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ABSTRACT 

The  r u b i d i u m  f r e q u e n c y  s t a n d a r d  t o  be u s e d  i n  
t a c t i c a l  a p p l i c a t i o n s  m u s t  be c a p a b l e  o f  s a t i s f y i n g  
f r e q u e n c y  s t a h i l i t y  s p e c i f i c a t i n n s  u n d e r  s e v e r e  
e n v i r o n m e n t a l  c o n d i t i o n s  w h j c h  i n c l u d e  a  h i g h  
a m b i e n t  t e m p e r a t u r e .  T h i s  h a s  r e s u l t e d  i n  a 
p h y s i c s  e l e m e n t  d e s i g n  of l amp ,  s e p a r a t e d  f i l t e r  
a n d  r e s o n a n c e  c e l l  w h i c h  o p e r a t e s  a b o v e  t h e  h i g h e s t  
ambient t e m p e r a t u r e ,  with a s i m p l e  o v e n  s t r u c t . u r c .  
T h i s  des ign  differs from p rev ious  r u b i d i u m  
s t a n d a r d s  p r i m a r i l y  i n  i t s  s m a l l e r  s i z e  a n d  h i g h e r  
o p e r a t i n g  t e m p e r a t u r e s .  T h e  L i t t o n  t a c t i c a l  
r u b i d i u m  f r e q u e n c y  s t a n d a r d  p h y s i c s  e l e m e n t  
p a r a m e t e r s  a n d  t h e i r  effects o n  f r e q u e n c y  s t a b i l i t y  
a r e  p r e s e n t e d  i n  t h i s  p a p e r .  

INTRODUCTION 

G u i d a n c e  a n d  C o n t r o l  S y s t e m s  D i v i s i o n  of L i t t o n  I n d u s t r i e s  h a s  
d e v e l o p e d  a m o d u l a r  r u b i d i u m  f r e q u e n c y  s t a n d a r d  f o r  t a c t i c a l  
m i l i t a r y  a p p l i c a t i o n s .  F r e q u e n c y  s t a n d a r d s  for t a c t i c a l  a p p l i c a -  
t i o n s  demand s m a l l  s i z e ,  r a p i d  warmup,  low power. consu rnp t . i on ,  a n d  
e x t r e m e  r u g g e d n e s s  a l o n g  w i t h  medium f r e q u e n c y  s t a b i l i t y .  The 
f r e q u e n c y  s t a n d a r d  t o  be u s e d  i n  t a c t i c a l  a p p l i c a t i o n s  m u s t  he  
c a p a b l e  of o p e r a t i n g  u n d e r  s e v e r e  e n v i r o n m e n t a l  c o n d i t i o n s  w h i c h  
i n c l u d e  e x t r e m e  t e m p e r a t u r e s .  S p e c i f i c a t i o n s  (:all for a b r o a d  
o p e r a t i n g  t e m p e r a t u r e  r a n g e  a n d  f o r  b a s e p l a t e  t e m p e r a t u r e  a s  h i g h  
as  8 0 ° C .  T e m p e r a t u r e  s t a h i l i t y  o f  t h e  p h y s i c s  p a c k a g e  
e l e m e n t s :  l a m p ,  f i l t e r  c e l l  and  resonance cel 1 c a n  he m a i n t a i n e d  
o v e r  t h e  e n v i r o n m e n t a l  r a n g e  by o p e r a t i n g  t h e s e  e l e m e n t s  a t  
t e m p e r a t u r e s  above 8 0 ° C .  T h i s  a p p r o a c h  l e a d s  to a simpler o v e n  
d e s i g n  and  c o m p l i a n c e  w i t h  the power  b u d g e t .  T'n date, r u b i d i u m  
s t a n d a r d s  h a v e  o p e r a t e d  w i t h  r e s o n a n c e  c e l l s  a t  t e m p e r a t u r e s  
b e l o w  70°C a n d  a n  o p t i c a l  p a t h  l e n g t h  b e t w e e n  0 . 5  a n d  1 . 0  
i n c h e s .  A s  t h i s  t e m p e r a t u r e  i n c r e a s e s ,  t h e  i d e a l  b a l a n c e  b e t w e e n  
a b s o r b e d  a n d  t r a n s m i t t e d  l i g h t  n e c e s s a r y  f o r  a d e q u a t e  s i g n a l  t o  
n o i s e ,  a n d  h e n c e  s h o r t  t e r m  f r e q u e n c y  s t a b i l i t y ,  c a n  b e s t  he  
m a i n t a i n e d  by d e c r e a s i n g  t h e  o p t i c a l  p a t h  l e n g t h  d i m e n s i o n  of the 



