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ABST RACT 

The fine frequency set t ing of a cesium beam frequency standard i s  
accomplished by adjus t i  n y  the C fie1 d control wi t h  the appropri a te  Zee- 
man frequency applied t o  the harmonic generator. 

A novice operator in the f i e l d ,  even when using the correct Zeeman 
frequency input,  may mistakenly s e t  the C f ie ld  to any one of seven 
major Beam I peaks (f ingers)  represented by the Ranlsey curve. This can 
resul t  i n  frequency of fse t  errors of as niuch as 2 . 5  parts in ten to  
the tenth. 

The effects  of misadjustnent will be demonstrated and suggestions 
discussed on how to  avoid the subtle traps associated with C f i e ld  
ad jus trnents . 

INTRODUCTION 

The Hewlett Packard Model 5061A Cesiurrl Beam Frequency Standard i s  a 
se l f  calibrating device requi ring no other reference frequency to  
insure i t s  frequency accuracy t o  within 1 X 70-11 o f  a l l  other Cesium 
Beam Frequency Standards. A1 t h o u g h  th i s  statement i s  1 i teral  ly cor- 
rect ,  i t  i s  c r i t i ca l ly  dependent on the  magnetic C Field set t ing.  The 
magnetic C Field i s  adjusted t o  the correct central Beam I peak ( w i t h -  
in one of seven fanii l i es  of Ramsey Curves) with the appropriate Zee- 
man Frequency applied t o  the harmonic generator. However, t h e  ini  t i  a1 
turn on procedure covering this adjus t n l e n t  i s  inadequately covered in 
the technical l i t e r a tu re .  I t  i s  further complicated by the fac t  that 
selection of undesi red c e s i  urn atom energy level transi t i  ons can resul t 
in beam current (Beam I )  outputs from the cesium tube o f  s l ight ly  
greater than or near equal t o  the Beam I developed during the desired 
t ransi t ion.  The incorrect set t ing of the magnetic C Field can resul t  
i n  frequency er ror  offsets of as l i t t l e  as one part in ten t o  the 
eleventh when the  incorrect sub-central peak i s  selected or as much 
as two and one half parts in ten t o  the tenth when the incorrect 



central  peak i s  chosen. The new Hewlett Packard Cesium Standards 
(1974 on) with the higher resolution C Field Control wil l  allow an 
of f se t  which is  l imited t o  the adjacent sub-central peak of the  
desired t rans i t ion .  I t  should be noted t ha t  i n  every case of erro- 
neously s e t t i n g  the C Fie ld ,  the Cesium Standard indicates normal 
operation; continuous operation lamp on, alarm lamp o f f ,  and a l l  
f ront  panel meter readings of the operating parameters within the 
normal range. 

The purpose of t h i s  paper, i s  t o  describe the means of demonstrating 
t h i s  e f f ec t  and suggesting the means fo r  avoiding the p i t f a l l s  asso- 
ciated w i t h  s e t t i n g  of the magnetic C Field. However, before discuss- 
ing the demonstration i t  i s  desirable to  review the theory of operation 
of the standard on a block diagram leve l ,  the cesium beam tube d e t a i l s ,  
the hyperfine energy level diagrams of Cs atom 133, and the i n i t i a l  turn 
on procedure. 

