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I. INTRODUCTION

In a study of three cesium (Cs) frequency standards, Andrea De Marchi
of the United States National Institute of Standards and Technology (NIST)
has presented d‘:-n:a1’2 that show one can improve the long-term frequency
stability of such standards by selecting a value of Zeeman frequency
(C-field) that reduces the standard's frequency sensitivity to variations
in microwave power,

For example, Fig. 1, which is calculated from De Marchi's data,1 is a
plot of the fractional frequency change for a +1-dB change in microwave
power as a function of the Zeeman frequency (fz). It can be seen that
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 +1 dB. The peak-to-peak change in fractional frequency over the range
of C-fields plotted is about 5 «x 10'12 for this particular standard.

De Marchi demonstrated that there was an improvement in the long-term
frequency stability of the standard as measured by oy(r), the Allan
standard deviation, when the Zeeman frequency was set at these optimum
values. Figures 2 and 3 from De Marchi's data! show Oy(T) as a function
of 1 for the two Zeeman frequencies of 53 and 39 kHz, respectively, with
39 kHz being an optimum frequency. It is clear that there is an improve-
ment in the long-term frequency stability if the C-field value is set at
39 kHz.

De Marchi stated’ that the results he had obtained on these Cs stand-
ards should be " ., . . at least typical for all commercial 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, consider-
able interest developed to determine if the stability of other Cs frequency
standards using different modulation schemes could be improved by this
technique of optimum C-field setting. Measurements similar to those of
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Fig. 2. The Measured Allan Standard Deviation of a Commercial Cs
Frequency Standard at a Power-Sensitive C-field Setting of 53
kHz. Data are taken from Ref. 1.
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De Marchi were made in our own laboratory on a different manufacturer's Cs
standard that used a different modulation scheme. Because the measurements
are 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 remake microwave power
connections.
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II. MEASUREMENT SYSTEM

The C-field experiment was performed in our laboratory on a different
manufacturer's commercial Cs frequency standard that used a square-wave
phase-modulation scheme. The standard was modified to allow access to the
C-field coil wires and the microwave power source. Figure 4 shows the
block diagram of the complete measurement system. Both of the parameters
that are varied, namely the C-field current and the microwave power, are
computer controlled; the current is set by a precision constant-current
generator and the microwave power is changed by a calibrated PIN diode
attenuator. The entire system is controlled by an HP series 300 computer,

which also acquires and processes the data.

Figure 5 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 tuning adjustments in the standard and the microwave power are
varied to maximize the output current from the beam tube. The resulting
microwave power is called the optimum power (P,).

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

1. Set the C-field current at some low value (typically 6 to

8 mA) and the microwave power at some value (e.g. at the

optimum value P,).

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

3. Change the microwave power level (e.g. to P, + 1 dB).
4, Measure the beat frequency over 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
(typically 20 to 25 mA) is reached.

13
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Fig. 4. Block Diagram of the C-field Measurement System for a Cs
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The system uses a digital computer as a
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Figure 6 shows a plot of the noise floor of the frequency measurement
system and a plot of the frequency stability of the commercial Cs frequency
standard used in our measurements.
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IIT1. MEASUREMENT RESULTS

Figure 7 shows the results of measurements made for changes in
microwave power level of -1, +1, and +3 dB. For the -1-dB data, each point
represents the difference between two 7000-sec samples; for the +1-dB data,
each point represents the difference between two 14,000-sec samples; and
for the +3-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. In other words,

ordinate = (fH - fL)/s MHz

where ?H is the average output frequency for the higher microwave power

and fL is the average output frequency for the lower microwave power. As
Fig. 7 shows, for the +1-dB and -1-dB data there is a zero crossing at
about 26 kHz, but it is difficult to see if there are any other zero cross-
ings. For the +3-dB data it is clear that there are two zero crossings at
about 25 and 37 kHz.