c e l l .  S i n c e  r u b i d i u m  d e n s i t y  i n c r e a s e s  by two f o r  e a c h  9'C 
i n c r e a s e  i n  t e m p e r a t u r e ,  o p e r a t i o n  ahove 80°C m i g h t  r e q u i r e  a 
r e s o n a n c e  c e l l  w i  t h  pdt.h l e n g t h  c l i r nens ion  b e l o w  0 . 2 5  i n c h e s .  
T h i s  is a r e g  i o n  w h e r e  signal loss  m e c h a n i s m s  d u e  t o  r u b i d i u m  
i n t e r a c t i o n  w i t h  t h e  c e l l  w a l l s  becomes  i n c r e a s i n g l y  i m p o r t a n t .  
R e g a r d l e s s  of t h e  o p e r a  L i n g  t e m p e r a t u r e ,  a p r a c t i c a l  r u b i d i u m  
s t a n d a r d  m u s t  o p e r a t e  w i t h  l o w  f r e q u e n c y  s e n s i t i v i t y  t o  
t e m p e r a t u r e  ( t e m p e r a t u r e  t u r n i n g  p o i n t )  and r u b i d i u m  l i g h t  
i n t e n s i t y  ( l i g h t  t u r n i n g  p o i n t ) .  F o r  t h e s e  r e a s o n s ,  a p o r t i c ~ n  of 
o u r  program h a s  b e e n  d e v o t e d  t o  a s t u d y  of t h e s e  p h y s i c a l  
p r o c e s s e s ,  i n c l u d i n g  a p a r a m e t e r i z a t - . j . o n  o f  t h e  l i g h t  a n d  
t e m p e r a t u r e  t i l r ~ r i r l y  po in t : ;  as a f u n c t i o n  of s y s t e m  v a r i a b l e s .  
Much of t h i s  w o r k  may be f o u n d  i n  a f i n a l  t e c h n i c a l  repor t .  we 
w i s h  h e r e  t o  e x a m i n e  t h e  L i t t o n  t a c t i c a l  r u b i d i u m  s t a n d a r d  
p h y s i c s  e l e m e n t  p a r a m e t e r s  and t h e i r  e f f e c t  o n  f r e q u e n c y  
s t a b i l i t y .  Where  p n s s  i k l e  a p h y s i c a l  e x p l a n a t i o n  f o r  t h e s e  
d e p e n d e n c i e s  w i  1 1  bc g i v e n .  

EXPERIMENTAL SET-TJP 

T h e  e x p c r i r n e n t a l  set-11p is shown i n  F i g u r e  1. The  p h y s i c s  
package is p l a c e d  i n s i d e  a l a r g e  c y l i n d r i c a l  mu-meta l  s h i e l d .  A 
p a i r  o f  h e l m h o l t z  c c ~ i  1s 1.oraLcd i n s i d e  o f  t h e  s h i e l d  p r o v i d e s  t h e  
s t a t i c  dc m a g n e t i c  f i ~ l d ,  10  MIlz s i g n a l  f r o m  a C s  f r e q u e n c y  
s t a n d a r d  p r o v i d e s  t h e  r e f e r e n c e  t o  t h e  f r e q u e n c y  s y n t h e s i z e r  a n d  
t h e  input :  t o  t h e  f r e q u e n c y  m u l t i p l i e r .  O u t p u t s  o f  t h e  
m u l t i p l i e r r  1 2 0  M H z ,  ant1 o f  t h e  s y n t h e s i z e r ,  f l  a p p r o x i m a t e l y  5 .3  
M H z ,  a re  mixed a t  a m i x e r  t n  g e n e r a t e  f 2  = 1 2 0  M H z  f f l .  

