f e r t  i s  s i . m u l , ~ t e r l  j.11 b ' i g u r e  5 which  r c p r e s r : n t s  
the ii:it;i of: ::Tij;llre 4 t:o w t i i ~ h  a hi>j.s(? e q u i v a l . e r l t  t o  ?? of t h e  s i g n a l  rnaxim~ini 

k e e n  arli!r:c! befclre tl-le k r l t e r p o ? . n t i . o n .  A Ramsey pn t te r -11  c a l c ~ i l a t e d  f r o m  
stir11 a i ivi .sy s e t  o t  d a t a  would st! l L gi-ve ;an e s t i m a t e  of  t h e  s e c o n d  o r d e r  
I)olrplcr s h i f t  w i t h i n  I(.) p t l z  o r  t h e  ~ ~ o j - s c - - f r e e  s e t  of  d a t a .  .Ln p r n t . . t i c e  t t i c  
rr c~ i s e i 3 he l (.)L.I ! ) . 2 !d . 
( 4 )  \ ~ ~ I s J  t:y 1:)f ])Oil-lf:.S 

As expecteri ,  arl i ~ ; c . r e . ~ s p .  i n  t i . 1 ~  c i e ~ ~ s i t v  ol' p o i n t s  i ; i v e s  h e t t e r  r e s r ~ l t s .  A s  
triirr i:,e stken i r ?  k q i ) ! ; u  ~e h ,  w h ~ n  cornpa red r i j  F i  g l l r e  7-c , a n  i n c r e n s e  froill 4 ' )  t o  

- 
r ' s  lsi,i.nt.~: rretiu~:es t h r  ~ l o i . ; c !  a t  1 . o ~  velnrit: ic!s by a t  I e . ~ s t .  :* f a c t o r  of '4. Wc 
ti.xpet:. r: t irar : i : :~uij l i . ;~g [.he n~rrnbcr- of p o i  n;s s ! l o ~ ~ l d  r e d u c e  i t e v e n  f u r t l i e r .  

e )  K c . s u 1 . t ~  f o r  rac-,I-1 cloc:k: scc:c)r~d o r d e r  I)(-) . i e r  shift 
~ i ~ i - r l : s  !-,a, xxT show t i l e  r e d  o h t ; i i i l X  i l l 1  L s V I A ,  C s V I - H  an.1 

, - C s V T  --:: re:;j>e<'t ~.vc. l .y.  I 8 -  Y-h, and  X-c show t-llc ihrnscg p a t  terns 
c:alc:ulateii tc:;- p;li:t~ c l o c k .  irc:)ln c h e  vcLoc:i.ty i l l s t - r i b u t i . o n  fourid by t l l c t  VF'I'. 
For i*r,rnparis4.:li w i t ! )  E ' i g~ l re  b-a., i:he e x p e r i 1 1 ; e n t a l  ICamscy j > a t t e r n  o f  C s V I - A  i s  
a l s o  s h o w r ~  i n  L;igtlre 8. We i iave sr1pprcssc .d  t h e  n o i s ?  a t  Low v e l o c i t y ,  since 
the 11e.olnet x 5, (.:I [he  cl n c k  w o u l d  r - r i imi r~a  t c  al. 1 at i ln is  w i t h  velocities be low a 
c e r t a i n  v n l ~ n c ,  

T t  i:i remar-k; ib le  t row wc1.1 t h e s e  c u r v e s  E i i  [ .he r x p e r i r n e n t a l  K3rnsc.y patt-erris  
u p  ~ $ 2  .'; T . ~ : I I I S ; + T I ~ ~  h e r t z  away  from tlic-! C:CII :~PT o f  r e s o n a n c e  ( s e e  F i g u r e  8-a). 
'The : ~ g r : ~ e i r ~ t ; ~ ~ t  I Y h e t i - e r  t h a n  17; e v ~ - r y w i ~ t ? r t ? .  Lf t i l t  d ~ l . i . b e r ~ t e 1 . y  d i s t o r t e ( l  
v c ' l ~ ~ c i . t y  rli s t r i  huti :)rl  of  F i . g ~ l r e  E :;r Figure 4 i s  I ~ S P ~  t.11~ a g r e e l n e n t  i s  
red i i ced  Ti:) 3 rej;iol-1 o f  a h o u t  500 Ilz arn111?(:1 t h e  c ~ i ~ ~ e r  o f  r t . sonar l rc .  

