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Abstract
This paper describes a hybrid
(analog/digital) approach to the servo

electronics for the NIST-7 cesium-beam,
frequency standard. A digital servo
system has been added to the existing
analog system to enhance the capabilities
of both servos. The analog servo allows
a 5 MHz oscillator to be frequency locked
directly to the atomic transition
frequency. The digital servo reduces the
frequency perturbations due to changes in
the ambient magnetic field. Also, the
existence of separate servo systems
allows independent measurements of
systematic errors. Design specifications
are given and stability measurement
results are presented.

Introduction

A preliminary evaluation of the NIST-7
optically pumped, primary frequency
standard yielded a preliminary evaluation
with an uncertainty of a few parts in
10™.7 That evaluation was completed with
an analog servo system specifically
designed for NIST-7. In order to obtain
the full design uncertainty of one part
in 10" and adequately address all
potential systematic errors, several new
servo systems, including digital systems,
have been developed. All of these
systems will be used to investigate the
various systematic errors. The digital
and analog systems have been combined to
form a hybrid servo that uses the best
features of both.

Analog Servo

The analog electronic system for NIST-7
employs sine-wave phase modulation,
square-wave demodulation and a second-
order integration filter. The design of
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Figure 1 Block diagram of the analog

servo system.

the beam-tube produces a clock-signal
line Q of just over 10%. To meet the
design uncertainty goal of 1 x 10" and,
thus, a line-center resolution of 10%, a
new modulation technique with second

harmonic distortion below -120 dBc was
developed.? The microwave radiation is
synthesized by direct multiplication from
the local oscillator at 5.006880 MHz (see
Fig. 1). The multiplier is characterized
by a phase noise ¥(1 Hz) = -140 dBc/Hz, a
noise floor S, < =-170 dBc/Hz, 5 MHz
sidebands < -40 dBc and sidebands from
the power mains < -55 dBc. The unbalance
of the power main sidebands has been

shown to be less than -100 dBc. The
spectral purity of the microwave
radiation and the 1low second-harmonic
distortion in the modulator lead to
errors much less than 107', The DC

offsets in the electronics have been
measured by changin% the AC and DC gain
by as much as 2°. No measurable
freguency shifts were observed at the
107" level.

Digital Servo

Digital synthesizers have been adapted
for use in frequency control servos for
cesium frequency standards.? The agility
of a digital servo allows parameters such
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Figure 2 The frequency fluctuations of

the Zeeman transition under
open-loop and closed-loop
conditions.

as the C field to be under closed-loop
control. The NIST-7 digital servo uses a
hydrogen maser as a reference frequency.
A low phase-noise synthesizer developed
at NIST* is wused to generate the
microwave interrogation frequency. A
slow square-wave modulation technique is
used to probe the central Ramsey peak and
determine line-center. The difference
between the line-center frequency and the
maser frequency is logged by a computer
for subsequent analysis. Care has been
taken to reduce frequency pulling
introduced by spurious components of the
microwave spectrum that are coherent with

the slow square-wave modulation. NIST-7
employs a longitudinal c-field.
Consequently, there is a slight
sensitivity to changes in the ambient
magnetic field due to the reduced

effectiveness of the magnetic shields in
the longitudinal direction. Figure 2
shows the variation of the Zeeman
frequency (and the resulting fractional
frequency change of the clock transition)
due to changes in the ambient magnetic
field. For times less than about 80 000
seconds, the figure shows typical changes
in the Zeeman frequency due to a diurnal
variation in the local east-west
component of the terrestrial magnetic
field. This variation is due to an
interaction of the solar wind with the
Earth's ionosphere. These data show that
this diurnal fluctuation in the ambient
magnetic field can give rise to a
fractional frequency change of a couple
parts in 10%. This is twice the
uncertainty goal for NIST-7. These
frequency fluctuations have been reduced

663

|
. ° Analog Servo
Digital Servo RF switch e
5 MHz Out
— ' 3z -
Oven = - .
Solenoid ‘Q
Fluorescence
Detector
Optical Pumping
Laser Probe Laser
Figure 3 Block diagram of the hybrid

servo system.