I n  o r d e r  t o  i n t e r r o g a t e  t h e  a t o m i c  r e s o n a n c e  a t  6.8 GHz, t h e  
f r e q u e n c y  f a  is f u r t h * r  m u l t i p l i e d  by a s t e p  r e c o v e r y  d i o d e  i n  
t h e  m i c r o w a v e  c a v i t y .  The  c a v i t y  is t u n e d  t o  s e l e c t  t h e  l o w e r  
s i d e b a n d ,  f3, of t h e  5 7 t h  h a r m o n i c s  of f 2 ,  i . e . ,  f 3  = 57 x 1 2 0  
MHz - f l .  F o r  f l  b e i n g  5 , 3 1 2 , 5 0 0  Hz, f 3  b e c o m e s  6 , 8 3 4 , 6 7 8 , 5 0 0  
Hz. I n  t h i s  s e t - u p ,  t h e  i n t e r r o g a t i o n  f r e q u e n c y  c a n  be v a r i e d  by 
varying t h e  synthcsizcd frequency fl. P h a s e  modulation of t h e  
i n t e r r o g a t i o n  Erequence i s  a c c o m p l i s h e d  by m o d u l a t i n g  fl a t  t h e  
f requency s y n t h e s i z e r .  B o t h  f r e q u e n c y  f, and d e p t h  of modula t ion  
are readily adjustable at thc l o c k - i n  a m p l i f i e r .  TIlc resonance 
s i g n a l  d e t e c t e d  i n  t h e  p h o t o d i o d e  c o n t a i n s  b o t h  i n - p h a s e  a n d  
q u a d r a t u r e - p h a s e  c o m p o n e n t s  w i t h  r e s p e c t  t o  t h e  m o d u l a t i o n .  T h e  
q u a d r a t u r e  s i g n d l  is d e t e c t e d  a t  t h e  l o c k - i n  a r n p l i f  i e r .  The  8 7 ~ b  
r e s o n a n c e  d i s p e r s i o n  c u r v e  i s  obtained i n  a n  x-y r e c o r d e r  by 
p l o t t i n g  t h e  s i g n a l  amp L i tude  a s  a f u n c t i o n  o f  the i n t - e r r o g a t  i n n  
f r e q u e n c y  f3 .  

T h e  p h y s i c s  p a c k a y e  consists o f  t h r ee  p h y s i c s  e l e m e n t - s :  l a m p ,  
f i l t e r  c e l l  a n d  r e s o n a n c e  c e l l ,  a n d  is shown i n  F i g u r e  2 .  L a t e r  
s t u d i e s  were made u s i n g  a m o d i f i c a t i o n  of t h i s  u n i t  w i t h  b o t h  



f i l t e r  a n d  r e s o n a n c e  c e l l  i n s i d e  t h e  m i c r o w a v e  c a v i t y .  T h e  
e n t i r e  p h y s i c s  p a c k a g e  is a s s e m b l e d  w i t h i n  t w o  l a y e r s  of m a g n e t i c  
s h i e l d ,  t h e  o u t e r  d i m e n s i o n  of w h i c h  m e a s u r e s  1 1 / 4  x 1 1 /4  x 3 
i n c h e s .  

