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Accuracy Evaluation and Stabi'ity of the
NBS Primary Frequency Standards
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Abstract—The National Bureau of Standards has two primary
standards for frequency and the unit of time. They are both cesium
devices and are designated NBS-4 and NBS-5. The design of NBS-5
is discussed in detail, including its relationship to its predecessor
NBS-III, and a brief description of NBS-4 is given. NBS-4 and
NBS-5 have been used since January 1973 for a total of twelve
calibrations of the NBS Atomic Time Scale.

The application of pulsed microwave excitation, and the use in
the accuracy evaluations of frequency shifts due to known changes
in the exciting microwave power are discussed. Measurements of
the atomic velocity distributions are reported.

A stability of 9 X 107 derived from the comparison of NBS-4
and NBS-5 is reported for averaging times of 20 000 s, and data on
accuracy are given. Results obtained to date give an evaluated
accuracy of 1-2 X 10~!3 with indications that this accuracy may be
improved in the future.

The bias-corrected frequencies of NBS-4 and NBS-5 agree to
within (1 + 10) X 10-1® with the value obtained for NBS-III in
1969—which value is preserved in the rate of the NBS Atomic Time
Scale.

INTRODUCTION

primary cesium-beam frequency standard serves to

realize the unit of time, the second, in accordance
with the international definition as formulated at the
XII General Conference of Weights and Measures in
1967 : “The second is the duration of 9 192 631 770 periods
of the radiation corresponding to the transition between
the two hyperfine levels of the ground state of the cesium-
133 atom.” The realization of an output frequency from
a real device involves several steps of physical and tech-
nical processing which may cause a frequency deviation
of the output frequency from the unperturbed atomic
transition frequency. The magnitude of each such bias can
be evaluated with the aid of experiments and theoretical
considerations. However, these biases are not known
exactly. The magnitude of these uncertainties depends on
the degree of theoretical understanding as well as on the
precision with which experimental parameters can be
measured. This precision depends on two things. One
is the design and construction of the cesium-beam tube
and electronics of the primary frequency standard; the
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other is the frequency stability of the reference standard
used in the evaluation of the primary standard. The com-
bined uncertainty of all biases is referred to as the accuracy
of the frequency standard. :

The experience gained with NBS-III indicated that the
main internal limitations for accuracy, in addition to
significant electronics problems, were the magnetic field,
in particular its homogeneity and stability, the second-
order Doppler effect, and the cavity phase-angle dif-
ference (large for NBS III) [1]. The principal external
limitation to accuracy was lack of a suitable high perform-
ance standard against which to measure for evaluation of
the various parameters of the primary standard. It was
possible, for example to evaluate NBS-III to 5 X 10—
[17, using various types of commercial standards at NBS.
The development of both NBS-4 and NBS-5 was initiated
in late 1965 and early 1966,! with the intent to improve
significantly both the accuracy and stability.

NBS-5 was designed with an accuracy goal of 1 part in
108, To facilitate accuracy evaluations, designs of both
NBS-4 and NBS-5 also aimed at improving the frequency
stability by at least one order of magnitude. This stability
is basically governed by the available atomic beam in-
tensity and the resonance line Q. The stability for 1 s
sampling time of NBS-III was 1.2 parts in 10 The
stability of either NBS-4 or NBS-5 is limited by shot
noise of the detected cesium beam itself. The NBS-4
fractional frequency stability can be characterized by
oy = 1.5 X 102,712 gnd the NBS-5 stability by o, =
8.5 X 10~37-12 where g, is the square root of the Allan
Variance and r is the sample time (1s < 7 < 10*s). The
g, values are for each primary standard by itself, and were
derived from actual intercomparisons of NBS—4, NBS-5
and new, low-noise commercial quartz-crystal oscillators.

THE NBS-5 BEAM TUBE

A photographic view of NBS-5 with all electronics is
depicted in Fig. 1. For comparison, a photograph of
NBS-III is shown in Fig. 2. The complete NBS-5 system

1 NBS-4 was constructed in a joint effort by NBS and the Hewlett—
Packard Company. A contract was awarded to Hewlett—Packard to
aid in the development. This cooperative effort involved construction
and assembly by personnel from both Hewlett-Packard and NBS.
This device, however, was not originally intended to be used as a
primary cestum-beam frequency standard. New techniques, however,
coupled with its design quality and high stability, permit its use as a
primary standard (2]. NBS+4 and NBS-5 will continue to be used as
primary frequency standards for measurements involving the NBS
Atomic Time Scale. NBS-III was totally dismantled in 1970, and
parts of its vacuum system are used in NBS-5.
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Fig. 1. NBS-5. All electronic systems are shown.

