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Abstract—This work presents preliminary results towards
the evaluation of the NIST-F4 cesium primary frequency
standard. We present measurements of NIST-F4 frequency
instability and evaluation of some of its systematic frequency
shifts and shift uncertainties.
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1. INTRODUCTION

Cesium atomic fountain clocks [1] are the most accurate
primary frequency standards, some reaching frequency
instabilities below the 107'3/y/t level (with 7 the
measurement time in seconds) and accuracies at the low-10716
level [2-5]. Such performance requires careful evaluation and
correction for multiple effects leading to frequency shifts. We
report preliminary analysis of the NIST-F4 frequency
instability and present evaluation of the quadratic Zeeman,
blackbody radiation, and collisional frequency shifts and their
uncertainties.

II. BRIEF DESCRIPTION OF NIST-F4

NIST-F4 uses optical molasses cooling of cesium atoms
[1]. A Ti:Sapphire laser provides light for laser cooling and
detection, and a Distributed Bragg Reflector laser provides
repumping light. The vertically launched atom cloud passes
through a set of microwave cavities for atom state preparation
and Ramsey sequence interrogation. The microwaves are
generated from an Oven Controlled Crystal Oscillator
(OCXO) phase-locked to one of NIST’s hydrogen masers
using a home-built microwave synthesizer [6]. The
microwave synthesizer supports a short-term instability of
approximately 10713 at one second, determined by the phase
noise of the OCXO. In normal operation, NIST-F4 uses three
independent frequency servos for frequency measurements,
atomic collisional shift estimation using high- and low-density
cloud configurations, and bias magnetic field frequency
measurement for online monitoring of the quadratic Zeeman
frequency shift of the clock transition. In-vacuum temperature
measurements of the structure surrounding the atoms provide
information about the blackbody radiation (BBR) shift
experienced by the atoms during a measurement campaign.

III. FREQUENCY EVALUATION

During a frequency evaluation, the control program of
NIST-F4 [7] modulates and tunes a 7.368 MHz frequency
synthesizer in the microwave synthesizer chain to bring the
mixed 9.192 GHz microwave frequency to resonance with the
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cesium clock transition (for high- and low-density modes of
operation) or to a magnetically sensitive microwave transition
(for magnetic field measurement). The control program
alternates the servos in a duty cycle that minimizes the
frequency measurement uncertainties and tracks possible
drifts in the bias magnetic field. The fountain frequency
instability in high- and low-density operation is determined by
roughly equal contributions from OCXO phase noise and
detection noise. The detection noise is dominated by quantum
projection noise resulting from the limited number of detected
atoms [1]. The servo that tracks the frequency of the
magnetically sensitive microwave transition is activated
approximately once an hour and determines the transition
frequency to within +0.1 Hz in less than 30 s.

IV. MICROWAVE CAVITIES

The identical state selection and Ramsey microwave
cavities of NIST-F4 [8] were machined from oxygen-free
copper. The Ramsey cavity (see Fig. 1) has a Q-factor of
2.85 x 10%, 10 percent below a prediction by finite element
simulations [9]. The microwave field in the cavity can be
delivered via four independent feeds for suppressing
distributed cavity phase (DCP) shifts [10].

A portion of the microwave-feed network for balancing the
four independent feeds in amplitude and phase is shown in
Fig. 2. The microwave-feed distribution network allows us to
equalize the microwave amplitudes to below 0.1 dB and the

Figure 1. Body of the Ramsey microwave cavity. For scale, the diameter of
the central bore is 43 mm.
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Figure 2. Microwave-feed network for two feeds. A copy of this system is
used to drive the other two feeds for the Ramsey cavity.
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Figure 3. Transition probability as a function of microwave power for each
individual feed after balancing each arm in the network by fine-tuning the
attenuation. The maximum difference in transition probability between the
four feeds shown is 0.027 over the full scan. Near normal operating power
(first maximum), the transition probability due to individual feeds agree to
better than 0.005.

microwave phases to below 100 prad. The amplitude is
balanced by measuring the Rabi flopping of the atomic
transition probability resulting from activating feeds one at a
time and scanning the output power of the Ramsey
microwave synthesizer, as shown in Figure 3.

V. FREQUENCY INSTABILITY

In high-density mode, we measure an instability of 1.6 X
10713 //7, limited partially by detection noise and partially
by the phase noise of the OCXO-based local oscillator [6]. By
driving the microwave chain with a photonic oscillator [11],
we achieved a short-term frequency instability of 1.1 X
1073 /y/T up to T = 20 s. At longer averaging times, the drift
of the free-running photonic LO begins to limit the frequency
stability.

At short averaging times, the phase noise of the photonic
oscillator is more than an order of magnitude better than the
OCXaO, so this experiment allows us to cleanly separate the
phase noise due to our usual local oscillator from the fountain
detection noise. Measurements of the Allan deviation, g,, (1),
of the fountain operating in high-density mode using the
OCXO (red symbols) and using the photonic oscillator (green
symbols) are shown in Figure 4.
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Figure 4. Allan deviation using OCXO phase-locked to a hydrogen maser
(red open symbols) and the free-running photonic oscillator (solid green
symbols). The drift visible in the data taken with the OCXO after 10* s is
due to the hydrogen maser which provides the frequency reference for the
fountain synthesis chain [6].
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Figure 5. Typical variation of the quadratic Zeeman and blackbody
radiation shifts as a function of time. The 1-c intervals and the mean value
of each shift over the measurement campaign are indicated by the shaded
region and the dashed lines. The 1-c intervals combine statistical and
systematic uncertainties. For the Zeeman shift, the two components of the
uncertainty have similar magnitude. For the BBR shift, the uncertainty is
dominated by the systematic component due to the preliminary estimate of
the temperature sensor accuracy.

VI. COLLISIONAL SHIFT

The measured frequency difference between the two
modes of operation, as well as the detected total atom numbers
are used to quantify the atomic collisional shift as a function
of the total atom number assuming that the shift depends
linearly on the detected atom number [1]. The collisional shift
in high-density is typically at the 1x10'% level. A 10 percent
systematic uncertainty is assigned to the shift value.

VII. QUADRATIC ZEEMAN AND BLACKBODY RADIATION SHIFTS

124

During a frequency evaluation campaign, the magnetic
field inside the fountain and the temperature of the apparatus
must be monitored to correct for the quadratic Zeeman shift
and the blackbody radiation shift. Typical shifts observed in a
recent measurement campaign are shown in Fig. 5.

The fountain control software performs frequency
measurements of the magnetically sensitive microwave
transition |F = 3,mp = =1 - F = 4,m; = —1), providing
information about the average bias magnetic field experienced
by the atoms. The measurement instability and the field



inhomogeneity along the atomic cloud trajectory lead to a
quadratic Zeeman shift uncertainty of 2x10°'7 [12].

The ambient temperature is periodically measured with an
in-vacuum calibrated platinum resistance temperature
detector (PT100). The sensor is mounted in vacuum on the
drift tube of the fountain. A preliminary, conservative estimate
of the temperature measurement accuracy of 0.2 K results in a
blackbody shift uncertainty of 6x10-17 [13-14].
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