T h e  lamp c o n s i s t s  o f  a  1 7 2 0  glass b l a n k ,  1 / 2  mm w a l l ,  o f  
c y l i n d r i c a l  s h a p e  9 rnm d i a m e t e r  a n d  10 mm o v e r a l l  l e n g t h  w i t h  a 
s l i g h t  c o n v e x  e x i t  window a n d  p i n c h o f f  a t  t h e  o p p o s i t e  e n d .  
A b o u t  1 0 0  m i c r o g r a m s  of i s o t o p i c a l l y  p u r e  8 7 ~ h  is f i l l e d  w i t h  2 . 5  
torr  of b u f f e r  g a s .  The  lamp is e x c i t e d  i n  a h e l i c a l  r e s o n a t o r  
d r i v e n  by a m o d i f i e d  C o l p i t t s  o s c i l l a t o r  a t  -90 MHz. Lamp 
l u m i n a n c e  f o r  Dl a n d  D2 r u h i d i u m  r a d i a t i o n  i n c r e a s e s  w i t h  l amp  
t e m p e r a t u r e  o v e r  t h e  r a n g e  of i n t e r e s t ,  h e r e  100°C  t o  120°C .  
Lamp t e m p e r a t u r e  is m o n i t o r e d  a n d  c o n t r o l l e d  c l o s e l y  t o  m a i n t a i n  
a c o n s t a n t  s p e c t r a l  o u t p u t .  F i l t e r  c e l l s  u s e d  i n  t h i s  s t u d y  a r e  
made f r o m  1 2  mrn d i a m e t e r  1 rnm w a l l  y l a s s  t u b i n g  c u t  t o  l e n g t h  
w i t h  1 mm g l a s s  d i s k s  a t t a c h e d  a s  e n d  wlndows.  T h e  f i l l  s t e m  is  
a t t a c h e d  on  t h e  s i d e  w a l l  o f  t h e  f i l t e r .  F i l t e r  c e l l s  used i n  
t h i s  work  r a n g e  f r o m  7 mrn to 9 mrn o v e r a l l  l e n g t h  a n d  a r e  f i l l e d  
w i t h  i s o t o p i c a l l y  p u r e  8 5 ~ b  a n d  e i t h e r  A r ,  N 2 ,  or b o t h  g a s e s .  
T h e  f i l t e r  c e l l  t e m p e r a t u r e  is  c o n t r o l l e d  a n d  m o n i t o r e d  i n  t h e  
r a n g e  8 5 ° C  t o  9 2 O C .  T h e  f i l t e r  c e l l  s e r v e s  two p r i m a r y  
f u n c t i o n s .  One is  t o  e s t a b l i s h  e n o u g h  p r e f e r e n t i a l  o p t i c a l  
pumping  of t h e  F = l  h y p e r f i n e  l e v e l  o v e r  t h e  F = 2  l e v e l  f o r  
s u f f i c i e n t  s i g n a l  t o  n o i s e  r a t i o .  The  s e c o n d  f u n c t i o n  is t o  
e s t a b l i s h  a  s p e c t r a l  c o n d i t i o n  f o r  minimum d e p e n d e n c e  o f  r u b i d i u m  
r e s o n a n c e  f r e q u e n c y  on  l i g h t  i n t e n s i t y .  R e s o n a n c e  c e l l s  u s e d  i n  
t h i s  work a r e  made of y l a s s  i n  a  f a s h i o n  i d e n t i c a l  t o  o u r  f i l t e r  
c e l l s .  T h e s e  c e l l s  r a n g e  f rom 8 mm to  1 0 . 5  mm i n  l e n g t h  a n d  a r e  
f i l l e d  w i t h  i s o t o p i c a l l y  p u r e  8 7 ~ b  a n d  v a r y i n g  a m o u n t s  o f  N2 a n d  
A r ,  a p p r o x i m a t e l y  1 0  t o r r  N2 a n d  1 4  torr  A r .  