Because De Marchi had found multiple zero crossings for a +1-dB power
change (Fig. 1), it was decided to spend the time to make a statistically
significant measurement on our commercial Cs frequency standard for the
same +1-dB change. Figure 8 shows the results of this measurement, with
each data point representing the difference between two long samples (the
error bars are $2 standard deviations). The sample lengths varied from
30,000 to 210,000 sec. These data show distinct zero crossings at about 25
and 37 kHz, in agreement with the earlier results for the larger power
change of +3 dB. Thus, by using data for the 3-dB change, it may be
possible to shorten greatly the amount of time it takes to determine the
location of the 1-dB zero crossing. This could reduce the data-taking time
to as few as two or three days.

19
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As Fig. 8 shows, the slope at the 37-kHz zero crossing is 0.11 x
10'12/kHz, compared to the slope of 0.62 x 10~12/kHz for the standard
measured by De Marchi (Fig. 1). Thus for a given departure from the
optimum Zeeman frequency, the frequency of our commercial Cs frequency
standard would be from five to six times less sensitive to power changes
than would be that of the HP standard. We caution that these data are for
a small sample of clocks (three clocks in De Marchi's case and one from
another manufacturer in our case), and may or may not be typical.

On October 11, 1988, our commercial Cs frequency standard was taken to
the National Institute of Standards and Technology (NIST) at Boulder,
Colorado, for an evaluation of the standard's long-term frequency stability
at C-fields corresponding to Zeeman frequencies of 44 and 37 kHz,
respectively, with 37 kHz being an optimum frequency. Figure 9 shows the
long-term frequency stability data measured by NIST for the nonoptimum
Zeeman frequency of Ui kHz, and Fig. 10 shows these data for the optimum
Zeeman frequency of 37 kHz. The confidence intervals shown for both
measurements are 95%. When Figs. 9 and 10 are compared, it is not
statistically possible to say whether or not there is any improvement in
long-term stability (as was clearly demonstrated for the clock in Figs. 2
and 3) as a result of setting the Zeeman frequency to the optimum value of
37 kHz. If anything, for the 37-kHz case it appears that the
Oy(T) has reaéhed a floor of about 3 « 1013 for ¢ > 106. We are presently
in the process of making similar measurements on Cs frequency standards
made by other manufacturers.
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IV. INACCURACIES 1N THE MEASUREMENT SYSTEM

Our measurement system introduces three sources of error or uncer-
tainty: (1) frequency measurement errors, (2) C-field current setting
errors, and (3) power setting errors. The first error, as shown in Fig. 6,
has been shown to be almost two orders of magnitude below the measurement
data. The uncertainty of the C-field current setting is probably on the
order of parts in 10“ 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 11 shows the measured power over 21 days of the C-field
measurement time. Separate stability measurements were made on the power
meter and head over about two weeks; it was found that the noise in the
measurement 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. 11. The data in this figure will be analyzed statistically and, in
conjunction with the data in Fig. 8, will be used to calculate the effects
of these power variations on the noise floor of the clock. The results of
this effort will be published later.
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V. CONCLUSIONS

The C-field experiment of De Marchi was performed on a commercial Cs
frequency standard that used a square-wave phase-modulation scheme. The
changes in microwave power level relative to the optimum power level (the
power level that gives maximum beam current) were from -1 to +3 dB. The
results showed that there were two optimum C-field levels that minimized
the variations in output frequency caused by changes in microwave power.
The Cs frequency standard was sent to NIST to determine if setting the
C-field to this optimum (power-insensitive) value would improve the
long-term frequency stability of the standard.

The data thus far do not show, within the statistical errors, that the
long-term stability is improved by setting the C-field to an optimum
value. Whether or not the measurements will be continued at NIST has not
been decided as of the date of this report.

We must caution that the interpretation of our results is based on a
study of only a single Cs frequency standard made by a single manufacturer,
To confirm our preliminary findings, it is necessary not only to measure
other standards of the type tested, but also those of other designs, with
different modulation and servo-loop schemes, made by other manufacturers.
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