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Abstract 
De Marchi a t  the National Institute of Standards and Technology (NIST) per- 

formed an experiment on Hewlett,-Packard cesium (Cs) frecluerlcy ~ t anda rds ,  in which 
he showed tha t  there exist optimum values of the C-field that  xnake the output fre- 
quency insensitive to  variations in microwave power. Moreover, and most i~nportant ,  
De Marchi demonstrated tha t  the long-term stability of the Cs s ta~ldard was improved 
a t  these optimum values of the C-field. 

To see if these results could be obtained with standards made by different manufac- 
turers and having different modulation schemes and Cs tube desig~ls, we performed a 
similar study using a completely automated measurement system on four Cs standards 
made by two other manufacturers. Olir results, similar to  those of De Marchi, showed 
that  there are similar optimum C-field settings in these standards; fiirtherlnore, they 
showed that  it may be more important to tune the nlicrow~ve cavity prcciscly to the 
center C s  resonance frequency (f,,) than it is to sct the C-field a t  an optirnunl value. 
The best procedure of colirse is to  do both, i.e., to  tune the c:lvity to the Cs resonance 
frequency as well as set an optimum C-field. 

INTRODUCTION 

De Marchi has presented experimental evidencc[1~21 on five Hewlct>t,-Packard (IIP) rnodel 1650 dual- 
beam cesium (Cs) frequency standards that confirms that Rabi pull ing and cavity pulling are the 
major transducing effects that turn microwave power varialions into frequency changes. It was found 
that there are C-field values for whid l  the output frequcncy of the Cs st,ariclards is insensitive to 
changes in microwave powcr (P). 

In Fig. 1 is a plot, calculated frorn De Marchi's dat,a['], of the fractional frt:clucncy change for a +I-dB 
change in microwave power as a function of the Zeeman frcqucncy (f,), after thc: C s  beam tube's 
microwave cavity is carefully tuned by maxirrlizing the Cs beam current. It can bc sccn Illat there are 
four Zeeman frequencies (corresponding to four C-field settings) where the change in frequency will be 
zero for a change in microwave power of + I  dB. The peak-tepeak change in fractional frequency over 
the range of C-fields plotted is about 5 x 10-12. The Zeeman frequcncy difference between adjacent 
C-field zero crossings of the Rabi-pulling curve is about 8.9 kHz. The frequency sensitivity at the 39- 
kHz zero crossing is 0.62 x 10-12/k~z  for a f l -dB nlicrowave power change. 13e hlarchilll showed that 



long-term frequency stability was improved by about an order of magnitude if the Zeeman frequency 
was set a t  39 kHz (optimum frequency), rather than at a nonoptimum Zeeman frequency of 53 kHz. 

De Marchi statedill that the results he had obtained on the HP Cs standards should be ". . . at  
least typical for all Cs standards . . ." He cautioned, however, that results obtained on Cs frequency 
standards that used different servo-loop schemes other than sine wave or slow square-wave frequency 
modulation might be somewhat different. Consequently, considerable interest developed to  determine 
if the stability of other Cs frequency standards using diflerent modulation schemes could be improved 
by this technique of optimum C-field setting. Measurements similar to those of De Marchi were made 
in our own laboratory on four Cs standards, from two different manufacturers, that used single--beam 
optics and different modulation schemes. Because the measurements arc very time-consuming, it 
was decided to  automate them completely in order to  maximize the data-taking time available. An 
additional advantage of this automation is that one never has to  make and rcmake microwave power 
connections. 

MEASUREMENT SYSTEM 

The C-field experiment was pcrformed in our laboratory on four Cs frequency standards. These 
standards were modified to allow access to the C-field coil wires and the microwave power source. 
Figure 2 shows the block diagram of the complete measurement system. Rot,h of the parameters that 
are varied, namely the C-field current and the microwave power, are computer controlled; thc current 
is set by a precision constant-current generator and the microwave power is changed by a calibrated 
PIN diode attenuator. Thc entire system is coritrolled by an HP scries 300 computer, which also 
acquires and processes the data. 

Figure 3 is a block diagram of the frequency measurement system. The frequency reference for both 
the Fluke synthesizer and the HP counter is an HP model 5061A-004 Cs frequency standard. Before 
the data are taken, the microwave cavity of the Cs tube must be turicd. Figure 4 shows the block 
diagram of the microwave-cavity tuning measurement system, which rrieasures the return loss of the 
Cs tube's microwave cavity. The microwave tuning is adjusted to obtain a maximum return 1,oss at 
thc resonant frequency (fo) of 9.192631770 GIIz. The microwave power is thcn adjusted to maximize 
the output current from the beam tube. The resulting microwavc power is called thc optimum power 

(Po) - 

A typical data-taking sequence consisted of the following steps: 

I. Set the C-field current a t  some low value (typically 6 to 8 mA) and the microwave power at 
some value (e.g. a t  the optimum value Po). 