t~ i.lii..:: r e d t r c t i o r ~  ir-I r l ~ r n l i  t y  of f i t ,  tilt. s c c o n d  order  D o p p l e r  s h i f t s ,  
.ictrla!-~:d rrum these  t h e o r e t i c a l  Ramspy p r l t t t t r r l s  f o r  a n y  nile c l o c k ,  a l l  
i r .  r 111 $Hz f o r  u p a r t i . c ~ i l  ar  rr l nc-k o r  one pa r t  i n  l 0 l5  o f  t h e  

f requt tnr :y  or t i l e  c l o c k .  T h e  p r c v i o u s  rnvthod u s e d  for- t h e  C s V L ' s ,  whir l1  
ass-c~rncd a :rutl t :ated MaxweI I i a n  d i s t r i b u t i o n ,  i s  i n  agreement w i t h  t l i e  
preserlL mrilrhod * i c i  w i t h i n  r'Ls s t a t e d  ( I  cr) e r r o r  of 2 x 1[1-~'' of [he  (;].oc:k 



I J r ~ f o r t \ ~ r i a t t t l y ,  t h c  r ~ s u l t s  t o  t i a t e  a r e  n o t  a s  gooti or1 CsV. A t  t h e  time o f  
m e a s u r e m e n t ,  t h e  ca1.i  h r n t e d  a t t e n u a t o r  ust!d i n  CsV had  a mn~~cli n a r r o w e r  rank;e 
(20 d H )  t h a n  t h e  o n e s  on t h c  C s V I ' s  ( 7 0  dB) .  T h e  u s e  of-' a n  u r i c - x l i h r a t e d  
a t t e n r l n t o r  i n  s e r i e s  w i t h  i t  ~ n a d e  t h e  m c a s u r c m e n t s  more  d i . f f i c u l t  arld t h e  
r e p r o d u ( : i h i l i t y  w a s  adversely a L E e c t e d .  To o b t a i n  s u f f i c i e n t  m i c r o w a v e  
p o w c r ,  t h c  Gt.inti o s c i l . l a t o r  was  t e m p o r a r i l y  r e p l a c e d  by a  1 0 0  mW k l y s t r o n  
( a l s o  phase' l o c k e t i ) .  T h e  r e s u l t s  a r e  shown  i n  1:igure 9. 

1.n t?i~;.urc- 9-b ttir hump a t  . ~ r o r i n d  1 5 0  m / s  is false.; a n d ,  p o s s i b l y ,  a l s o  ttic 
long t a i  1 a t  h i g h  v e 1 o c : i t i c s  (> 500  rn / s ) ,  A Rarnsey p a t t e r n  c a l c ~ i l e ~ t e r i  h o r n  
i t  wotllrl hcb s i g n r ' f i c . a ~ l t . l y  i n  e r r o r .  I f  we u s e d  t h e  o t h e r  se t s  o f  da ta ,  a t  
l o w  ~ r l a g n e t i  c f if l d  o r  low r n a x i m ~ ~ m  p o w e r ,  t h e  1111rnp woul  (1 be t l i s p l a c c , r l  ,irid t h e  
m a i n  peak  w o ~ l l d  a l s o  br. s l i g h t  l y  affected. 

n e s ~ i  t e  t l i a t ,  t h c  Kamscy p a t t e r n  c a l c ' u l a t ~ r i  i n  F i g ~ ~ r t ?  10-h i s  g o o d  t o  b e t t e r  
t l ia r i  1 %  rip t o  500 t-iz f r o m  t h e  c e n t e r  of rcsonar ic lc .  T h e  c v a l u a t  i n n  o t  t h e  
s c c o r l d  o r d e r  I l o p p l e r  s h i f t  may n o t  h e  rlui t e  a s  d c c u r a t e  a s  f o r  t l i e  CsVT ' s .  
The  rn:rxirn~lm v a r i : * t i o n  (50 pHz) is 6 p a r t s  i n  1015 of: t h c  f re i4uenc .y  o f  t h e  
r l n c k  u s i n g  t h e  d i f f e r e n t  s e t s  o f  d a t . 3  a n d  w i l l  l i k e l y  k c  i rnp roved  by u s i n g  
a b c t t c r  a t t c r l u a i o r .  

