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ABSTRACT 

I n  a compact cesium beam a tomic  c l o c k  t h e  magnets  t h a t  pe r fo rm s t a t e  
s e l e c t i o n  and a n a l y s i s  t r a n s m i t  a  narrow v e l o c i t y  d i s t r i b u t i o n .  I n c r e a s i n g  
t h e  wid th  o f  t h e  t r a n s m i t t e d  v e l o c i t y  d i s t r i b u t i o n  w i l l  i n c r e a s e  t h e  beam 
i n t e n s i t y ,  b u t  it w i l l  a l s o  d i s t o r t  t h e  a tomic  beam a m p l i t u d e  modu la t ion  which 
g i v e s  t h e  c l o c k  e r r o r  s i g n a l .  D e t e c t i o n  is  accompl ished  by s u r f a c e  i o n i z a t i o n  
on a h o t  wire, which a c t s  as a low-pass f i l t e r .  The combined e f f e c t s  o f  t h e s e  
p r o c e s s e s  on t h e  c l o c k ' s  e r r o r  s i g n a l  a r e  ana lyzed  i n  d e t a i l  f o r  a test case 
i n v o l v i n g  an  a t o m i c  beam which h a s  been square-wave ampl i tude-modula ted  by i ts 
i n t e r a c t i o n  w i t h  t h e  frequency-modulated microwave f i e l d .  Our a n a l y s i s ,  
per formed f o r  t h e  t y p e  o f  cesium beam t u b e  used on GPS s a t e l l i t e s ,  shows t h e  
impor t ance  o f  p r o c e s s e s  t a k i n g  p l a c e  a f t e r  t h e  a  tom-microwave i n t e r a c t i o n  is 
comple ted  f o r  t h e  o p t i m i z a t i o n  o f  t h e  c l o c k ' s  per formance .  

I  . INTRODUCTION 

I n  compact cesium beam a tomic  c l o c k s ,  t h e  a tomic  beam is d e t e c t e d  by 
s u r f a c e  i o n i z a t i o n  on a h o t  w i r e ,  and h y p e r f i n e  s ta te  p r e p a r a t i o n  and a n a l y s i s  
are accompl ished  by a tomic  d e f l e c t i o n  i n  s t r o n g l y  inhomogeneous magne t i c  
f i e l d s .  S i n c e  a tomic  d e f l e c t i o n  i n  a magnet ic  f i e l d  g r a d i e n t  is v e l o c i t y  
dependen t ,  o n l y  atoms w i t h i n  a  r e l a t i v e l y  narrow range  o f  s p e e d s  w i l l  f o l l o w  
t r a j e c t o r i e s  l e a d i n g  from t h e  cesium oven t o  t h e  d e t e c t o r .  Two independen t  
p r o c e s s e s  w i l l  smear o u t  t h e  t ime-dependent  ( A C )  component o f  t h e  a t o m i c  beam 
s i g n a l  i n t r o d u c e d  by microwave f requency modula t ion .  Atoms l e a v i n g  t h e  
microwave i n t e r r o g a t i o n  volume s i m u l t a n e o u s l y  wi th  d i f f e r e n t  s p e e d s  w i l l  
a r r i v e  a t  t h e  i o n i z e r  a t  d i f f e r e n t  times; t h e  s p r e a d  i n  a r r i v a l  times A t A  
w i l l  b e  de termined by t h e  a tomic  beam v e l o c i t y  s p r e a d  Av. A l so ,  a toms 
a r r i v i n g  a t  t h e  i o n i z e r  s i m u l t a n e o u s l y  w i l l  l e a v e  as i o n s  w i t h  an  e x p o n e n t i a l  
d i s t r i b u t i o n  o f  r e s i d e n c e  t i m e s  c h a r a c t e r i z e d  by a  t e m p e r a t u r e  and material 
dependen t  i o n i c  d w e l l  t i m e  T. These two p r o c e s s e s  w i l l  i n t r o d u c e  a 
s i g n i f i c a n t  smear ing  o f  t h e  AC component o f  t h e  a tomic  beam s i g n a l  i f  e i t h e r  
one  ( o r  b o t h )  of A t  and T are comparable t o  T  /2n , where Tm = l / v m  is t h e  
modu la t ion  p e r i o d .  %he r e l a t i v e  impor tance  OF t h e s e  two p r o c e s s e s  w i l l  be 
de t e rmined  by t h e  r e l a t i v e  l e n g t h  o f  a t A  and T. 