2. Measure the beat frequency ovcr some long averaging time T (typically 7000 sec). 

3. Change the microwave power level (e.g. to Po + 1 dB). 

4. Measure the beat frequency ovcr T again. 

5. Increase the C-field current by some programmed amount (typically 0.5 mA). 

6. Measure the beat frequency over T again. 

7. Change the microwave power back to  the initial value. 

8. Repeat steps 2 through 7 until the final C-field current (t>ypically 20 to 25 mA) is reached. 



MEASUREMENT RESULTS 

Figure 5 shows the results of measurements made on the first of four Cs frequency standards after 
the tube's microwave cavity was tuned to fo for changes in the microwave power level of -1, +I, and 
+3 dB. For the -1-dB data,  each point represents the differencc bctween two 7000-sec samples; for 
the +l-dB data,  each point represents the direrence betwccn two 14,000-scc samples; and for the 
-+dB data,  each point represents the difference between two 21,000-sec samples. Each data  point 
is calculated as the difference in output frequency between the frequency at  the higher power and the 
lower power, both of which are normalized to  the nominal output. [n other words, 

ordinate = (f - f L )  J5 A4 H z  

where fH is the average output frequency far the higher rr~icrowave powcr and f L  is the average output 
frequency for the lower microwave power. As Fig. 5 shows, for thc -1-dl3 and -1-dB data  there is a 
zero crossing a t  about 26 kHz, but it is diificult to  see if there are any other zero crossings. For the 
+3-dB data  it is clear that  there are two zero crossings, at  about 25 and 37 kHz. 

Because Dc Marchi, using the TIP Cs frequency standard, had found rr~ultiple zero crossings for a 
+1-dB power change (Fig. I), it was decided to  spend the  tirrle to  make a statistically sign~ficant 
measurement on this first Cs frequency standard for the same T I - d 1 3  change. Figure 6 shows the 
results of this measurement, with each data  p o i n ~  representing thc difference betwccn two long samplcs 
(the error bars represent +2 standard deviations). The sample lengths varied from 30,000 to  210,000 
sec. These data  show distinct zero crossings a t  about 25 and 37 kllz, In agrccrnent with the carlier 
results for the larger power change of 1 3  dB. Thus, by using data for Ihe 3-dU change, it may be 
possible to  shorten greatly the arnount of time it takrs to determ~ne t h e  location of the 1-dB zero 
crossing. This could reducc the data-taking time to  as few ;is two nr three days. 

As Fig. 6 shows, the slope a t  the 37-kHz zero crossing is O.11 x l ~ - ~ ~ , / k H z ,  compared to ttiu slope 
of 0.62 x 10-~~/k11z for the HP standard (Fig. 1). Thus, !or a given departure frorrl the optimum 
Zeeman frequency, the frequency of the first Cs frequency standard would be from five to six times 
less sensitive t o  power changes than would bc that  of the 1IP star~tiarcl. 

The first Cs frequency standard was taken to thc Natlonal Inst11 utct of Standards and Technology 
(NIST) a t  Boulder, Colorado, for an evaluation of the standard's iong-term frequency stability at  C- 
field settings of Zeeman frequencies of 37 kHz (optimum s ~ t t i n g )  a r d  44 kllz (nonoptirnurn setting). 
Figurc 7 shows the Allan standard deviation of the frequrncy star~dard at  44 k H z  and Fig. 8 a t  37 
kHz. R o m  these results we car1 say only that  there was nn ohv~ous irrlprovernent in t,hc long-term 
frequency stability for this standard when it was set at  an optirrlurn C-field sctting. 

The second Cs frequency standard was also a single-beam typc. wiLh the same typc o f  modulation 
scheme as the first. It  was decided that  on this standard we would also rrlrasure the effect of the cavity 
pulling on the C-field curvc. The tube cavity's rct,r~rn loss was meas~~rccl 'i)y means of the mcas~~rcment  
system shown in Fig. 4. Tuning was accomplished by varying t u r j  i ,r~r~ing screws on the microwave 
transition piece a t  the input of the Cs tube. The plot of the return loss of ttie tuner and tubc is shown 
in Fig. 9. Also shown are return losscs for a short -circuit rt:ference and a rnat,chcd termination. The 
cavity was tuned first to the Cs resonance at fo (9.1926333770 GHz). Ctrxnges in output frequency 
for changes in microwave power of 3 dB were then rncasured as a f:lnctlan of the C-field. The cavity 
was then retuned to 12 MIIz above fo and the measrlrcrnrnts arere repeated, after which the cavity 
was tuned to  12 MHz helow fo and the measurements were rcpratr:cl orlce more. Figurc 10 shows the 
results of the three measurements. This clock is especially in trrt,sting because it dcrnonstrated the 
effect of the cavity pulling. It appears that  if the cavity is tuned precisely to fo, the Rabi pulling is 



minimized and there are no clear multiple zero crossings. Also, the slope of the curves is very small 
for Zeeman frequencies above about 35 kHz. The maximum frequency change was about 3.2 x 10-l2 
per +3-dB change in microwave power at  a Zeeman frequency of about 42 kHz. For this particular Cs 
clock we can say that, in order to  minimize the frequency sensitivity to  microwave power variations it 
may be just as important to  tune the microwave cavity properly, perhaps more important than it is 
to set the C-field a t  an optimum value. 

