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ABSTRACT 

The d u a l  beam h i g h  p e r f o r m a n c e  c e s i u m  beam t u b e  
g e n e r a l  d e s i g n  and o p e r a t i o n  i s  d i s c u s s e d .  
Computer generated t h e o r e t i c a l  p e r f o r m a n c e  
p r e d i c t i o n s  a r c  compared t o  t y p i c a l  p e r f o r m a n c e  
measurements on a l a r g e  sarrlplc o f  t u b e s .  
Improvemcnt I n  ce s ium oven deslgn and a 
c o n f i g u r a t i o n  change  o f  t h c  t u b e ' s  c e s ium 
d e t e c t o r  i s  p r e s e n t e d .  f c ~  t u b e s  wcrc 
s u b j e c t e d  t o  a d \ - e r s e  c ~ l v i r o n r n e n t s  and t h c  
beam t u b e  p e r f o r m a n e  a f t e r  t h e s e  t e s t s  i s  
d i s c u s s e d .  A l s o ,  a  s l i g h t l y  m o d i f i e d  d u a l  
beam h i g h  p e r f o r m a n c e  ccqiuin beam t u b c  was 
subjected t o  h i g h  l e v e l  random v i b r a t i o n  
and i t s  p e r f o r m a n c e  b e f o r e  and  a f t e r  t h e  
v i b r a t i o n  i s  p r e s e n t e d .  Thc p o s s i b i l i t y  o f  
a c h i e v i n g  g r c a t e r  t h a n  t y p i c a l  p e r f o r m a n c e  
f o r  r e l a t i v e l y  s h o r t  p e r i o d s  o f  t i m e ,  f o r  
s p e c i a l  a p p l i c a t i o n s ,  i s  d i s c u s s e d .  Measure -  
ments  o f  a c c u r a c y ,  s t a b i l i t y  f o r  v a r i o u s  t j m e  
p c r i o d s  and  s t a b i l i t y  i n  dc  m a g n e t i c  f i e l d s  
c a r r i e d  o u t  on HP 5 0 6 1 A  p r i m a r y  f r e q u e n c y  
s t a n d a r d s  e q u i p p e d  w i t h  d u a l  beam h i g h  p e r -  
fo rmancc  c e s i u m  beam t u b e s  i s  p r e s c n t c d .  
The f r e q u e n c y  s t a b i l i t y  o f  v a r i o u s  t y p c s  of  
a t o m i c  f r e q u e n c y  s t a n d a r d s  i s  compared t o  t h e  
t y p i c a l  f r e q u e n c y  s t a b i l i t y  o f  a HP 5 0 h l A  
p r i m a r y  f r e q u e n c y  s t a n d a r d  e q u i p p e d  w i t h  a 
d u a l  beam h i g h  pe  r fo rmancc  c c s  ium beam t u b e .  

INTRODUCTION 

The d u a l  beam h i g h  p e r f o r m a n c e  ce s ium beam t u b e  was d e v e l o p e d  
by H e w l c t t - P a c k a r d  Campany i n  1 9 7 1 .  Dur ing  t h e  p a s t  t h r e e  
y e a r s  H e w l c t t - P a c k a r d  h a s  h c e n  p r o d u c i n g  t h e  t u h e  t o  be  s o l d  
as a n  o p t i o n  ( d e s i g n a t e d  o p t i o n  004)  w i t h  t h e  HP 5061A 
p r i m a r y  f r e q u e n c y  s t a n d a r d . l  F i g u r e  1 shows t h e  h i g h  p e r -  
fo rmance  t u h e  and  a n  HP 5061A. U t i l i z a t i o n  o f  t h e  o p t i o n  

* T h i s  p a p e r  was p r e s e n t e d  i n  p a r t  a t  t h e  3 0 t h  Annual  F r e -  
quency  C o n t r o l  Symposium 



with the IIP 5 0 6 1 A  allows one to realize improved short-term 
stability, reproducibility, scttability, and decreased 
sensitivity to dc magnetic fields. 