OPERATION OF THE CESIUM BEAM FREQUENCY STANDARD 

Figure 1 i s  a s impl i f ied block di agrarn of the HP 5061A Cesium Beam 
Frequency Standard. The vol tage control led Quartz Osci 11 a to r  (A10 
provides a 5 MHz sinewave to  a X 18 mul t ip l ier  (A3). The mult ipl ier  
outputs a phase modulated 90 MHz signal  t o  the Harmonic Generator (A4). 
The 5 MHz from the Quartz Osci l la tor  i s  inputted to  the Synthesizer 
via a buffer  in  the Multiplier  and both Multiplier  and Synthesizer out- 
puts are applied t o  the Harmonic Generator. Here the phase (@)  modu- 
la ted 90 MHz i s  mu1 t ip1 ied by 102 times and added to  the Synthesizer 
output resul t ing in a Q modulated 9192.63----MHz being applied t o  the 
m i  crowave cavi ty surrounding the Cesi urn Beam Tube (A12) i nteraction 
region. The Beam Tube acting as a high Q bandpass f i l t e r  provides dis- 
criminator action and outputs the fundamental (137 Hz) and i t s  2nd 
harmonic (274 Hz). When the frequency of the injected signal  i s  in  
agreement with the hyperfine energy level t rans i t ion  of the Cesi um 
Atom the beam tube output i s  primarily 274 Hz. The 137 her tz  out- 
put i s  an e r r o r  signal  proportional i n  amplitude and direction t o  the 
difference i n  frequency between the in jected signal  and the Cs atom 
t rans i t ion  frequency. Both the fundamental and the 2nd harmonic f re -  
quencies are amplified in  the  AC Amplifier ( A 7 ) .  The fundamental i s  
then fed t o  a synchronous Phase Detector (A8) , the output of whi ch 
is  applied t o  an operational amplif ier  (A9) where the 0 e r r o r  signal  i s  
converted to  a DC voltage used t o  control the Quartz Osci l la tor  (A10) 
thru VCO action. Thus the frequency s t a b i l i t y  and accuracy of cesi um 
atom 133 hyperfine energy level  t rans i t ion  i s  t ransferred t o  the 
Quartz Osci l la tor  via the Q locked loop and outputted to  the users in 
the signal format of 5 MHz, 1 MHz, and 100 KHz. 
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I n  add i t i on  t o  t h e  phase locked  loop ,  t h e r e  are f o u r  o t h e r  c i r c u i t s .  
B u f f e r  Amplifier ( A 1 3 )  ou tpu ts  t he  5 MHz 1 v o l t  RMS s inewave. The 
Frequency D i v i d e r  ( A 6 )  t akes  the  5 MHz i n p u t  and d i v i d e s  down t o  1 MHz 
and 100 KHz and p rov ides  these  s i g n a l s  v i a  b u f f e r s  a t  1 v o l t  RMS. Ce- 
s i u m  Oven C o n t r o l l e r  ( A l l )  p r o v i d e s  the  h e a t  sou rce  f o r  cesiunl atoln 

e f f u s i o n  w i t h i n  the Uearn Tube. F i n a l l y ,  t h e  L o g i c  Module (A14)  de- 
t e c t s  fundamental , 2nd harmonic; e r r o r  s i g n a l  l i m i t s  and s y n t h e s i z e r  
f a i  1 ures . 
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CESIUM BEAM TUBE OPERATION 

The schematic representation of the Cesium Beam Tube i n  Fig. 2 delineat- 
es the internal components and the cesium beam trajectory. Cesium atoms 
effuse from the oven source and are formed into a ribbon-like beam by a 
col limator. The beam passes through i.nhomogenous magnetic f i e l  d of the 
f i r s t  s t a t e  selector  magnet, the "A" magnet. The force experienced by 
a particular atom depends upon i t s  effective magnetic moment hence upon 
i t s  energy s t a t e ,  and also upon the gradient of the f i e ld ;  thus, atoms 
are selectively deflected into the interaction cavity. Two f ields  are 
present in this cavity, the "C"  f i e l d  and the microwave f ie ld  resulting 
from mu1 t i  p l  i cati on and synthesis from the quartz osci 11 a tor .  The 
presence of the C f i e l d ,  a steady-state, low level f i e l d ,  causes the 
desired separation t o  ex i s t  in the cesiun~ atom's energy levels.  The 
magneti c component of the injected microwave f i e l  d interacts wi t h  the 
atoms. If  the frequency i s  a t  the transit ion frequency, 9192-t MHz, then 
atoms absorb energy frorn the injected microwave f ie ld  and flop to  the 
other transit ion energy s t a t e .  Since the i r  effect i  ve magnetic moment 
i s  thereby reversed in i t s  direction, a second s t a t e  selector  magnet, 
the "B" magnet, can selectively deflect flopped atoms to the detectcr. 
This detector, a h o t  wire ionizer,  i s  a heated tantalum ribbon upon 
which the cesium atoms are ionized and then evaporated. The cesium 
ions pass through a mass spectronleter. The function of the mass spec- 
tronieter i s  t o  renlove common contarni nants such as potassi um that  mi g h t  
cause noise bursts that  could overload the AC Amplifier in the frequency 
standard and cause loss of lock. The ions that  pass through the mass 
spectrometer are accelerated in to  a multistage electron multiplier,  
where the ion current i s  converted to  an electron current and amplified. 
The output current of the electron mu1 t i p l i e r  i s  carried by a coaxi a1 
cable t o  the signal processing electronics.  
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The cavity i s  of the Ramsey type, with two interaction regions. The 
enti re systeni i s  evacuated and i s  niagnetical ly shielded. 