T h e  r e s o n a n c e  c e l l  is p l a c e d  i n  a s m a l l  r e c t a n g u l a r  m i c r o w a v e  
c a v i t y  o p e r a t i n g  i n  t h e  TEIOl mode.* T h e  c a v i t y  is p a r t i a l l y  
l o a d e d  w i t h  a  l o w  loss  d i e l e c t r i c  s l a b .  A 0 . 3 "  d i a m e t e r  i n  e a c h  
e n d  of t h e  c a v i t y  a l l o w s  l i g h t  t o  p a s s  t h r o u g h  t h e  r e s o n a n c e  c e l l  
a n d  be c o l l e c t e d  a t  a  p h o t o  c e l l  m o u n t e d  o n  t h e  o u t s i d e  of t h e  
c a v i t y .  Two 10  mm d i a m e t e r  p l a n o - c o n v e x  lenses a r e  p l a c e d  i n  t h e  
c a v i t y  t o  o p t i m i z e  t h e  o p t i c a l  p r o c e s s .  T a b l e  1 l i s t s  some of 
t h e  p h y s i c s  p a c k a g e  p a r a m e t e r s  u s e d  i.n t h i s  work .  

LIGHT SHIFT 

T o  m i n i m i z e  d e p e n d e n c e  of c lock f r e q u e n c y  o n  r u h i d i u m  l i g h t  
i n t e n s i t y ,  t h e  p h y s i c s  p a c k a g e  p a r a m e t e r s  a r e  a d j u s t e d  t n  a l l o w  
u n i t  o p e r a t i o n  a t  t h e  so c a l l e d  l i g h t  t u r n i n g  p o i n t  w h e r e  1 , ~ h t  
s h i f t ,  i . e . ,  t h e  c h a n g e  i n  c l o c k  f r e q u e n c y  w i t h  l i g h t  i n t e n s i t y ,  
is z e r o .  A l l  p h y s i c s  p a c k a g e  p a r a m e t e r s  t h a t  w e  h a v e  s t u d i e d  
a p p e a r  t o  i n f l u e n c e  t h e  l i g h t  t u r n i n g  p o i n t  ( L T P )  t o  some e x t e n t ,  
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however the filter cell parameters: length, temperature and 
buffer pressure have the greatest effect. Figure 3 shows light 
shift as a function of filter length for several cavity 
temperatures and constant pressure. Light shift here is defined 
as the change in resonant frequency with a 15% change in light 
intensity. Figure 4 gives cavity temperature at the LTP as a 
function of filter cell length. Figure 5 shows liqht shift v e r s u s  
buffer pressure based on N2 buffered filter cells and shows the 
trend in light shift over a wide pressure range. In general, we 
observe that light shift changes sign on passing thru a LTP 
indicating that the integrated light shift spectrum also changes 
sign. This is to be contrasted with light shift which asymptot- 
ically approaches zero from one side only. This behavior as a 
function of the filter pressure parameter is shown in Figure 6. 

Since data for Figures 3 and 4 was taken from an integrated 
cavity configuration, the temperature dependence indicated could 
in general arise from both filter and resonance cells. However, 
separated measurements as in Figure 7 indicate that light shift 
is a weak function of resonance cell temperature in this range. 

Light shift is also influenced by lamp temperature. Figures 8 and 
9 show clock frequency and light shift versus lamp temperature, 
respectively, and indicate that both frequency and light shift 
increase positively with lamp temperature in the region of a 
light turning point. Figure 10 relates liqht shift to the RB87 
lamp sprectrum filtered by a RB85  filter cell and provides a 
qualitative understanding of the light shift vs. filter pressure, 
length and temperature behavior shown here. 

TEMPERATURE C O E F F I  C I E N T  

We find that the temperature coefficient of the resonance cell, 
i.e., the change in clock frequency with resonance cell 
temperature is determined by several processes. The dominant 
process is the well known pressure shift arising from an increase 
or decrease in hyperfine level spacing due to Rb-N and Rb-Ar 
atom collisions respectively. In practice, the Ar2/N2 ratio is 
adjusted to minimize the temperature coefficient 2t the LTP. 
Figure 11 shows frequency vs. cavity temperature for several 
resonance cells of differing buffer ratio ( N ~ / A ~ )  as measured in 
the integrated cavity. It should be mentioned that the filter 
cell contributes a negative temperature coefficient to this 
data. The negative filter cell coefficient appears to be an 
unavoidable consequence in this range of increased filtering of 
the positive light shift, F=2, component with increasing filter 
temperature. This contribution to the temperature coefficient of 
the integrated cavity scales with the total light intensity. The 
cavity temperature coefficient should then be a strong function 
of light level as Figure 12 indicates. 