Fig. 2. NBS-IIL Frequency-lock electronic systems' are not shown.

has a length of about 6 m overall. The vacuum system is
basically a stainless steel tube, 25 em in diameter, and is
evacuated by three 200 1/s ion pumps which can be closed
off with valves for servicing of the pumps.

Fig. 3 gives a schematic view and a comparison of the
beam alignments in NBS-5 and NBS-III. In contrast to
the NBS-III design, a beam stop at the exit of the first
NBS-5 magnet is used to reduce background due to fast
atoms reaching the detector along the line of sight. This
location for the beam stop gives both maximum filtering
of fast atoms with minimal effect on slower atoms and
minimum cesium deposition on the inner walls of the
cavity. Such deposition can lead to a variable phase angle
difference between the interaction regions and to attendant
frequency fluctuations [1]. Also indicated in Fig. 3 are
the two limiting trajectories of the highest and lowest
velocities of atoms (originating from a particular col-
limator opening) which successfully reach the detector.
In the drawing, it is assumed that transitions are induced
in the cavity region which cause a change of state in all
the atoms. The figure gives the trajectories of useful?
atoms leaving the oven in only one of the two atomic

1 Useful atoms are those which both undergo the (F = 4, mp =
0) < (F = 3, mp = 0) transition and also reach the detector.
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NBS-S BEAM OPTICS

NBS-III BEAM OPTICS U
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Fig. 3. Beam optics comparisons of NBS-5 and NBS-III. Scales
are in centimeters. Cavity and center slit apertures together with
NBS-5 beam stop are designated by vertical lines. Magnet gaps
are represented by unclosed rectangles, while detectors are shown
by closed rectangles. Collimator for NBS-5 is series of dots, while
uncollimated source for NBS-III is unclosed rectangle.

«0.5 p~

states which participate in the transition. The other state
is also utilized (but not shown) and has corresponding
trajectories, starting below the optical axis of Fig. 3, and
then crossing over at the center aperture of the tube. The
center aperture thus is reasonably well located at the
crossover of the trajectories of all velocities for the two
states.

The cavity and magnetic shield structures are shown
schematically in Fig. 4. The basic C-field design is similar
to that of NBS-4 (although NBS-4 has no Armco shield),
and is attributable to and patented by Lacey et al. [3].
The cavity and magnetic shields are located inside of the
vacuum system in order to assure mechanical stability and
to reduce thermal effects. The length of the Ramsey-type
cavity is 3.74 m. One of the most critical parameters of
the beam tube is the phase angle difference between the
two interaction regions of the cavity. For the first time at
NBS, this parameter was carefully trimmed before as-
sembly of the tube. The trimming was done by separate
measurements of the cavity components: interaction re-
gions, arms, and E-plane tee. The testing and further
corrective actions continued during the assembly of these
cavity components. The electrically measured cavity phase
angle difference was less than 1 mrad at the time of final
assembly. This phase difference has not been adjusted
since the assembly of NBS-5.

The magnetic-shield package consists of three separate
magnetic shields: two of a box-like structure containing
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Fig. 4. Cross section scale drawing of NBS-5 beam tube. Dimen-
sions are in inches. Cavity structure, aluminum support structure,
and magnetic shields are all electrically insulated from one an-
other except at the cavity feed. There they are all joined elec-
trically to one point which is system ground. Baffle shield (and
its windings) serve to shield beam from opening through which the
cavity feed passes. Baffle shield and its windings are approxi-
mately 76 cm in length. Innermost rectangular molybdenum-—~
pexl-mall?ly shield and windings define the C-field region of 427 em
in length.

the microwave cavity; the third outer shield of a eylindrical
design. The shields, microwave cavity, and vacuum system
are all electrically insulated from one another except at
the center of the beam tube where all are joined at one
point which is the system ground. Fig. 5 depicts the
structures before final assembly. The typical operating
field is about 4.8 A/m (60 mOe), and a field homogeneity
of better than 1-percent peak-to-peak along the tube axis
was measured with a field probe after assembly.