I t  secms t h a t  For- e a c h  NKC r l o c k  (CsV a n d  t h e  CsVl's) t hc  s e c o n d  o r t l ~ r  
1 ) o p p l e r  s h i f t  has  hcer i  o v c r c s t i m a t e d  i n  tl-IP p a s t  by t h e  same ,Imorrnt. ' l ' h i s  
c . r ror  i s  s t i l l  w i t h i n  t h e  e r r o r  l i m i t s  o t  t h e  o l d  m e t h o d  t h a t  u s e d  t rk r r l . a t c~ t l  
v e l o l - i  t y  t i i : ; t r i h r l t  i o n s 1  . A d o p t  i o n  of t h ~  new m e t h o d  w i  11 r e d r i c e  thc .  N K C  

~ r r i m , d r y  c.1oc.k i rcr lucr lcy  by 1.7 x 10-14 

A n o t h e r  s o u r c e  o f  e r r o r  i n  o u r  c l o c k s  i s  t h e  e v a l ~ i a t i o n  o f  t h e  m,~};~ctic.  
f i e l d  n e e d e d  t o  o p e r a t e  t h e  r l o c k  a t  z e r o  o f f s e t  i n  f r e q u e n c y ,  Tt was 
r c p o r t e d  some y e a r s  a g o  tly A . G .  ~ u n , g n l  I 5  ( 1 9 7 b )  t h a t  t h e r e  was  a d i f f e r e n c e  
i n  f r e q t ~ e r l c y  b e t w e e n  t h e  two  o r i e n t a t i o n s  o f  t h e  m a g n e t i c .  o r i e t ~ t i n y :  f i e l d  
( C - f i e 1 . d )  i n  C H V .  Ari e x p l a n a t i o n  b a s e d  on the.  M i  1 lman e f f e c t  wa:; t h e n  
thn t~g l - l t :  t o  h c  t h e  s o l u t i o n ,  b u t  now prove?:; t o  h e  i n c : o r r e c t .  A chanj;e o f  
m e t h o d  i n  s e t t i n g  t .he C - f i e l d  h a s  c ? l i . m i n a t e d  t h e  f r equ~11c :y  s t l i f t  or1 C:-field 
r e v c r s a l  f o r  CsV. 

I n  tile o l d  met.tlod, t h e  m a g n e t i c  f i e l d  was  r~vaLu i~ t ( ! r l  wit11 l o w  f r c . r lucncy  c o i l s  
i n d u r i r ~ g  ( 4  , -4)  t o  ( 4  , - 3 )  t r a n s i t  i o n s  a t  8 p o i n t s  a l o n g  t h e  heam t r a j e c t o r y .  
111 tlic. new m e t h o d ,  t h e  f i e  Ld d c p c n d c r l L  m i c r o w a v e  t r a r i s i t i o n s  (m, = I o r  
ml: = - 1 ;  A m F  = 0 )  a r e  u s e d  t o  e v a l u a t e  t h e  a v e r a g e  f i e l d  b e t i e e r ~  t h e  
e x c i t i n g  c a v i t i e s .  Hotti l n e t h o d s  h a v e  h ~ e n  u s e d  i n  t he  c v a l u a t i o n  ol- t h c  
C - f i e l d  o f  L h e  f o u r  p r i m a r y  C s  r l o c k s  i n  o p e r a t i o n  ~t N H C .  