The d i s c r i m i n a t o r  f u n c t i o n  o f  t h e  a t o m i c  s y s  tem is de te rmined  p r i m a r i l y  
by t h e  a t o m i c  r e sonance  l i n e s h a p e  and t h e  microwave modula t ion  scheme, s i n c e  
t h e y  w i l l .  d e t e r m i n e  how microwave d e t u n i n g  is t r a n s l a t e d  i n t o  i n t e n s i t y  
modu la t ion  o f  t h e  a tomic  beam. But t h e  i n t e n s i t y  modula t ion  impressed  upon 
t h e  a tomic  beam by microwave i n t e r r o g a t i o n  w i l l  be degraded d u r i n g  t r a n s i t  and 
d e t e c t i o n  by t h e  a fo remen t ioned  p r o c e s s e s ,  t h u s  deg rad ing  t h e  d i s c r i m i n a t o r  
f u n c t i o n .  The c h o i c e  o f  modula t ion  f requency f o r  b e s t  c l o c k  per formance  w i l l  
t h e n  n o t  o n l y  depend on t h e  a tomic  r e sonance  l i n e s h a p e ,  b u t  a l s o  on t h e  a t o m i c  
v e l o c i t y  d i s t r i b u t i o n  and t h e  i o n i z e r  t ime c o n s t a n t .  



We have  model led  t h e  e f f e c t s  o f  t h e  smear ing  o f  t h e  a fo remen t ioned  
p r o c e s s e s  f o r  a tes t  c a s e  i n  which t h e  i n t e n s i t y  o f  t h e  s t a t e - s e l e c t e d  a t o m i c  
beam i n c i d e n t  on t h e  d e t e c t o r  is square-wave a m p l i t u d e  modula ted:  

where n is any i n t e g e r  and d t h e  d e p t h  o f  a m p l i t u d e  modula t ion  ( 0  5 d 5 1 ) .  
The a v e r a g e  a t o m i c  beam i n t e n s i t y  is g i v e n  by < I >  = I. ( d -1 /2 ) .  The d e p t h  o f  
a m p l i t u d e  modu la t ion  d w i l l  i n  g e n e r a l  depend on t h e  microwave d e t u n i n g ,  t h e  
d e p t h  o f  f r e q u e n c y  modula t ion  and t h e  a t o m i c  t r a n s i t i o n  l i n e s h a p e .  I n  some 
i n s t a n c e s  we w i l l  b e  t a k i n g  d = 1 f o r  c l a r i t y .  T h i s  is u n r e a l i s t i c ,  b u t  d o e s  
n o t  e n t a i l  a l o s s  o f  g e n e r a l i t y ,  s i n c e  t h e  r e s u l t s  o f  o u r  m o d e l l i n g  s c a l e  
l i n e a r l y  w i t h  d .  

The a tomic  beam i n t e n s i t y  i n c i d e n t  on t h e  d e t e c t o r  w i l l  be g i v e n  by 
I t ( t ) ,  and I +  ( t )  w i l l  b e  t h e  i o n  c u r r e n t  ( i o n s / s e c o n d )  emerging o f f  t h e  
i o n i z e r  s u r f a c e .  I f  I ( t )  is p e r i o d i c  o f  p e r i o d  Tm, s o  w i l l  be I t ( t )  and 
I + ( t ) .  Also ,  < I + >  = E < I t >  = E < I > ,  where E is t h e  h o t  wire i o n i z a t i o n  
e f f i c i e n c y .  

We w i l l  assume t h a t  t h e  AC component o f  t h e  i o n  s i g n a l  is d e t e c t e d  by a 
p h a s e  s e n s i t i v e  t e c h n i q u e ,  u s i n g  as r e f e r e n c e  a s q u a r e  wave of t h e  same 
f r e q u e n c y  as t h e  modu la t ion .  The magni tude  o f  t h e  e r r o r  s i g n a l  w i l l  be 
p r o p o r t i o n a l  t o  

rn 

and i t ' s  s i g n  w i l l  depend on whether  I + ( t )  and t h e  r e f e r e n c e  a r e  i n  phase  o r  
i n  p h a s e  o p p o s i t i o n .  