The deflection magnets are shown in Fig. 6. They have
a length of 35 cm and a gap of 1.2 em (measured at the
center). The pole-tip configuration reproduces a two-wire
field, and the peak field strength at the pole tip is about
0.93 T (9.3 kG). Trimmers are located on the cavity side
of the magnets and are carefully adjusted to assure a
smooth transition (in strength as well as orientation) from
the high magnetic field of the magnet through the mag-
netic-shield end caps into the shielded cavity region, thus
avoiding Majorana effects. The beam tube permits an
atomic beam to traverse the path through the cavity in
either direction. Each end of the beam tube is equipped
with identical magnets and oven-detector combinations.
For beam reversal the beam stop, shown in Fig. 3, can be
withdrawn and a second beam stop can be inserted at the
other magnet. This capability of beam reversal was in-
troduced in order to provide the system with the capability
of an additional measurement of the cavity phase-dif-
ference bias: the frequency bias changes sign if the beam
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Fig. 5. View of NBS-5 microwave cavity /magnetic shield package
before final assembly. Cylinder on left is outer shield ; the box-like

structure on right comprises the two inner shields and contains
microwave cavity. (See Fig. 4.)

Fig. 6. View of one of NBS-5 dipole magnets. Gap-width 1.2 cm.
Pole tips and return ring are soft iron; magnetic drivers, between
pole tips and return ring, are Alnico-5.

Fig. 7. View of oven/detector systems from both ends of NBS-5
beam tube, before final assembly. System on left is adjusted for
“oven-mode,’”” one on right for “detector-mode.”

traverses the cavity in the opposite direction. The oven-
detector combination, depicted in Fig. 7, is arranged in
such a way that it can be adjusted in the deflection plane
of the atomic beam, perpendicular to the beam axis; in
addition, the oven can be aimed independently at different
angles. The oven can accept ampules filled with up to
8 g of cesium. The collimator of the oven is an array of
about 500 separate channels producing a beam with a
rectangular cross section of 2 mm X 9 mm. With an oven
temperature of 100°C, the projected beam intensity at the
detector is approximately 108 atoms per second, The
ionizer is composed of 90-percent Pt and 10-percent Ir and
is a ribbon 0.025 mm in thickness and 4.06 mm in width.
This ribbon operates at a temperature of 950°C.
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The ionizer ribbons can be heated to this temperature
in air and then later used successfully without failure in
the beam tube. Indeed no ionizer failures have occurred
in NBS-5 during its one and one-half year life of nearly
continuous operation. This improved ionizer performance
has been a major factor in reduction of down-time com-
pared with the NBS-III system. Because of the relatively
high beam intensity (15 pA) and the high purity of the
platinum ribbon (total background current is of the order
of 0.1 pA), no mass spectrometer and electron multiplier
are employed. Instead, a field-effect transistor is mounted
in close proximity to the detector. The detector signal is
processed in low-noise preamplifiers external to the beam
tube. As designed, if one end operates in the “oven’” mode

-the detector is moved aside; however, if that end is used
in its “detector’” mode, the detector can move in front of
the oven. At the same time, a carbon getter plate baffles
the oven collimator (see Fig. 7). Lowering the oven
temperature to approximately room temperature at this
end also reduces its output. There have been some prob-
lems with the beam reversal system as designed due to
cesium contamination; consequently, modifications are
being made to improve performance in this area.

THE NBS-4 BEAM TUBE

A view of NBS-4 with electronics systems is shown in
Fig. 8. The NBS-4 beam tube has an overall length of
about 1.5 m, with a Ramsey cavity interaction length of
52.4 ecm. The vacuum system is a stainless steel tube,
about 25 em in diameter, and is evacuated by a single
140 1/s ion pump. Operating pressure is typically 2.7 X
107 N/m? (2 X 10~ torr).

Fig. 9 gives a general schematic view of the beam optics
design of NBS-4. This design utilizes an offset geometry,
and as a result, beam stops and a center alit (as used in
NBS-5) are not necessary for filtering very high velocity
atoms. In general, atoms reaching the detector may make
a transition only in one direction between the (F = 4,
mp = 0) and (F = 3, my = 0), hyperfine levels.

The cavity and magnetic shield structures for NBS-4
are similar to those shown in Fig. 4, although dimensions
are different. Neither an aluminum support structure nor
an Armeco shield is used. As in NBS-5 the phase angle
difference between the two interaction regions of the cavity
was carefully trimmed to be less than 1 mrad before
assembly of the beam tube.