General Design and Oneration 

The dual beam high performance cesium beam tube is a passive 
atomic resonator whose internal componerlts are shown in 
Figure 2 and are: a cesium oven, which forms and aims the 
two cesium beams; the state selector ma nets, which by means 

TI+-- 01 a magnetic field gradient, spatin y scparate the atoms 
of each beam into two energy groups; the microwave cavity, 
in which an energy state change of the atoms is induced: 
the hot-wire ionizer, which ionizes the atoms that have' 
undergonc an energy state change; the mass spectrometer, 
which separates the cesium ions from unwanted noise contrib- 
uting ions; the electron multiplier, which converts the ions 
to electrons and amplifies the electron current to a level 
compatible with sub;equent electronics; the ion pump, which 
maintains a high vacuum within the tube; magnetic shielding, 
which minimize effects of external magnetic fields; solenoid 
type windings, which produce the homogeneous magnetic field 
"C-field" ovcr the region of the microwave cavity and for 
degaussing the beam tube magnetic shields. Also the tube 
contains gettering material which collects and traps the 
unwanted expended cesium atoms. 

The primary life limiting elements in cesium beam tubes are 
the cesium supply and the gettering system. The cesium 
supply and gettering system in the dual beam high performance 
cesium beam tube havc becn designed for a five year operating 
life, as has the standard tube. 

The cesium oven or cesium source forms and aims the two 
cesium beams by means of a multi-tube collimator. We use 
dual beams primarily to double the output signal to the 
ionizer which givcs a JT increase in the Signal-to-Noise 
ratio at the input to the electronics. A second advantage 
of the dual beam, which has been dcsi.gned in, is relative 
immunity to acceleration effects. The cesium beam intensity 
is controlled by the temperature to which the cesium is 
heated by the oven. Additionally therc are intentional 
conductance limitations in the oven and collimator which 
reduce the beam intensity. These conductances within the 
oven are designed to prevent liquid cesium from escaping 
the oven. 



The s t a t c  s e l e c t  i on magnet s procltlcc an in l~omogeneous  , 3 0 
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g a u s s  p e a k ,  magnetic. f l l i r ,  d e n s i t y .  The be:im c o m p r i s e d  o f  
ce s ium atoms i n  t i to e n e r g ) -  l e ~ ~ c l  g ro l l p s ,  LLS d e p i c t e d  i n  
F i g u r e  3 ,  p a s s e s  t l l~ .ough  t h i s  1 : ~ r g e  m a g n e t i c  f i e l d  g r a d i e n t .  
S i n c e  : 

1 .  an a t o m ' s  e n e r g y  i s  d c p e n d c n t  on m a g n e t i c  f i e l d  i n t e n s i t y ;  

2 .  t h e  m a g n e t i c  I i c l c l  i n t e n s i t y  i s  d e p e n d e n t  on p o s i t i o n  i n  
the s t a t e  s e l e c t o r  mngner g a p ;  

3 .  p h y s c i a l  systerrls t cn i l  t o  t h e  l oc t e s t  p o t e n t i a l  e n e r g y  
p o s s i b l e ;  

thcr l  t l l c  atorrls e x p e r i e n c t .  R f o r c e  i n  l l l e  d i r c c t  i on  o f  t h e  
m a g n e t i c  f i e l d  f i r a d i e n t .  I h c  :itoms i n  t h e  l e v e l s  o f  F = 3  
and  F=4 ,  mF=-4 group  <Ire  d e C l e c t e d  t o w a r d s  s t r o n g e r  m a g n e t i c  
f i e l d s .  The a toms i n  the r e m a i n i n g  F = 4  l e v e l s  a r e  d e f l e c t e d  
to;cards weaker  m a g n e t i c  f i e l d s .  Hence t h e  a toms  o f  e a c h  
o f  t h e  two beams a r e  s p a t i a l l y  s e p a r a t e d  i n t o  two e n e r g y  
l e v e l  g r o u p s .  