11. IONIZER EFFECTS 

I +  can  be e x p r e s s e d  as  I = y N  where N+ is t h e  t o t a l  number o f  ces ium 
i o n s  on t h e  i o n i z e r  s u r f a c e ,  a2d y th+e i o n i c  e v a p o r a t i o n  p r o b a b i l i t y  p e r  u n i t  
time. The d w e l l  time o f  t h e  adso rbed  i o n s  is g i v e n  by T = I / y ,  and Hughes 
and L e v i n s t e i n  [ I ]  have  shown t h a t  t h e  t empera tu re  dependence o f  T is g i v e n  by 

T = T rn exp (Q+/kT) 

where Q+ is t h e  i o n i c  h e a t  o f  d e s o r p t i o n .  Nazarov [ 2 ]  s t u d i e d  a t o m i c  and 
i o n i c  d e s o r p t i  dynamics f o r  t h e  ces ium-tungs ten  sys t em,  and from h i s  work 
r, Z 7.9 x 10-" s; Q+ Z 1.84 eV. F i g .  1 shows T v s .  t e m p e r a t u r e  f o r  cesium 
i o n s  on a t u n g s t e n  s u r f a c e ,  c a l c u l a t e d  u s i n g  Eq. 3 w i t h  Naza rov ' s  r e s u l t s .  
Fo r  o u r  t e s t  c a s e ,  are assuming a t u n g s t e n  i o n i z e r  o p e r a t e d  a t  T - 1220 K ,  w-3 y i e l d i n g  T Z 3 x 10 . I f  I 1 ( t )  is t h e  a t o m i c  c u r r e n t  impinging  on  t h e  
i o n i z e r ,  t h e  i o n  c u r r e n t  s a t i s f i e s  

d I 

... 
where t y p i c a l l y  E = 1 .  

We w i l l  f i rs t  s o l v e  Eq .  4 f o r  two s p e c i a l  c a s e s ,  t h e  i n t e n s i t y  o f  t h e  
a t o m i c  beam i n c i d e n t  on t h e  d e t e c t o r  be ing  sine-wave o r  square-wave 



modula t ed .  The f i r s t  one  is of i n t e r e s t  because  it y i e l d s  a s i m p l e  model f o r  
t h e  b e h a v i o r  o f  t h e  i o n i z e r  i n  t h e  f r equency  domain, w h i l e  t h e  s econd  one  
d e s c r i b e s  o u r  t e s t  c a s e  when t h e  a t o m i c  beam is s i n g l e - v e l o c i t y .  

I f  t h e  a tomic  beam c u r r e n t  i n c i d e n t  on t h e  i o n i z e r  is sine-wave modula ted  
w i t h  d e p t h  o f  a m p l i t u d e  modula t ion  d l ,  t h e  s o l u t i o n  t o  Eq. 4 is 

where 0 = a r c  t a n  2nv T .  T h i s  shows t h a t  i n  t h e  f r equency  domain, t h e  i o n i z e r  
behaves  as a s i m p l e  m l o u  p a s s  f i l t e r  o f  c u t o f f  f r equency  vCO= 1 / 2 n ~ ;  t h e  
d e p t h  o f  a m p l i t u d e  modu la t ion  i n  t h e  i o n  s i g n a l  is g i v e n  by 

When t h e  a t o m i c  beam c u r r e n t  i n c i d e n t  on t h e  i o n i z e r  is square-wave modu la t ed ,  
as d e s c r i b e d  by Eqs.  l a ,  b ,  t h e  s o l u t i o n  t o  E q .  4 is 

t - ( n + l / 2 ) T m  
I+  ( t )  r E I ~ I  { I - d l +  d l 5  exp  I -  

T 
] ]  ( n + l / 2 ) T m S t <  ( n + l ) T m  ( 7 b )  

where e = [ I  + exp  (-Tm/2r ) ] - I .  The d e p t h  o f  a m p l i t u d e  modu la t ion  i n  t h e  i o n  
s i g n a l  is g i v e n  now by 

1- exp  ( - 1 / 2  v  T )  m d  = + 1  + exp  ( -1 /2v  T )  
d l .  ( 8 )  

m 
Eqs.  6 and  8 show c l e a r l y  t h e  r o l e  o f  t h e  i o n i c  d w e l l  t i m e  T on t h e  
d e g r a d a t i o n  o f  t h e  AC component o f  t h e  s i g n a l ,  a s  i l l u s t r a t e d  i n  F i g .  2 .  A 
g e n e r a l  s o l u t i o n  t o  E q .  4 can  be o b t a i n e d  u s i n g  t h e  G r e e n ' s  f u n c t i o n  f o r  t h e  
problem,  G ( t , t t ) ,  g i v e n  by 