BEAM TUBE D I S C R I M I N A T O R  ACTION 

The cesium beam tube ,  in  a s implif ied sense ,  i s  a passive device of 
ex t r emly  high Q t h a t  acts  l i ke  a bandpass f i l t e r  which by means of 
discriminator action provides an e r r o r  signal t o  correct  the phase of 
a quartz o s c i l l a t o r .  F i g .  3 depicts the d i sc r in~ ina to r  ac t ion.  When 
the in jected n~icrowave signal  i s  matched t o  the cesium atom t rans i t ion  
frequency only the second harmonic coinponent of the phase modulated 
signal  appears in the beam current  output. When the  in jec ted signal  
l i e s  above o r  below the desi red value, b o t h  the fundamental and the 
2nd harmonic are outputted from the  bean1 tube,  w i t h  t he  fundamental 
( e r ro r  s i g n a l  ) containing both phase and ri~agrii tude information used 
t o  control the quar tz  osci 1 l a t o r .  
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A t  zero magnetic f i e l d  there are only two energy ievels  in which a 
neutral cesium atoril can e x i s t .  However, upon application of a small 



magnetic f i e ld  ( C  Field) these two levels are s p l i t  into 16 hyperfine 
levels,  the higher energy ( F = 4 )  group into nine and the lower energy 
(F=3) group into seven. Figure 4 plots the hyperfine energy level 
subsets versus magnetic C Field strength. The dotted vertical line 
i s  representative o f  the typical C f i e ld  se t t ing  of 60 rnilligauss. 
This value was chosen so t h a t  the f ie ld  - independent t ransi t ion;  
F=3, Mf=O t o  F=4, Mf=O, i s  ut i l ized.  

Fig. 4 



C F I E L D  SETTING 

The s e t t i n g  of  the magnetic C Field i s  accorr~plished by applying t h e  
appropriate Zeerr~an frequency ( 4 2 .  82 KHz f o r  s e t t i n g  the A1 Rate) t o  
the harmonic generator which in turn exci tes  the riii crowave cavity in  
the Cesiutn Standard. Figure 5 shows the bean-I tube o u t p u t  (Bean) I )  
as a function o f  the mi crowave frequency. The center  pedestal , l a -  
beled 0. 0) represents  the  desi red energy level t r a n s i t i o n .  Each 
t r a n s i t i o n  contains a family of curves (Ran~sey Fingers) consist ing 
of a cent ra l  peak and synirrietri ca l  sub-central peaks .  I1 1 us t ra ted  
above the  0 ,  0 t r a n s i t i o n  ( i  . e . ,  F=4, Mf=O and F=3,  M f = O )  i s  a farnily 
o f  Rarr~sey Curves ( f i  nyers) . W i  t h  a f ixed Zeetilan frequency input  
the fami 1 i e s  of Ramsey curves depicted in  F i g .  5 can be obtained 
by ranging t h r o u g h  the Cesiuni Standard 's  " C  Field" cont ro l .  