The f i r s t  s t a t e  s e l c c t o r  magnet s e p a r a t e s  t h e  a toms  i n t o  
two e n e r g y  l e v e l  g r o u p s  s u c h  t h a t  t h e  F = 3  l e v e l s  :xnd F=4 ,  
m ~ = - 4  l e v e l  a r c  d ~ r e c t e d  t h r o u g h  t h e  microwave c a v i t y  w h i l e  
t h e  r c m a i n l n g  g r o u p  o f  t h c  F = 4  l e v e l s  i s  p r c v c n t e d  f rom 
p a s s i n g  t h r o u g h  t h e  microwave c a v i t y .  

?'he s e c o n d  s t a t c  s e l c c t o r  magnet s e p a r a t e s  t h e  c e s i u m  beam 
which  h a s  t r a v e l e d  t h r o u g h  t h e  microwave c a v i t y  i n t o  two 
g r o u p s ,  t h e  a toms t h a t  have  n o t  unde rgone  a t r a n s i t i o n  t o  
t h c  F = 3  group  a r e  d i r c c t e d  away f rom t h e  h o t - w i r e  i o n i z e r  
an3 t h e  a toms  t h a t  7rxnvc l~nclergonc a t r a n s i t i o n  t o  the F = 4  
g roup  a r e  d e f l e c t e d  o n t o  :I p a t h  toward  t h e  h o t - w i r e  i o n i z e r .  
Thus t h e  m a j o r i t y  o f  ntorrls t11~1-t ; r ~ - e  i o n  i zed b y  t h e  h o t - w i r c  
i o n i z e r  a r e  atorns t h a t  I I R ~ C  experienced 311 eilcx.gy r r : i n s i t  i on  
w h i l e  t r a v e l i n g  thr'ou::ll t h e  r n i c r o ~ ~ : ~ ~ - c  c ~ i i  1 t) . 
The microwave s t s ' uc tu r ' c  fi r s t  p r o p o s c ~ i  b?- f ' l ' o f r s s o r  Ilamsey 
i s  a  c e n t e r  f e e d ,  IJ -shaped rnicroltiavc c a v i t y  \ i h i c h  i s  
machined  t o  c l o s c  to1er : lnccs  f rom o x y g e n - f r e e  c o p p e r .  Thc 
o u t s i c l e  c o n f i g u r a t i o n  o f  1.11~ micr.o\iavc c a v i t y  i s  r a h r i c a t e d  
i n  s u c h  a way t h a t  i t  p o s i t i o n s  t h e  C - f i e l d  w i n ~ l i n g s  and 
t h e  C - f i c l d  m a g n e t i c  s h i e l d .  

The h o t - w i r e  i o n i z c r  i s  a S l a t  t r i n t s l um r i b b o n  r u n n i n g  a t  
a p p r o x i n i a t e l ~ ~  100O0 Gels i us . The c e s  ium atoms which  have 
undcrgor lc  an  e n e r g y  t r , i n s i  t i o n  in t h c  rn ic ro~cavc  c a v i t ) '  ; ire 



directed toward the ionizer by the second state selector 
magnet. The atoms intercepted by the ionizer first stick, 
then are ionized, and finally evaporated and accelerated into 
the mass spectrometer. 

The mass spectrometer spatially separates the cesium ions 
from any other unwanted noise producing ions, such as 
potassium, and focuses the cesium ions into the electron 
multiplier. 

The electron multiplier, which is of the box and grid design, 
converts the 1 x 10-11 ampere ion current to an electron 
current and then amplifies thc electron current to approx- 
imately 10-7 amperes which becomes the input for the signal 
processing electronics of the HP 5061A. 

Figure 2 depicts the paths of the cesium atoms through the 
beam tube. The solid lines indicate the path of the atoms 
that contribute to the signal and the dashed lines indicate 
the path of the atoms that do not contribute to the signal. 