F o r  CsV t h e r e  was  t y p i c a l l y  a f r a c t i o r l ; i l  f r e q u e n r y  s h i f t  o f  I x 10-13 wtlcn 
tire ].ow f r e q r l e ~ r c y  m e t h o d  was  r ~ s e d  t o  5ct tllc C - K i c l d  i r ~  t h e  r c v e r \ c c I ,  
c o m p a r e d  t o  t h e  n o r m a l  d i r e c t i o n .  Tf t h e  microw,ivt-. m e t h o d  was  ~ ~ s r d  t :, s e t  
t h e  f i e l d ,  rio s i g n i f i c a n t -  s h i f t  w a s  o b s e r v e d .  T h e  a v e r a g e  o f  t h e  t w o  
m e t h o d s  a g r e e d ,  a n d  s i n c e  t h e  a v e r a g e d  C - f i e l d  h a s  a l w a y s  b e e n  usecl f o r  
s e t t i n g  CsV,  t h e  e f f e c t  a n d  t h e  c-tlangc o t  m c t h o d  f o r  C - f i e l d  e v a l t l a t i o ~ l  t i n s  
had n o  i n t l l i e u c e  o n  t h e  CsV t i m e  s c a l e .  T h e  ~ x p l a r ~ a t i o n  o f  t h e  C - t i r l d  



r e v e r s a l  e f f e c t  u s i n g  t he  o l d  method,  i n  t e rms  of t h e  Millman e f f e c t  on  t h e  
c l o c k  f r e q u e n c y 5 ,  is wrong. Theoretically, t h e  Mil lman e f f e c t  c a n  e x i s t  
o n l y  f o r  A m F  = t 1 t r a n s i t i o n s  ( e g .  t h e  o l d  m e t l - ~ o r l ' s  l o w  t r e q u e n r y  
t r a n s i t i o n s )  a n d  n o t  for A l n ~  = 0 t r a n s i t  i o n s  ( s u c h  a s  the c l o c k  t r a n s i t i o n  
and  t h e  t r a r ~ s i t i o n s  u sed  f o r  t h e  new r n e t l ~ o d ) ~ .  The r e s u l t s  For C s V  car1 he 
e x p l a i n e d  co rnp lc t e ly  a s  a Mil lman e f f e c t  a c t i n g  o n 1  y on t h e  low f r e q u e n c y  
t r a n s i t i o n  used  f o r  t h e  o l d  method of  s e t t i n g  t h e  C - f i e l d .  

Fo r  t h e  C s V I  c l o c k s ,  i t  was found t h a t  t h c  (.lock E r c q u c ~ l c i c s  showed 
f r e q u e n c y  s h i f t s  w i t h  e i t h e r  method f o r  s eL t i r l g  t l le  C - f i ~ l d .  F u r t h e r m o r e ,  
t h e  f r e q u e n c y  d e t e r m i n e d ,  u s i n g  t l ~ p  a v e r a g e  of r~orn ia l  ~ r l d  r e v e r s e d  ( : - f i e ld  
d i r c r t i o n ,  d i f f e r s  f o r  t h e  two methods hy u p  L o  1 x The averagi :  o f  
normal  and r e v e r s e d  C-f i e l d  d e t e r m i n e d  hy t h t ~  mi r r a w a v ~  method h a s  a lways  
been  uscd  f o r  t h e  C s V I  c l o c k s ,  and ~ f t e r  eva l t i aL ion  t l ~ c y  have  agreed w i t h  
t h e  C s V  f r e q u e n c y  w i t h i n  a few p a r t s  i n  

In t h e  case of t h e  C s V L  c l o c k s ,  i t  seerns t h a t  t h e  u n i f o r m i t y  of the C - f i e l d  
i s  t h e  s o u r c e  of t h e  problem. In C s V ,  thc. rnagnet i r  s h i ~ l d s  are lc3rger t h a n  
on  t h e  C s V T  c l o c k s ,  and any  r e s i d u a l  m a g n e t i c  domairls a r c e c t  t h e  uui for rn i  t y  
o f  t h e  f i e l d  t o  a l e s s e r  e x t - e n t .  S i rnu ln t ing  t h e  microwave method,  o u r  
c a l c u l a t i o n s  have  shown t h a t  i f  t h e  e x c i t a t i o n  l e v e l  i.s rlot i d e n t i r l a l  i n  t h e  
two e x c i t a t i o n  r e g i o n s ,  t h e  C - f i e l d  i r i homogene i t i e s  ( i n  t h e  e x c i t a t i o n  
r e g i o n s  o r  i n  t h e  d r i f t  s p a c e )  can c a u s e  Ramsey p a t t e r r l  d i s t o r t i o n s  which 
make the a v e r a g e  f r e q u e n c y  d i f f e r  from t h e  t r u e  f r e q ~ . ~ e n c y .  bhpi r ic :a l  l y  t h i s  
e f f e c t  i s  l i k e l y  t o  be s m a l l  i n  o u r  (:Locks sil1c.e t h e  r a t e s  (I€ a l l  f o u r  of 
them a r e  wi th i .n  a  few p a r t s  i r l  1014 o f  earl1 ot l - ler  immediate1.y f o l l o w i n g  
e v a l u a t i o n .  