using a C-field servo, which was
implemented using the computer-controlled
digital synthesizer. The frequency
agility of the digital servo allows
monitoring of a field-sensitive
transition. The computer uses these data
to provide closed-loop control of the C
field by adjusting the current in the C
field solenoid. Figure 2 shows the
performance of the C-field servo for
times greater than about 90 000 seconds.
Fractional frequency changes in the clock
transition due to fluctuations in the
ambient magnetic field have been reduced
to a few parts in 10",

Hybrid servo

The analog servo has a higher modulation
rate and, thus, is less sensitive to 1/f
noise present in the system than the slow
digital servo. The digital servo has the
ability to provide closed-loop control of
the C-field, which is not possible for
the present analog servo system.
Therefore, a hybrid servo system has been
developed. Figure 3 shows the hybrid
servo block diagram. A switch controls
the RF input to the Ramsey cavity,
selecting either the analog or the
digital servo. The output power level of
these +two sources has been closely
matched. First, the analog servo

interrogates the central Ramsey peak and
steers a 5 MHz oscillator to its center.
Next, the digital servo interrogates the
Zeeman frequency and controls the C
field. Finally, the analog servo regains
control and continues to probe the Ramsey
peak. The 5 MHz oscillator is free
running during the digital interrogation
interval; therefore, the digital servo
should perform its operation in a time
that is small compared to the
interrogation interval of the analog
servo. The time required by the digital
servo is less than one second, which does
not significantly degrade the stability



of the quartz oscillator. Both the
analog and digital portions of the hybrid
servo monitor the atomic beam
fluorescence. The digital servo does not
digitize this signal while the analog
servo is operating. However, the analog
servo must be electronically disconnected
from the beam tube while the digital
servo is running. This is necessary
because the fluorescence generated by the
slow square-wave frequency modulation of
the digital servo can degrade the open-
loop stability of the analog servo.
Similarly, switching transients occurring
during the removal of the fluorescence
signal can degrade open-loop stability.
This is a result of the design of the
dual-integrator, frequency-control loop.
A switching transient can generate a non-
zero error (briefly) which drives the
output of the first integrator to some
non-zero, constant voltage. Since the
analog servo is open loop, the output of
the second integrator will grow linearly
with time, introducing a linear frequency
drift. The upper trace of figure 4 shows
the frequency drift of the analog servo
under open-loop conditions when the
fluorescence signal is disconnected at
some arbitrary point in its modulation
cycle. The slope of the linear frequency
drift can be reduced dramatically if the
fluorescence switch timing is phase-
locked to the 49 Hz phase modulation
clock of the analog servo. Figure 5
shows the timing diagram of the improved
system. The time delay, At, from the
falling edge of a synchronization marker
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Figure 5 The timing diagram for the

hybrid servo switch controls.

to the activation of the fluorescence
switch can be adjusted with a resolution
of 100 microseconds. This permits fine
adjustment of the switching transients
and the virtual elimination of the
frequency drift of the analog servo while
open-loop. The lower trace of figure 4
shows that the residual frequency
fluctuations of the analog serve have
been reduced to nearly the noise floor of
the measurement system. Furthermore,
figure 6 indicates that the
implementation of the hybrid servo has
not significantly degraded the short-term
frequency stability of the analog servo.
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hybrid servo.



Conclusion

Using a digital frequency control servo,
we have found that active control of the
C field is necessary in order to achieve
the frequency uncertainty goal for NIST-
7. A hybrid digital/analog servo has
been designed and implemented. This servo
suppresses frequency fluctuations due to
the second order Zeeman effect to a few
parts in 10" without significantly
degrading short-term stability. This
hybrid servo also interrogates the
central Ramsey peak at a high modulation
rate, thus avoiding potential 1/f noise.
The addition of the digital servo to the
existing analog servo system has reduced
the uncertainty and has helped facilitate
the systematic error analysis.
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