Cornparison Theoretical Vs . Actual Performance 
A computer program was developed to model the dual beam high 
performance cesium beam tube and the theoretical performance 
was calculated based on this model.2 The pertinent parameters 
obtained from t h e  computations are as follows: 

1. Total beam intensity arriving at the hot-wire ionizer, 
7.2 x lo7 atoms/sec. (1.15 x 10-lla) 

2. Lincwidth of the field. independent transition ( F = 3 ,  m ~ = 0  
to F = 4 ,  m F = O )  is 327 Hz. 

3. Figure of merit, 31 

An initial production group of approximately 30 tubes was 
produced that exhibited performance somewhat less than 
predicted. An investigation was carried out to determine 
the cause of this disagreement. A cesium source problem 
was discovered as was an improvement in the detector 
configuration. 

The cesium source or "oven problem" which caused erratic 
beam intensity performance and some very early failure, due -- 
to decreased signal level, required a redesign of the cesium 
oven. T h i s  has long since been completed, and since we have 
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seen no  r e c u r r e n c e s  we f e e l  c o n f i d e n t  t h a t  t h e  p rob l em i s  
c u r e d .  

I n  F i g u r e  4 t h e  s h a d e d  a r e a  d e p i c t s  t h e  f i g u r e  o f  m e r i t  
o f  t h e  i n i t i a l  g r o u p ,  and the o u t l i n e d  a r e a ,  t h e  f i g u r c  
o f  m e r i t  o f  t h e  most  recent 1 5 0  u n i t s .  The f i g u r e  of  m e r i t  
i n c r e a s e d  44% t o  mean valuc o f  1 4 .  

T y p i c a l  performance a f t e r  t h e  m o d i f i c a t i o n s  a s  ~ r l ca su red  on 
o v e r  150 t u b e s :  

1. T o t a l  beam i n t e n s i t y ,  1 x 1 0 - ~ ' n  

2 .  L i n e w i d t h ,  358  H z  

3 .  F i g u r e  o f  m e r i t ,  2 4 .  

The most i m p o r t a n t  o f  t h e s e  p a r a m c t c r s  i n  c h a r a c t e r i z i n g  
o v e r a l l  t u b e  pcr for rnance  i s  t h e  f i g u r c  o f  m e r i t .  The f i g u r e  
o f  m e r i t  i s  d e f i n e d  t o  b e  t h e  beam Tube o u t p u t  s i g n a l  t o  
n o i s e  r a t i o  a s  rneas~ i red  i l l  a : H z  handss id th ,  d i v i d e d  by t h e  
1 i n e w i d t h  o f  t l l c  f i c l d  i n d e p e n d e n t  t r a n s  i t i o n .  F i g u r e  5  
d e p i c t s  t h e  p e r t i n e n t  rneasur*ernents a n d  t h e i r  r e l a t i o n  t o  
t h e  figu1.e o f  m e r i t .  ? 

T y p i c a l  Pe r fo rmance  i n  an HP 5061A 

F i g u r e  6  i s  a f r e q u e n c y  o f f s e t  h i s t o g r a m  o f  HP 5061A o p t i o n  
0 0 4  bascct on f i n a l  t e s t  d a t a  for o v e r  100 i n s t r u m c n t s .  