CONCLUSION 

We have  p r e s c r ~ t e d  a r~ew arld rnuc:ll more e x a c t  method f o r  e v a l u a f i o r l  of t h e  
v e l o c i t y  d i s t r i b u t i o n  and  the s ~ ? c n n d  o r d e r  Dopp le r  s h i f t  i n  resilim l-)cam 
f r e q u e n c y  s t a n d a r d s .  T h i s   neth hod car1 c?val.~i;lte t h e  sl-ri f t  t o  a11 accr i racy  
b e t t e r  t h a n  a few p a r t s  i n  1015 of  t h e  f r e q u e n c y  oC t h c  cllock. T t  seems 
feas ib le  t o  improve  the accura t ly  ever1 fu r t t - l e r  w i t h  b e t t e r  mr.asurernt.nts, The. 
e v a l u a t i o n  of t h e  C - f i e l d  however i s  s t i  l l 1.irnited t o  a few p a r t s  i n  1014 
b e c a u s e  of t h e  u r l c c . r t a i n t i e s  I i nked  t o  t h e  rncthod u s e d ,  ,and t h i s  u u c e r t a i  n t y  
r e m a i n s  one of  t h e  major l i m i t a t i o n s  of NRC's p r i m a r y  c l o c k s .  
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Figure 1. High Power  h y p e r f i n e  r e so r l an re s  a s  o b s e r v e d  i n  NKC p r i m a r y  
c e s i u m  c l o c k s .  The powcr l e v e l .  i s  20 dH above t h a t  f u r  norrrlal c l o c k  
o p e r a t i o n .  The s e v c n  a a n d  sevcrl .rc Rabi p e d e s t a l s  a r c  no t  r e s o l v e d  a t  t h e  
no rma l  C-field of  6 7  mGauss ( u p p e r  c u r v e ) .  A t  a h i g h e r  C - F i e l d  of  
260 mGauss t h e  Rabi  p e d e s t a l s  a r e  r e s o l v e d  (lower c u r v e ) ,  a n d  t h e  
(3 ,0  ++ ( 4 , O )  Ramsey r e s o n a n c e  ( v e r t i c a l .  a r r o w )  i s  n o t  g r e a t l y  con tamina ted  
by the n e i g h b o u r i n g  Rabi  pedes ta ls .  
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Figure 2. Processing data  f o r  M I - A .  
The C s  beam i n t e n s i t y  vs (microwave power) a t  the c e n t r e  of t he  (3,O) ++ ( 4 , U )  R a m ~ y  

resonance is the masured L(b) (upper le f t ) .  I n t e r p l a t i m  is used c'o create  a s e t  of eqrlally 
spaced points, t o  which a " t a i i "  is added ( u p p r  right).  'his cum is Fourier t r a n s f n m d  to 
obtain the tim-af-f l igh t  d i s t r i b l t i on  (middle l e f t )  t h r r q h  one - 1 cm mi crwave interaction 
regton. The t i n e  scale factor is m l y  a p p r o ~ m t e  at this stw. Using f ( ~ ) ,  the - 1 m 
distance and Eq. 6, a velocity dis tr ibut ion is obtained (middle right). 'Ihe velocity scale 
factor  is only approdmte  at t h i s  stage. The scale  factor is accurately determilled ly 
f i t t i n g  ttw width nf the  c;llculated Rarrsey pattern (bottan) t o  experimnt: t h i s  width depends 
on the man t h  of f l i gh t  betwen the two in t e r ac t im  region5 (2.090 tn for CsV, 1.006 rn Eor 
tlle CsVI1s). 
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Figure 3. T ( b )  ( a f t e r  i n t e r p o l a t i o n )  a n d  t h c  v e l o r i t y  d i s t r i b u t i o n  
d e t e r m i n e d  f o r  C s V I - A  a t  l o w  C - f i e l d  ( 6 7  mGauss) .  Compared with k'igure-7-a,  
n e i g h b o u r i n g  transitions have changed T ( b )  , y e t  Lhe mean v e l o c i t y  ( o v e r  t h e  
range 118 m / s  t o  457 m/s) is 230 m / s ,  a n d  t h e  s ~ c o n d  o r d e r  D o p p l e r  s h i f t  f o r  
t h e  c lock  is  - 2 3 . 2  x of t h e  c lock f r e q u e n c y ,  vs -23 .1  x 1(1-~'+ f o r  
Figure  7-a. 
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I ( b )  ( a f t e r  i n t e r p o l a t i o n )  and t he  v e l o c i t y  d i s t r i b u t i o n  
a t  low maximum microwave power ( 3  mW) f o r  C s V I - A .  Compared with 
, i n  t h e  v e l o c i t y  d i s t r i b u t i o n  (10 mW maximum power) there are 