~ ( t , t ' )  = f exp [ - ( t - t f ) / r ]  t 1 t '  ( 9 b )  

and  t h e n ,  f o r  an a r b i t r a r y  a t o m i c  beam i n c i d e n t  on t h e  d e t e c t o r ,  

- t / T  
e 

t 
I + ( t )  = - I e  t l ' T  I ' ( t t )  d t ' .  

111. WAVEFORM DISTORTION 

Audoin e t  a l .  [3]  have  d i s c u s s e d  t h e  e f f e c t s  o f  t h e  a t o m i c  v e l o c i t y  
d i s t r i b u t i o n  on t h e  f r equency  s t a b i l i t y  o f  o p t i c a l l y  pumped, o p t i c a l l y  
d e t e c t e d  ces ium beam f r equency  s t a n d a r d s .  S i m i l a r  e f f e c t s  must  be 
i n c o r p o r a t e d  i n t o  o u r  a n a l y s i s  o f  waveform d i s t o r t  i on  effects i n  compact  
ces ium beam t u b e s .  



L e t  dNv = I ( t '  ) g ( v ) d v  be  t h e  number o f  atoms w i t h  s p e e d s  between v  and 
v+dv i n  t h e  ampli tude-modulated beam p a s s i n g  p e r  u n i t  time th rough  a g i v e n  
c r o s s  s e c t i o n  o f  t h e  t u b e  o f  t r a j e c t o r i e s  l e a d i n g  t o  t h e  i o n i z e r .  The s ta te  
s e l e c t i n g  and a n a l y z i n g  magnets  t r a n s m i t  a no rma l i zed  a tomic  beam s p e e d  
d i s t r i b u t i o n  g ( v ) .  The same atoms w i l l  a r r i v e  a t  t h e  d e t e c t o r  a t  time t = t '+  - 
tA ( V / V )  , where ; and t a r e  t h e  a v e r a g e  a tomic  speed  and t r a n s i t  time, A r e s p e c t i v e l y .  The a t o m i c  beam c u r r e n t  impinging on t h e  i o n i z e r  a t  time t w i l l  
b e  g i v e n  by 

m 

I  = ~ ( t - f p ? v )  g ( v )  dv.  ( 1 1 )  
0 

T h i s  r e s u l t  can  be i n s e r t e d  i n  Eq. 10 t o  o b t a i n  t h e  i o n  c u r r e n t  o u t  o f  t h e  
i o n i z e r .  I f  we assume p h a s e - s e n s i t i v e  d e t e c t i o n  w i t h  a p r o p e r l y  phased  s q u a r e  
wave r e f e r e n c e  s i g n a l ,  t h e  magnitude o f  t h e  co r re spond ing  e r r o r  s i g n a l  can  be 
c a l c u l a t e d  u s i n g  Eq. 2 .  

We have  used t h e  above p rocedure  f o r  o u r  tes t  c a s e  a t o m i c  beam, w i t h  
i n i t i a l  s q u a r e  wave i n t e n s i t y  modula t ion  as given-by Eqs. l a , b .  We assume t h e  
v e l o c i t y  d i s t r i b u t i o n  t o  be  Gauss i an ,  o f  a v e r a g e  v  and s t a n d a r d  d e v i a t i o n  a. 

Numerical  i n t e g r a t i o n  o f  Eqs. 1 1  and 10 y i e l d s  t h e  waveforms i n t o  and o u t  
o f  t h e  i o n i z e r .  F i g .  3 p r e s e n t s  t h e  resul t_s f o r  t h e  f o l l o w i n g  
p a r a m e t e r s  : u d  = 1 ,  tA = 1.4  x  lo-* s,  v =  1 1 4 m / s ,  o =  1 0 m / s ,  m 
E = 1 and T = 3 = x 440 10- s .  I t  shows t h a t  i n  t h i s  case t h e  d i s t o r t i o n  o f  t h e  
i o n  c u r r e n t  waveform is dominated by t h e  e x p o n e n t i a l  c h a r a c t e r  o f  t h e  i o n i z e r  
e m i s s i o n .  F i g .  4 shows t h e  co r re spond ing  waveforms f o r  a = 30 m / s ,  a l l  o t h e r  
p a r a m e t e r s  b e i n g  t h e  same. In  t h i s  c a s e ,  v e l o c i t y  s p r e a d  e f f e c t s  dominate  
waveform d i s t o r t i o n .  