111c f r e t j u e n c y  s t a h i  l i  t y  s p e c  i f i z a t i o n  For- t h c  5 0 6 1 A  o p t  i on  
(104 i s  b a s c d  on a r e a l i z c d  F-~gL1r.e o f  m e r i t  P C  1 0 .  The h i g h  
pcrfo-r.mance t u h c  Figure oi '  rricrit  rncan o f  2 4 ,  i f  r e a l i z e d  i n  
t h e  c n v i r o n r n e n t a l  and i n s t r u m e n t  c o n d i t i o n : ;  p r . c a - a i l i ng ,  
would g i v e  a 100 s e c o n d  s t a b i l i t y  of 3.5 x 10-13. P u b l i s h e d  
d a t a  o f  NBS shows a r e a l i z e d  s t a b i l i t y  o f  5 x 10-l3 a t  1 0 0  
s e c o n d s .  The s p e c i f i c a t i o n  s h e e t  c a l l s  f o r  l e s s  t h a n  8 . 5  x 
1 0 - l 3 .  These NBS d a t a  a l s o  i n d i c a t e d  that t h e  I-'? r e l a t i o n  
h o l d s  p a s t  104 s e c o n d s ,  g i v i n g  5 x 10-14 a t  l o 4  s e c o n d s b 4  

The s p e c i f i c a t i o n  limit For- s e n s i t i v i t y  t o  m a g n e t i c  f i e l d s  
i s  t 2  x 1 0 - l 3  f o r  3 2 q a u + s  f i e l d  i n  a n y  d i r e c t i o n .  .I 
t y p i c a l  measurement  ) r i c l ~ l s  : 

s i d e  t o  s i d e  - 1 3  - t l  r, 10 

t o p  t o  bo t t om i 5  x 1Cl 
-14 

f r o n t  t o  r e a r  + 5  x 10 - 1 5  

685 



The r e p r o d ~ n c i b i l i t y  s p e c i f i c a t i o n  o f  3 x 10-12 i s  o b t a i n a b l e  
when t h e  HP 10638A Degausser  i s  used  w i t h  t h e  IIP 5 0 6 1 A  
Opt ion  004. T h i s  r e p r o d u c i b i l i t y  i s  shown by t h e  a c c u r a c y  
h i s t r o g r a m  F i g u r e  6 .  The f u n c t i o n  o f  t h e  d e g a u s s e r  i s  t o  
r e l a x  t h e  magne t i c  domains o f  t h e  i n n e r  s h i e l d  t o  an  
e q u i l i b r i u m  m a g n e t i z a t i o n  a f t e r  a change i n  t h e  " C - f i e l d "  
c u r r e n t .  The d e g a u s s e r  accompl i shes  i n  2 0  minu tes  t h e  
r e l a x a t i o n  t h a t  might  o t h e r w i s e  p roceed  f o r  weeks c a u s i n g  
a  s h i f t  i n  f r e q u e n c y  a s  t h e  " C - f i e l d "  changes .  A h i g h  
l e v e l  d e g a u s s i n g  i s  recommended a t  t u r n  o n ,  and can  be  
per formed a s  t h e  oven i s  h e a t i n g .  Low l e v e l  d e g a u s s i n g  can  
be per formed w i t h o u t  c a u s i n g  t h e  i n s t r u m e n t  t o  u n l o c k ,  and 
i s  recommended a f t e r  changes i n  " C - f i e l d t t  , o r  magne t i c  
envi ronment  changes a r e  made. R e p r o d u c i b i l i t y  i s  d e f i n e d  
a s  t h e  i n d e p c n d c n t l y  s e t  up i n s t r u m e n t  f r e q u e n c y  compar ison  
t o  t h e  NBS f r e q u e n c y  s t a n d a r d .  

The s e t t a b i l i t y  s p e c i f i c a t i o n  o f  $1 x 10 - I3  r e q u i r e s  t h e  u s e  
o f  t h e  d e g a u s s e r .  S e t t a b i l i t y  o r  c a l i b r a t i o n  r e f e r s  t o  t h e  
a b i l i t y  t o  make r e l a t i v e l y  s m a l l ,  predictable changes t o  
t h e  o u t p u t  f r e q u e n c y  o f  t h e  s t a n d a r d .  One minor d i v i s i o n  
on t h e  " C - f i e l d "  c o n t r o l  c o r r e s p o n d s  t o  a nominal  change of  
5 x 1 0 ~ ~ 4  i n  o u t p u t  f r e q u e n c y  and 2 i n  t h e  l o g g i n g  numbers 
on t h e  " C - f i e l d "  d i a l  which r e a d s  from 0 t o  1000.  