FREQUENCY 

Fig. 5 

ZEEMAN/C F IELD TEST SET 

F i g .  
e f fe 
ces i  

6 i s  a block diagral?] o f  the  t e s t  s e t  used t o  clernonstvate the  
cts of misadjusting the t~iagnetic C Field.  I t  cons is ts  of two 
urns, a t e s t  u n i t  and a reference u n i t ,  frorri which the 5 MHz 

outputs are phase compared. The reference u n i t s ' s  C Field has 
been correc t ly  s e t  and i t s  output frequency ve r i f i ed  t o  be within 
one p a r t  i n  ten t o  the twelfth of the  Naval Obsek-vatory's master 
clock. The signal  generator provides t h e  Zeerrlan inpu t ,  in th i s  



case 42.82 KHz, for  developing the A1 rate in the unit under tes t .  
The frequency counter subs tant i  ates the correctness of the Zeeman 
Frequency, 
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Figure G 

THE DEMONSTRATI ON 

On the Cesium Standard under t e s t ,  s e t  the niod switch t o  "OFF" and 
the mode switch to  "OPEN". Mi t h  the t e s t  s e t  mentioned above and 
with the signal generator adjusted t o  the A1 Zeeman rate of 1 volt 
RMS amplitude and interfaced t o  the "ZEEMAN IN" jack of the cesium 
under t e s t ,  slowly rotate the ten turn " C  Field" control while moni- 
toring "Beam I" .  S ta r t  with the " C  Field" potentiometer maximum 
clockwise and rotate the control slowly through i t s  ent i re  range. 
Record a l l  Bean] I peaks and the i r  associated " C  F ie ld"  control se t -  
tings. Select the maxin~um "Beam I"  " C  Field" control set t ing and 
switch to "MOD ON" and to  "MODE OPERATE". The  alarm lamp should 



o u t  and  upon depressing the "LOGIC RESET" button the "CONTINUOUS" 
rat ion lamp should come on .  NOTE: Selection of any Beam I peak, 
t r a l  o r  sub-central ,  of any Ramsey fanlily of curves, wi 11 r e su l t  

in the "CONTINUOUS" operation larnp on, indicating normal operation, 

ANALYSIS OF THE RESULTS 

Figure 7 i s  a tabulat ion o f  the farriilies of Ranlsey f ingers detected 
f o r  two Hewlett Packard Mode? 5061A Cesi u111 Standards. The "Beam I"  
t h e i r  associated " C  Field" values, the energy level t r an s i t i ons ,  the 
frequency offse ts  of the sub-central t o  the central peaks, and the  
rr~axir~~urr~ frequency difference (between the central  peaks of the the 
most widely displaced Rarnsey families)  are l i s t e d .  By vir tue  of 
the tabu1 a t i  on the following fac t s  becorrle evi dent: There i s  excel l en t  
syrnmetry in both amplitude and frequency o f f s e t  of the sub-central 
peaks; the difference i n  amplitude between the central and the ad- 
jacent sub-central peaks i s  small and suggest care in s e t t i n g  the 
" C  Field" t~ avoid aligning t o  a sub-centrdl peak, a real poss ib i l i ty  

- .  - * ,  --- B E A M I - C F I E L P  1 I--- -- 
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SER. NO. 166 = 2.49 X 10-lo 

FIGURE 7 



of se t t ing  to an incorrect central peak because of the high Beam I 
values attainable,  thus resulting i n  s ignif icant  frequency offset  
e r ror ;  and f inal ly  the correct frequency set t ing i s  defined by the 
two to one greater frequency offset  between the sub-central peak 
and the central peak of the desired transit ion versus the P F  of 
the undesired transit ions . This l a t t e r  fac t  provides verification 
of when you have selected the correct central peak and may be used 
when no other means of ver if icat ion,  such as portable clock, Loran- 
C or VLF phase comparisons are available. I t  i s  we1 1 t o  note, that 
by design, a1 1 Hewlett Packard Model 5061 A Cesi um Frequency Stand- 
ards (Pre 1974), correct " C  Field" sett ings always f a l l  within 6.50 
and 7.55 on the " C  Field" control d ia l .  

Figure 8 shows approximately 8 hours of phase ((I) comparisons be- 
tween the t e s t  unit se r ia l  number 166 and the reference unit for  
three different  magnetic " C  Field" se t t ings .  The f i r s t  hour of the 
(d plot i s  representative of the worst case, where the C Field i s  
s e t  t o  the central peak resulting in the greatest  frequency of fse t ,  
followed by 4 hours o f  Q comparing with the C Field s e t  to  the ad- 
jacent sub-central peak of the desired transit ion and f inal ly  3 
hours of the 5 MHz data with the "C  Field" s e t  to the central peak 
of the desired t ransi t ion.  