t h e  v e l o c i t y  d i s t r i b u t i o n  ( lower  r e s o l u t i o n  and " o s c i l l a t i o n s " ) ,  
a n  v e l o c i t y  (over  t h e  range 121  m/s t o  522 m / s )  is  230 m / s ,  and 

o r d e r  Doppler s h i f t  f o r  t h e  c l o c k  i s  -23.1 x 10-14 of t h e  clock 
v s  -23.1 x f o r  F i g u r e  7-a. 
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Figure 5. I ( b )  ( a f t e r  i n t e r p o l a t i o n )  and t h e  v e l o c i , t y  d i s t r i b u t i o n  
d e r e r m i n e d  f o r  C s V I - A  w i t l - 1  excess  n o i s e  added  ( r m s  n o i s e  i s  5% of  t h e  
maximum). T h i s  s h o u l d  h e  compared t o  F i g u r e  7 - A .  The  mean v e l o c i r y  ( o v e r  
t h e  range 1 2 2  m/s t o  984 m / s )  i s  2 3 2  m/s, and t h e  seeonti D o p p l e r  s h i f t  For 
the c l o c k  i s  -23.1 x of the c lock  f r e q u e n c y ,  v s  -23.1 x 10-l4 f o r  
F igure  7-a. 



Figure 6. I ( b )  (after interpolation) a n d  the v e l o c i t y  d i s t r i b u t i o n  
d e t e r m i n e d  u s i n g  45 p o i n t s  of da t a  f o r  C s V I - C .  T h i s  s h o u l d  be compared t o  
F i g u r e  7-c f o r  which 75 da t a  points were used.  The mean v e l o c i t y  (ovez' t h e  
range 131 m / s  t o  700 m / s )  is 238 m / s ,  and t h e  second order Doppler shift. for 
the c l o c k  i s  -24.1 x 10-l4 of t h e  c l o c k  f requency vs -24.1 x lo-14 f o r  
F i g u r e  7-c. 



Figure 7-a. I ( b )  ( a f t e r  i n t e r p o l a t i o n )  a n d  t h e  v e l o c i t y  d i s t r i b u t i o n  f o r  
C s V I - A .  The mean v e l o c i t y  (over t h e  range I 1 3  m / s  t o  5 2 2  m/s) i s  230- m / s ,  
a n d  t h e  second orde r  D o p p l e r  s h i f t  f o r  t h e  c l o c k  i s  -23.1 x of t h e  
clock frequency.  



Figure 7-b. I ( b )  ( a f t e r  interpolation) and t h e  v e l o c i t y  distribution f o r  
CsVI -B .  The mean v e l o c i t y  (over  t h e  range 121  m / s  to 610 m / s )  i s  248 m/s, 
and  the second order  Doppler  s h i f t  f o r  the clock i s  -25.7 x of the  
clock f requency.  
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Figure 8-a. Upper: Experimental Ramsey p a t t e r n  for CsVI-A.  

Lower: Calculated Ramsey pattern for CsVI-A. 