IIIAGNE'I'IC FIELD GRADIENT 

When a m a g n e t i c  f i e l d  gradient is p r e s e n t  across t h e  r e s o n a n c e  
c e l l ,  i n h o m o g e n e o u s  e f f e c t s  c a u s e  l i g h t  s h i f t ,  r e s o n a n c e  c e l l  
t e m p e r a t u r e  c o e f f i c i e n t  a n d  m i c r o w a v e  s e n s i t i v i t y  v a l u e s  t o  b e  
a l t e r e d .  F i g u r e s  13 and 1 4  i l l u s t r a t e  m i c r o w a v e  s e n s i - t i v i  t y  a n d  
l i g h t  s h i f t  a s  a f u n c t i o n  of c-field when the c - f i e l d  p r o d u c e s  
approximately a 30% gradient a c r o s s  the r e s n n a n c e  c e l l .  

SUMMARY 

Due t o  t h e  i n f l u e n c e  of  t h e  many p a r a r ~ e t c r s  1 n v o l . v e d  i t  i s  not 
s u g g e s t e d  t h a t  data p r e s e n t e d  here should he e x a c t l y  reproducible 
i n  r u b i d i u m  f r e q u e n c y  standards of o t h e r s .  I l oweve r ,  the I n o r e  
g e n e r a l  q u a l i t a t i v e  behavior o f  t h e  p h y s l c s  p a c k a g e  e l e m e n t s  
d i s c u s s e d  here  s h o u l d  a p p l y  t o  the t a c t j c a l  r u b i d i u m  s t a n d a r d s  of 
o t h e r s  i n  this h i g h e r  t e m p e r a t u r e  a n d  s m a l l e r  c e l l  size r e g i m e .  

T h e  a l . l t ho r s  w i s h  t o  acknowlec lqe  t h e  s u p p o r t  by the U S A F  
H A U C / E S D .  C ( ~ n t r i b u t i o n s  to  t h i s  work  have been made by a l l  
m e m b e r s  o f  o u r  g r o u p .  P a r t i c u l a r  t h a n k s  y n  to W. D e n l e y  f o r  c e l l  
f a b r i c a t i o n .  
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F i g .  1 4 - L i g h t  S h i f t  Vs. C a v i t y  T e m p e r a t u r e  a s  a F u n c t i o n  
of C - F i e l d  w i t h  G r a d i e n t  



TABLE I. PHYSICS PACKAGE PARAMETERS U S E D  I N  THIS  S T U D Y  

LAMP SIZE 

LAMP FILL 

LAMP TEMPERATURE 

FILTER CELL SIZE* 

FILTER CELL FILL 

FILTER CELL TEMPERATURE 

RESONANCE CELL SIZE" 

RESONANCE CELL FILL 

RESONANCE CELL TEMPERATURE 

DC PHOTODETECTOR CURRENT 

LINEWIDTH BETWEEN INFLECTION POINTS 

DISCRIMINATOR SLOPE AT PHOTODETECTOR 

FREQUENCY STABILITY IN SHOT NOISE LIMIT 

9mm DIAMETER X 10mm LONG 

R b87 + 3 TORR Xe 

115 - 120°C 

12mn1 DIA X 7-9mm LONG 

Rb85 +- N2 OR Ar 

85C - 92C 

12mm DIA X 8-11mm LONG 

Rb87 t 10 TORR N2 + 14 TORR Ar 

80C - 85C 

210 - 36 PA RMS PER 1 X lo-'' 

5 x 10-12 7-1/2 - 3 X lo-ll ,-I12 

"INCLUDES Imm END WINDOWS 



QUESTIONS AND ANSWERS 

None f o r  Paper 1\35. 
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