Once t h e  i o n  c u r r e n t  waveform h a s  been de t e rmined ,  Eq. 2 can  be used t o  
c a l c u l a t e  t h e  d e t e c t e d  e r r o r  s i g n a l .  F i g .  5 shows t h a t  f o r  t h e  s e t  o f  
p a r a m e t e r s  d e s c r i b e d  above ,  t h e  magni tude  o f  t h e  r e l a t i v e  e r r o r  s i g n a l ,  
I ,  is q u i t e  i n s e n s i t i v e  t o  t h e  a tomic  beam v e l o c i t y  s p r e a d  f o r  ve ry  
narrow speed  d i s t r i b u t i o n s  ( a  5 4  m / s ) ,  b u t  as  t h e  v e l o c i t y  s p r e a d  i n c r e a s e s ,  
1 E  I / I o  d e c r e a s e s  s t e a d i l y  . 
IV. INTENSITY EFFECTS 

The c l o c k ' s  e r r o r  s i g n a l  w i l l  be p r o p o r t i o n a l  t o  ( E / I  ) ,  t h e  r e l a t i v e  
e r r o r  s i g n a l  d i s c u s s e d  i n  t h e  p reced ing  s e c t i o n ,  and 1,. ( ~ 9 1 , )  d e c r e a s e s  as 
t h e  v e l o c i t y  s p r e a d  i n c r e a s e s ,  due  t o  waveform d i s t o r t i o n .  But i n  g e n e r a l ,  as 
t h e  v e l o c i t y  s p r e a d  i n c r e a s e s ,  I, w i l l  i n c r e a s e  t o o ,  making i t  n e c e s s a r y  t o  
a n a l y z e  i n  more d e t a i l  t h e  b e h a v i o r  o f  t h e i r  p r o d u c t ,  (E/I , )Io.  I f  we assume 
t h a t  t h e  a t o m i c  beam is s h o t - n o i s e  l i m i t e d ,  o i s e  l e v e l  w i t h i n  t h e  

s o  t h a t  t h e  c l o c k ' s  measurement bandwidth w i l l  be p r o p o r t i o n a l  t o  I  
172 s i g n a l - t o - n o i s e  r a t i o  w i l l  be p r o p o r t i o n a l  t o  ( E / I ~ I ,  . 

Let 4 ( v )  be t h e  a tomic  beam i n t e n s i t y  p e r  u n i t  speed  i n t e r v a l  b e f o r e  
v e l o c i t y  s e l e c t i o n  w i t h i n  t h e  t u b e  of t r a j e c t o r i e s  l e a d i n g  t o  t h e  i o n i z e r .  I f  
t h e  speed  d i s t r i b u t i o n  o f  t h e  cesium atoms is beam-Maxwelliari, 

2 
( ( v )  = 2 " 3  exp l - ( v / o )  1 ,  

a 



where a = (2kT/m) "* and (o is  t h e  a t o m i c  beam i n t e n s i t y  w i t h i n  t h e  t u b e  o f  
t r a j e c t o r i e s  l e a d i n g  t o  t h e  i o n i z e r  p r i o r  t o  v e l o c i t y  s e l e c t i o n .  I. is t h e  
c o r r e s p o n d i n g  i n t e n s i t y  af ter  v e l o c i t y  select ion .  Assuming u n i t  t r a n s m i s s i o n  
a t  t h e  t r a n s m i t t e d  peak o f  t h e  v e l o c i t y  d i s t r i b u t i o n ,  v  = v , it f o l l o w s  t h a t  
$ ( v o )  dv = I. g (vo )dv ,  which r e s u l t s  i n  I. = @ ( v o ) / g ( v o ) .  &r o u r  c h o i c e  o f  a 
Gauss i an  v e l o c l t y  d i s t r i b u t i o n ,  v  = v and 

0 - - a 2 I. = 187 4 o - a (:13 exp [-(;/a) 1 .  