Figure 8-b. Calculated Ramsey p a t t e r n  f o r  C s V I - B .  I t  d i f f e r s  by less 
t han  1% from t h e  e x p e r i m e n t a l  p a t t e r n .  

Figure 8-c. Calculated Kamsey pattern f o r  C s V I - C .  I t  d i f f e r s  by less 
t h a n  1% from t h e  e x p e r i m e n t a l  p a t t e r n .  



Figure 9-a. Upper: I ( b )  ( a f t e r  i n t e r p o l a t i o n )  f o r  C s V .  

The maximum power l e v e l  i s  28 mW. Three  s e c t i o n s  of I ( b )  have been matched 
t o  ex tend  t h e  20dB range of t he  c a l i b r a t e d  a t t e n u a t o r  i n  C s V .  

Figure 9-b. Lower: The v o l o c i t y  d i s t r i b u t i o n  de te rmined  f o r  C s V .  The 
mean v e l o c i t y  ( o v e r  t h e  range 178 m / s  t o  700 m l s )  i s  283 m / s ,  and the  second 
order  Doppler s h i f t  f o r  t h e  clock i s  -39.5 x 10-l4 f o r  t h e  c l o c k  f r e q u e n c y *  



Figure 10-a. Exper imental  Ramsey p a t t e r n  f o r  C s V .  

Figure 10-b. Calculated Ramsey p a t t e r n  f o r  CsV. It d i f f e r s  by less t h a n  
1% from the experimental pattern above. 



QUESTIONS A N D  ANSWERS 

D A V I D  A L L A N ,  NATIONAL B U R E A U  OF STANDARDS: The a c c u r a c y  n u m b e r s  
y o u  q u o t e ,  a r e  t h e y  o n e  s i g m a ,  o r  t w o  s i g m a ,  o r  t h r e e  s i . g m a  
n u m b e r s ?  

M R .  JACQUES: They a r e  o n e  s i g m a .  

MR. H E L L W I G :  W h a t  i s  t h e  N .  R .  C . l s  o f f i c i a l  c l a i m  f o r  t h e  
r e a l i z a t i o n  o f  t h e  s e c o n d ?  

M R .  JACQUES: We t h i n k  t h a t  we c a n  s a f e l y  c l a i m  a  p a r t  i n  t e n  t o  
t h e  t h i r t e e n t h ,  b e c a u s e ,  d e s p i t e  a l l  o f  t h e  p r o b l e m s  t h a t  we h a v e  
i n  t h e  m a g n e t i c  s h i e l d s ,  t h e  f r e q u e n c i e s  a r e  w i t h i n  o n e  t o  t w o  
p a r t s  i n  t e n  t o  t h e  f o u r t e e n t h ,  o n e  f r o r n  t h e  o t h e r .  B u t  o n  t h e  
o t h e r  h a n d ,  we a r e  n o t  s u r e  how l o n g  we c a n  g o .  B e c a u s e  o f  t h o s e  
p r o b l e m s  i n  t h e  m a g n e t i c  s h i e l d s ,  we c a n ' t  e v a l u a t e  them a s  w e l l  
a s  we w o u l d  l i k e .  We h a v e  o n l y  C e s i u m  V f o r  w h i c h  t h e  m a g n e t i c  
s h i e l d s  a r e  v e r y  s t a b l e .  T h i s  l e a v e s  u s  with o n l y  o n e  c l o c k ,  
w h i c h  we c a n ' t  c o m p a r e  t o  i t s e l f .  

M R .  H E L L W I G :  You c a n n o t  c o m p a r e  u s i n g  G P S ?  

MR. JACQUES: We j u s t  g o t  t h e  G P S  r e c e i v e r ,  b u t  t h e  p r o b l e m  i s  
t h a t  we n e e d  t o  d o  t h e s e  c o m p a r i s o n s  w i t h i n  t w e n t y - f o u r  h o u r s ,  o r  
p o s s i b l y  f o r t y - e i g h t  h o u r s  t o  b e  s u r e  t h a t  t h e y  a r e  a c c u r a t e ,  
e s p e c i a l l y  f o r  t h e  r e v e r s a l  o f  t h e  b e a m ,  w h i c h  we h a v e  t o  d o  a s  
f a s t  a s  p o s s i b l e .  