The deflection magnets are of a dipole design, with a
length of 8.9 em and & gap of about 0.6 cm. The peak field
strength at the convex pole tips is about 1.5 T (15 kG).
Trimmers are located on the cavity side of each magnet,
and are carefully adjusted to assure a smooth transition
(in field strength as well as field orientation) from the
high magnetic field of the magnet through the magnetic
shield end caps into the shielded cavity region, thus
avoiding Majorana effects. Uncertainties due to the
C-field related biases cause a total contribution to in-
accuracy of less than 5 X 10~ This is also true for NBS-5.
The microwave spectrum is re-checked infrequently, since
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Fig. 8. NBS-4 beam tube. Cesium oven is inside left end bell, while
cesium beam detector is inside right end bell. Low—nmse field-
effect transistor (operating as source follower) is mounted in
connector (on the right end) just outside of vacuum flanges. All
electronics systems and vacuum pump are supported by frame
below the beam tube.

NBS-4 GEOMETRY
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Fig. 9. Schematic drawing of NBS-4 beam tube geometry. Scales
are in centimeters. M%gnet pole tip locations are represented by
unclosed rectangles. Cavity apertures and ionizer ribbon are
indicated by straight lines. Collimator openings are represented
by row of circles (not to scale). Solid line from collimator to
ionizer is intended only to show possible trajectory taken by
useful? atom.

the C-field parameters are very stable over long periods
of time. Indeed over a month’s time the frequency offset
of the (F =4, mp = £1) - (F =3, mg = +1) field
sensitive transitions which are used to calibrate the C-field
bias, changes only about 2 Hz. This amounts to an error
in the frequency of the (F = 4,mz = 0) < (F = 3, mp =
0) transistion of only 1.6 X 10—, Even though these
changes are small, and are due in large part to the C-field
current source, they are properly accounted for in all
frequency calibrations.

It is possible to reverse the beam in NBS-4; however,
this can only be done by opening the vacuum chamber
and demounting the oven/A magnet assembly and inter-
changing it with the detector/B magnet assembly. Some
rewiring is necessary as well. Since this is a fairly long
procedure, and since beam reversal data have been ob-
tained and evaluated from NBS-5 (in the light of the
pulse method and power-shift method [27), the beam has
not been reversed in NBS-4. However, independent ac-
curacy data on NBS-4 were obtained solely by the power-
shift method. Also, beam reversals which permit the
vacuum system to be opened to the atmospheric environ-
ment can lead to errors in the determination of the cavity
phase shift bias [1]. NBS-4 has some unique features which
will permit evaluation of cavity phase-shifts possibly
occurring over the beam cross-section [4], [5]. These
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experiments will be pursued in the near future, since the
more conventional evaluation phase is completed for
NBSH4.

The ionizer and collimator in NBS—4 are very similar to
those in NBS-5; however, the cesium oven charge in
NBS-4 is about 1 g. This will provide over one year of
continuous operation at signal intensities of about 10%

atoms per second at the detector (at an oven temperature
of about 100°C). To date, NBS-4 has been operated for
about seven months on its first oven charge.

A more complete discussion of the detailed design of
NBS-4 is planned in a future publication.

ELECTRONICS SYSTEMS AND
FREQUENCY STABILITY

The microwave signals for both NBS-4 and NBS-5 are
obtained from erystal oscillators at a basic frequency of
5006 880 Hz, a subharmonic of the cesium transition
frequency. In the electronic system of Fig. 10, which is
applicable to either standard, the oscillator drives an
associated low-noise multiplier chain which in turn drives
a step recovery diode producing a signal at the cesium
resonance frequency with a power of up to 10 mW.
However, only about 50 uW of power is necessary to drive
the atomic transitions optimally; therefore, about 20 dB
of attenuation is used between the chain output and the
microwave cavity. The older klystron and primary-loop
phase-lock systems [1] have now been eliminated and all
systems are now redesigned with solid-state components.
Phase-noise measurements for these new multiplier sys-
tems are shown in Fig. 11. A sinusoidal frequency modula-
tion can be applied with a fundamental frequency of
18.75 Hz. This modulation is generated with second-
harmonic suppression (measured) of better than 100 dB
with respect to the fundamental modulation level. The
modulation reappears in the beam current at the detector,
is amplified, phase detected, and processed in two cascaded
integrators and used to servo-control the crystal oscillator.
(The original idea and design for the double integrator
was first proposed by Cutler [6]). The double integrator
technique provides such a high loop gain at very low
frequencies—essentially de—that offsets due to finite
correction voltage on the oscillator varicap are reduced
to less than 1 X 10~ in their effects on the output
frequency for any reasonable, continuous operational
period (months to years). The only difference in the two
electronic systems are slight differences in servo loop gain
and integrator time constants which are tailored to each
particular beam tube, taking into account resonance
linewidths and signal-to-noise ratios. The 5 006 880-Hz
crystal oscillator frequency is also separately synthesized
to a standard 5 000 000-Hz frequency. This signal is used
for evaluative and stability measurements, and for time
scale calibrations.