The third Cs frequency standard measured used a single-beam tube having a different modulation 
scheme from the first and second Cs frequency standards that we measured. In this third Cs standard 
we measured the changes in output frequency for a +1 dB microwave power change above Po for the 
cavity tuned at  fo as well as 40 MHz above and below fo. Figure 11 shows the results of the cavity 
tuning on the C-field curves. We note here that the maximum frequcncy offset was about 8 x 10-l1 
per +I-dB power change at a Zeeman frequency of 27 kHz. It is hard to distinguish the effect of 
cavity pulling, because the Rabi pulling dominates the frequency offset for the +1-dB microwave 
power change. In this particular frequency standard, we can see clear zero crossings of the C-field 
curve at  about 24, 47, 68, and 83 kHz. The Zeeman frequency difference between adjacent C:-field 
zero crossings of the Rabi-pulling curve is about 23 kHz. The slope at  the 47-kHz zero crossing is 
0.53 x 10-''/kHz for a +I-dB microwave power change. Because of this high slope, the long-term 
frequency stability should improve if one sets the C-field at a zcro crossing of thc C-field curve. This 
slope compares to  slopes of 0.62 x 10-12/k~z  and 0.11 x 1 0 - 1 2 / k ~ z  for a 1-dB power change for the 
HP standard and the first standard we measured (see Figures 1 and 6). We caution, however, that 
this clock was of a very old design, and thus the results presented here should not be considered as 
typical of that manufacturer's present product. 

The fourth Cs frequency standard was sent to us by one of the manufacturers to determine its C-field 
characteristics; this was a new off-the-shelf production unit. Measrlrcrnents were made to determine 
the effect of microwave cavity tuning on the C-field curve for 20 MHz above and below fo, as well as 
a t  fo, for a i-3-dB microwave power change above Po. Figure 12 shows the plot of the three C-field 
curves. For the C-field curve tuned at fo, the maximum frequency change was about 3.2 x 10-l2 
at  a Zeeman frequency of 39 kHz per 3-dB microwave power change. There werc zcro crossings at 
approximately 30, 64, and 74 kHz. The C-field a t  fo had a shape similar to that found earlier on Cs 
standard number two. The same conclusion can be drawn for this standard as for the second one. 
The factor perhaps more important than the actual C-field zero crossing is the cavity tuning. The 
Rabi pulling is minimal in this particular Cs frequency standard. Also, there is no obvious periodicity 
in the curve, which is in contrast to that found in the HP Cs standard reported on by De   arc hi['], 
or in the third Cs standard that we measured (see Fig. 11) earlier. The cavity pulling dominates the 
frequency changes in this Cs standard. 

INACCURACIES IN THE MEASUREMENT SYSTEM 

Our measurement system introduces three sources of error or uncertainty: ( I )  frequcncy measurement 
errors, (2) C-field current setting errors, and (3) power setting errors. The first error (Fig. 6) has been 
shown to be almost two orders of magnitude below the measurerncnt data. The uncertainty in the 
C-field current setting is probably on the order of parts in lo4 in our laboratory environment over the 
three months during which data were taken; this stability is largely set by the stability of a precision 
film resistor. The third source of uncertainty, the measurement of the microwave power, is the most 
difficult of the three to  assess. Figure 13 shows the measured power at  two levels over 21 days of the 
C-field measurement time. Over a period of about two weeks, scparate stability measurement:{ were 



made on the power meter and its sensor. It was found that  the noise in the rneas~~rement system, as 
measured by the standard deviation, was more than two orders of magnitude below the noise in the 
power measurements, as shown in Fig. 13. The data in this figure were analyzed statistically and, in 
conjuction with the data  in Fig. 6, were used to  calculate the cffccts of these power variations on the 
noise floor of the clock. 

Using the power data from both power levels in Fig. 13, we computed the Allan standard deviation of 
the power as a function of time. We then multiplied this statistic by a power sensitivity coeficient to 
determine the Allan standard deviation of the frequency that  would result from these power changes. 
The power sensitivity coefficient used was 8 x 1 0 1 3 / d ~ ,  which was approxirr~ately the largest value 
measured (see Fig. 6). 