T y p i c a l  per formance  w i t h  r e g a r d  t o  s e t t a b i l i t y  i s  1 x  10 -14 
which i n c l u d e s  c o n t r o l  l i n e a r i t y ,  o p e r a t o r ,  beam t u b c  and 
d e g a u s s e r  e f f e c t s .  

O p e r a t i n g  l i f e  d a t a  a r e  s t i l l  s c a r c c ,  h u t  r e c e n t l y  two e a r l y  
t u b e s  were r e t u r n e d  a t  end  of l i f e  a f t e r  more t h a n  4 y e a r s  
i n  s e r v i c e .  These t u b e s  were of t h e  o l d  oven d e s i g n .  

Frequency S t a b i l i t i e s  o f  Var ious  Types o f  Atomic Frequency - 
S t a n d a r d s  

Before  t h e  development  o f  t h c  h i g h  per formance  cesium s t n n -  
d a r d s ,  t h e  commercial  rub id ium s t a n d a r d s  e x h i b i t c d  s u p e r i o r  
s h o r t - t e r m  s t a b i l i t y  by an  o r d e r  o f  magni tude  when compared 
t o  commercial  ces ium s t a n d a r d s .  The h i g h  per formance  cesium 
s t a n d a r d  e x h i b i t s  t y p i c a l  s h o r t - t e r m  s t a b i l i t y  a p p r o x i m a t e l y  
e q u a l  t o  t h e  s h o r t  t e rm s t a b i l i t y  o f  commercial  rub id ium 
s t a n d a r d s .  

F i g u r e  7 i s  a  g r a p h i c  representation o f  t h e  measured F r e -  
quency s t a b i l i t y  o f  v a r i o u s  t y p e s  o f  a tomic  f r e q u e n c y  s t a n -  
d a r d s .  The shaded a r e a  l a b e l e d  High Per formance  Commercial 
Cesium r e p r e s e n t s  t h e  r e a l i z a b l e  frequency s t a b i l i t y  rangc 





0 
for approximately a 10 Celsius increase in oven temperature 
one expects such a change to give a doubling of cesium beam 
intensity, a JT improvement in figure of merit and a doubling 
of consumption of cesium, or halving of operating life. 

Cesium beam iubes have been operated with oven temperatures 
increased 12 Celsius from nominal for periods of hundreds 
of hours. If the cesium vapor pressure is made too great 
scattering occurs in the beam which adversely affects the 
curve shape and linewidth which shorten the operating life 
and yield no benefits. 

Similarly a reduction in cesium oven temperature will give 
reduced beam intensity, cesium consumption, and figure of 
merit with expected longer life, The initial limitation here 
would be the need for a detectable signal level which would 
set a low temperature limit. 

Adverse Environments 

Randomly chosen tubes have been subjected to adverse environ- 
ments. One such test was to subject a tube to high level 
shock. The test called the "hammer blow" is carried out by 
mounting the tube to a large steel carrier and then striking 
the carrier with a 400 lb. hammer. The hammer swings through 
1, 3, and 5 foot drops in each of three axes for a total of 
nine blows. The 5 foot drop generates shocks on the order 
of 1500 g at the table. The tube successfully passed this 
shock test without mechanical or electrical damage, or mea- 
surable change. 
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Figu re  1. a.) H P  5061A, b.) Dual Beam High Performance Cesium 
Beam Tube I 

Figure 2. Pictorial Representation of Dual Beam High Performance 
Cesium Beam Tube I 

Fiqure 3. Energy Level Diagram of Cesium 1 3 3  I 
Figure 4. Figure of Merit Histogram 

Figure 5. Figure of Merit - 

Figure 6 .  H P  5 0 6 1 A  Opt. 004 Frequency Accuracy Histogram 

Figure 7. Frequency Stability for Various Types of Atomic 
Frequency Standards 
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