-9 X 10-I* 

5 MHz UJ PLOT 

Fig. 8 

In conclusion i t  should be emphasized that since 1974 the Hewlett 
Packard Model 5061A Cesi um Standard, high performanc (004) version 
as well as the standard version, have a higher resolution " C  Field" 
control with a much reduced range, only 2.5 X 10-11, and therefore 
the magnetic " C  Field" in these units can only be misadjusted to an 
adjacent sub-central peak of the correct energy level transit ion re- 
sul t ing in a rnaximuni frequency offset  error  of 1 X 10-11. 



QUESTION AND ANSWER PERIOD 

DR. REDER: 

(Comments n o t  r e c o r d e d  due  t o  r emote  microphone  i n t e r -  
m i t t e n t  o p e r a t i o n )  - R e g a r d i n g  p r o b l e m s  of l o c k i n g  o n .  

MR. BEATY: 

J i m  B e a t y  , FAA NAPEC. 

P e r h a p s  I c o u l d  s h a r e  t h e  b e n e f i t  of some e x p e r i e n c e  t h a t  
w e  had i n  A t l a n t i c  C i t y .  As n o t e d ,  t h e  c e n t r a l  peak  o r  t h e  
p r o p e r  p e a k ,  of t h e  Ramsey t u b e  is  s y m m e t r i c a l  f o r  t h e  t y p e s  
of a c c u r a c i e s  w e  a r e  t a l k i n g  a b o u t  i n  commerc ia l  c l o c k s ,  
w h i l e  t h e  p e a k s  be low o r  above  a r e  s l i g h t l y  a s y m m e t r i c a l .  
I n  f a c t ,  t h i s  i s  t h e  b a s i s  f o r  t h e  l o g i c  t h a t  H P  u s e s  i n  
d e t e c t i n g  t h e  f a l s e  peak.  However, a n  added c h e c k  would b e  
i f  one  is  s e t t i n g  t h e  C f ie1.d  and t h e n  one  h a s  a s y n t h e s i z e r ,  
p r e f e r a b l y ,  b u t  even  v e r y  c a r e f u l l y  w i t h  a s t a b l e  o s c i l l a t o r  
and a  c o u n t e r ,  one  c a n  s e t  up you r  4 2 . 8 2  Zeeman f r e q u e n c y  
and t h e n  c e n t e r  t h a t  v e r y  c a r e f u l l y  and then i f  one  c h a n g e s  
t h e  Zeeman f r e q u e n c y  by a  p l u s  o r  minus  of  1 0 0  c y c l e s ,  t h e n  
t h e  d e c r e a s e  i n  beam I ough t  t o  be  t h e  same, i f  you a r e  on 
t h e  s y m m e t r i c a l  c u r v e .  

I t  is n o t  t h e  same when you a r e  on one  of t h e  o t h e r  p e a k s  
and you have  t o  r e a d j u s t .  We have used  t h i s  v e r y  s u c c e s s -  
f u l l y .  I n  f a c t ,  i t  i s  a  good way t o  make s u r e  t h a t  you 
a r e  r i g h t  on t o p  of  t h e  p r o p e r  c u r v e ,  i n  f a c t ,  b e c a u s e  t h a t  
i s  r a t h e r  i n s e n s i t i v e .  The p a n e l  m e t e r  i s  r a t h e r  i n s e n s i -  
t i v e  t o  v e r y ,  v e r y  s m a l l  d i f f e r e n c e s  i n  beam I and i f  you 
d o n ' t  have  a n  a u x i l l i a r y  meter t h e r e ,  you can j u s t  punch 
up on you r  s y n t h e s i z e r ,  f o r  i n s t a n c e ,  4 2 . 9 2 ,  4 2 . 7 2 ,  and 
y o u r  beam I s h o u l d  d e c r e a s e  t h e  same amount i f  y o u  a r e  
r i g h t  on the c e n t e r .  