Table 1 presents the results of this analysis. Column 3 is the  Allari starldard deviation of the power 
for time r ,  r being listed in column 1 with the number of data points being listed in column 2. The 
resulting Allan standard deviation of the clock's frequency is given in column 1 for an assurnt:d fi 
dependency of 3.55 x 10-ll/fi and a C-field setting resulting in the sensitivity of an 8 x 10- '~ /dR.  

It was concluded from this analysis of the power data (Fig. 13) that ,  even if the C-field is not set close 
t o  a n  optimum setting, the effect of microwave power changes on the Allan starldard deviatiorls will 
be small for periods of less than a few days. At 2.5 days, the Allan standard frequency deviation that  
is due to the beam tube noise is still about twice what could result from power variations. Thus, if the 
Allan standard deviation of the power stayed about constant, the Allan standard frequency deviation 
due to  the beam tube noise and that  due to  microwave power variations would hc ahout equal a t  10 
days. Figure 14 is a plot of the data in Table 1. 

CONCLUSIONS 

In this paper we have presented experimental results of the C-field experiment of De Marchi on 
four cesium (Cs) frequency standards from two different manufacturers. The results showed that 
in some Cs frequency standards, there were unique zero crossings that  minimized the variations in 
output frequency caused by changcs in microwave power. In one Cs frequency standard, the long-term 
frequency stability was measured a t  one of these zero crossings; howcvcr, thc data did not clearly show 
a significant stability improvement as had been previously tlernonst,ratcd on HP Cs standards. None 
of the other Cs  frequency standards clearly had more than one zero crossing, but they all showed that  
the cavity tuning was effective in minimizing the output frequency variations that were rriicrowave due 
to  power changes. Therefore, to  minimize the effects of microwave power changcs on output frequency, 
one should first carefully tune the microwave cavity to  the Cs resonance frequency and then set the 
C-field to  a minimum or zero crossing of the C-field tuning curve. 
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Table 1 .  Merlsure~nent Data 

Power Data Frequency Data 

Al lan  S t d  . Dev. 

Time No, of [ o p ( d l ,  Allan S t d .  Dev. 3.55 x 10- 11 

( r ) ,  days  P o i n t s  d Bm [ u  ( T )  3 u ( T )  x 8 x 10 -13] 
Y P 

J; 
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Fig. 1.  The Difference i n  t h e  Average F r e q u e n c i e s  f o r  Two Power Levels ( P o  a n d  
Po + 1 d B )  as a Func t ion  of C - F i e l d  i n  an HP 1653 C s  F r e q u e n c y  
S t a n d a r d  . 
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F i g .  2. Block Diagram of  t h e  C - F i e l d  Measurement System for a C s  F r e q u e n c y  
S t a n d a r d  . 
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Fig. 3 .  C i r c u i t  Diagram of  t h e  Single-Mixer Frequency Measurement System Used 
t o  Determine the Fractional Frequency Changes a t  Different C - F i e l d  
S e t t i n g s .  
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Fig. 6.  Average of Final Data of the F i r s t  C s  Frequency Standard an the 
Difference of t h e  Average Frequencies as  a Function of C-F i e ld  f o r  a 
Microwave Power Change of + 1  dB above t h e  Optimum Power Level Po. 
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Fig. 5 .  A P l o t  of t h e  Difference of t h e  Average Frequencies as  a Function o f  
t h e  C - F i e l d  of t h e  F i r s t  C s  Frequency Standard for Three Microwave 
Power Changes ( - 1 ,  + 1 ,  and +3 dB) w i t h  Respect t o  the Optimum Power 
Level Po.  
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F i g .  1 1 .  A Plot of the Difference of' t h e  Average Frequencies as a Function of 
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Fig. 12. A Plot of  the Difference of the  Average Frequencies as a Furlctior~ of 
the  C-Field of t h e  Fourth Cs Frequency Standard Tor Three Microwave- 
Cavity Tuned Frequencies ( f o  and '20 MHz) f o r  a Microwave Power 
Change of +3 dB above the  Opt imum Power Level Po.  
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Fig. 13. A Plot o f  Power Measurements  Made d u r i n g  t h e  C-F i e ld  Expe r imen t .  
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Fig. 14. A Plot of the Calculated C o n t r i b u t i o n  of Microwave Power Changes t o  
t h e  Al l an  Standard D e v i a t i o n  for  Cesium Clock No. 1. 



QUESTIONS AND ANSWERS 

GERNOT WINKLER, USNO: When you tune  the cavity, how did you make sure that the phase 
difference stayed constant between the two cavities? 

MR. KARUZA: We tuned it for the best rnatch, we didn't do anyl,l~irlg with the phase. 

LEN CUTLER, HP: The tuning pretty rrluch has to  he cior~e extel-rlally. In the usual TJ-type Rarrlsey 
cavity the phase shift end-to-end is not affected by the tunir~g. 