Eq. 13  shows t h a t  f o r  a g i v e n  oven t empera tu re  and f i x e d  a v e r a g e  speed  ?, I, 
w i l l  be p r o p o r t i o n a l  t o  t h e  G a u s s i a n ' s  s t a n d a r d  d e v i a t i o n  a. The e r r o r  
s i g n a l  w i l l  be p r o p o r t i o ? ? i  t o  ( E / I o )  a ,  and t h e  s i g n a l - t o - n o i s e  r a t i o  w i l l  be 
p r o p o r t i o n a l  t o  ( E / I o )  a . 

The r e s u l t s  shown i n  F i g .  6 were o b t a i n e d  u s i n g  t h e  same set  o f  
p a r a m e t e r s  used  b e f o r e ,  and i l l u s t r a t e  t h e  r e s u l t s  o f  t h e  two compet ing  
e f f e c t s  d e s c r i b e d  i n  t h i s  s e c t i o n .  For r e l a t i v e l y  narrow speed d i s t r i b u t i o n s  
( u p  t o  a 18 m / s  i n  o u r  t e s t  c a s e ) ,  i n t e n s i t y  e f f e c t s  are dominant  and t h e  
s i g n a l  i n c r e a s e s  q u a s i - l i n e a r l y  wi th  i n c r e a s i n g  v e l o c i t y  s p r e a d .  A s  t h e  speed  
d i s t r i b u t i o n  becomes b r o a d e r ,  waveform d i s t o r t i o n  e f f e c t s  become dominant .  
The s i g n a l - t o - n o i s e  r a t i o  shows a  maximum a t  a  18 m / s  and t h e n  d e c r e a s e s  
s l o w l y  w i t h  i n c r e a s i n g  a when waveform d i s t o r t i o n  e f f e c t s  become dominant .  

V. CONCLUSIONS 

The d i s t r i b u t i o n  o f  a t o m i c  a r r i v a l  times a t  t h e  cesium beam t u b e  i o n i z e r ,  
as well a s  t h e  d i s t r i b u t i o n  o f  i o n i c  r e s i d e n c e  times on t h e  i o n i z e r ,  a f f e c t  
t h e  per formance  of a cesium beam t u b e  by d i s t o r t i n g  t h e  t ime-dependence o f  t h e  
ces ium i o n  c u r r e n t  r e l a t i v e  t o  t h e  ampl i tude  modula t ion  impressed  on t h e  
s t a t e - s e l e c t e d  a tomic  beam by t h e  combinat ion  o f  microwave i n t e r r o g a t i o n  and 
s t a t e  a n a l y s i s .  T h i s  d i s t o r t i o n  r e s u l t s  i n  a r e d u c t i o n  o f  t h e  e r r o r  s i g n a l  
r e l a t i v e  t o  t h e  a v e r a g e  ion  c u r r e n t ,  and t h u s  l e a d s  t o  d e g r a d a t i o n  o f  t h e  
c l o c k ' s  d i s c r i m i n a t o r  f u n c t i o n .  

F i g u r e  7 p r e s e n t s  t h e  f requency repponse  o f  t h e  post-microwave s gment o f  
a ces ium beam t u b e  f o r  E = 1 ,  d  = 1 ,  v  = 114 m / s  and t - 1.4  x 1 0 - 5 s .  For  A - a s i n g l e - v e l o c i t y  beam and prompt i o n i z a t i o n  (T = O ) ,  I  = 1/2, 
i ndependen t  o f  modula t ion  f r equency ,  as i l l u s t r a t e d  by t h e  d o t t e d  l i n e .  If 
now t h e  i o n i z e r  e x p o n e n t i a l  d i s t r i b u t i o n  o f  r e s i d e n c e  t i m e s  is i n c o r p o r a t e d ,  
Eqs. 2 and 7 a ,  b ,  combined w i t h  < I + >  = 10 /2 ,  y i e l d  

* 
where t = T En ( 2  E). T h i s  r e s u l t  is i n d i c a t e d  by t h e  dash  l i n e .  The s o l i d  
l i n e  shows t h e  e f f e c t  o f  r e p l a c i n g  t h e  s i n g l e - v e l o c i t y  a tomic  beam by o n e  
hav ing  a Gauss ian  d i s t r i b u t i o n  o f  a = 10 m i s .  I n  t h i s  p a r t i c u l a r  c a s e ,  t h e  
main e f f e c t  o f  t h e  v e l o c i t y  s p r e a d  i n  t h e  a tomic  beam is t o  f o r c e  a much 
s h a r p e r  s i g n a l  c u t - o f f  as t h e  modula t ion  f requency i n c r e a s e s .  

I n  l i g h t  o f  t h e s e  r e s u l t s ,  ou r  main c o n c l u s i o n  is t h a t  when d e t e r m i n i n g  
t h e  f r e q u e n c y  modula t ion  scheme, a t t e n t i o n  s h o u l d  be  p a i d  n o t  o n l y  t o  t h e  
a t o m i c  i n t e r a c t i o n  w i t h  t h e  microwave f i e l d  i n  t h e  Ramsey c a v i t i e s ,  b u t  a l s o  



t h e s e  "post-microwave segment1' e f f e c t s .  Waveform d i s t o r t i o n  e f f e c t s  can be 
minimized  by choos ing  an a p p r o p r i a t e  o p e r a t i n g  p o i n t  on t h e  f r equency  r e s p o n s e  
c u r v e  o f  t h e  ttpost-microwave segment" o f  t h e  cesium beam t u b e .  
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Fig. 1 Cesium i o n  dwell  t ime vs .  
tungs ten  wire  i n v e r s e  abso lu t e  

z - temperature from Nazarov [ 2 ] .  
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C 
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Fig. 2 Response of i o n i z e r  t o  an  k+ 0,1 - 
amplitude-modulated atomic beam. - - 
Abscissa: modulation frequency - - 
t imes  i o n i c  dwell-time. Ordinate: - 
r a t i o  of i on  c u r r e n t  t o  atomic - 
cu r ren t  modulation depths.  _ Sol id  
l i n e :  square wave modulation. 0.01- 1 I 1 ' 1 1 1 1 1  1  I I I I I I I I  1  1 1 1 1 1 1 1  

0 01 0.1 1 .o 
Dash l i n e :  s i n e  wave modulation. 
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Fig. 4 Amplitude-modulated wave- 
form. Top: atomic beam square- 
wave modulation. Middle: atomic 
beam inc iden t  on ion ize r .  Bottom: - 
i o n  cu r r en t .  v = 114 m / s ,  0 = 30 - 
m l s ,  t h  = 1.4 x s,  vm = 440 
H Z ,  T =  3 x ~ o - ~  S,  d = 1, € = I .  

Fig .  3 Amplitude-modulated wave- 
forms. Top: atomic beam square- 
wave modulation. Middle: atomic 
beam inc iden t  on i o n i z e r .  Bottom: - 
i on  cu r r en t .  v = 114 m / s ,  (T = 10 - 
m l s ,  t~ = 1.4 r s, vm = 440 
H Z ,  T =  3 10-4 S,  d = 1, E = 1. 



Fig. 5 Re la t ive  e r r o r  s i g n a l  vs. 
v e l o c i t y  d i s t r i b u t i o n  width. G = - 114 m l s ,  E A  = 1.4 x loe3 s, V, - 
440 Hz, 7 =  3 x s, d = 1, E = 1 .  
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Fig. 6 Signal  ( t o p )  and s ignal -  v, 

t o -no i se  r a t i o  (bottom) ( a r b i t r a r y  2.5 - 
u n i t s )  vs .  v e l o c i t y  d i s t r i b u t i o n  - - 
width. v = 114 m l s ,  t~ ' 1.4 x 

s ,  Vm = 440 Hz, T = 3 r loe4 
s, d = 1, E = 1. 0 
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Fig. 7 Rela t ive  e r r o r  s i g n a l  vs.  - 
modulation frequency. v = 114 m l s ,  - 
t~ = 1.4 x 10-3 s, d = 1, 6 = 1. 
Dotted l i n e :  no d i s t o r t i o n .  Dash 
l i n e :  s ingle-ve loc i ty  beam, 7 = 3 
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I  

500 1000 
x 10'4 s. Sol id  l i n e :  Q = 10 m l s ,  

100 = 3 x 10-4 S. 
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David Allan, National Bureau of Standards: Have you applied your theory to the different 
kinds of tubes that are available to us? 

Mr. Jaduszliwer: That is the next step. I would like now to examine some realistic 
modulation schemes and see what happens. 

Len Cutler, Hewlett Packard: (Gave a comment which was not into the microphone and 
not intelligible.) 