During 1973, measurements taken on both the NBS-4
and NBS-5 complete systems indicated that neither sys-
tem permitted as good short-term stability as measure-
ments of the figures of merit of the beam tubes alone

493

CESIUM BEAM A C.AMPLIFIER
TUBE AND

N
FET OEMODULATOR

i

X153
MULTIPLIER

boeTecTor
]
|
1

$9,192,63),770H2

LOW PHASE

NOISE 5,006,880 Hz 10

5,000,000 Hz
SYNTHESIZER

18.75 Hz
OSCILLATOR

CHRONOGRAPH

X2
MULTIPLIER

PHASE
MODULATOR
( LOW an)
HARMONIC

QUARTZ CRYSTAL
OSCILLATOR
5,006,880 Hz

DOUBLE
INTEGRATOR

Fig. 10. Block diagram of electronics systems used for both NBS-4
and NBS-5. All components are solid state, and throughout sys-
tems, low-noise design concepts were followed. For example,
phase noise measurements for the frequency multiplier are de-
scribed in Fig. 11, and in [1].
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Fig. 11. Measurements showing phase-noise level for individual
frequency multiplier chains used in both NBS-4 and NBS-5 sys-
tems. Multiplier chains use local, RF negative feedback to reduce
phase noise level to —140 dB at 1-Hz Fourier frequency, in 1-Hz
measurement bandwidth. Measurements are described, and £ is
defined in [1].

predicted. (See [7] for definitions of figure of merit). The
figure of merit of 60 measured for NBS-4 would lead one
to expect a oynBs—s 8t T = 1 5 of 1.4 parts in 102, From
the figure of merit of 150 measured for NBS-5 one would
expect oynps-s t0 be 5.6 parts in 10 at » = 1 5.3 Fig. 12
shows the large discrepancies between measured and
predicted performance. The source of the problem was
in the 5006 880-Hz quartz-crystal oscillators of both
systems—phase-noise levels generated in the oscillator
electronics were masking the shot-noise levels of the
cesium detection process.

In early 1974, the 5 006 880-Hz commercial oscillators
described were replaced with new commercial quartz-
crystal oscillators operating at the same frequency but
displaying a 20-dB improvement in the phase-noise
levels.

The short-term stabilities then obtained for the in-
dividual NBS-4 and NBS-5 systems are shown in Fig. 13,

3 A figure of merit of 200 has been measured for NBS-5, early in
1973. However, due to vacuum pumping limitations and cesium
getter problems, some beam scattering is evidently occurring which
has reduced the figure of merit to a stable 150. Modifications are
underway to reduce beam scattering and to improve the performance
of the beam reversal system.
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Fig. 12, Short-term frequency stability data of NBS-5 during
period when phase noise of locked quartz-crystal oscillator (Fig.
10) was predominant. These oscillators have been replaced by other
commercial units with lower phase-noise levels which it
system noise to approach fundamental shot-noise (solid lines) of
ceslumbeamitsel}. (See Fig. 13.)
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Fig. 13. Short-term frei&uency stabilliatgs(both measured and pre-

dicted) for individual

BS-4 and N

systems. Individual data

points are not shown, to preserve clarity. Line drawn for “NBS-5
predicted from beam measurement’’ is based on measured figure
of merit of 150 (see [7]) for NBS-5.

and again compared with prediction. These data were
again obtained in round-robin measurements using the
unlocked low-noise quartz-crystal oscillator in the NBS-5
system as a reference for the locked NBS-4 system and
vice-versa. Short-term stability data were also obtained
by comparison of the free-running quartz-crystal oscil-
lators over the same time intervals (1 s < r < 100 s).
Tests were made to insure that the noise levels from these
two oscillators were at comparable levels. It was then
possible from these data to deduce the short-term stability
for NBS-4 and NBS-5 individually. Additionally, direct
comparisons between NBS-4 and NBS-5 were made and
these data are characterized by o, (7) = 1.7 X 102,12,

This is the level expected if one combines statistically the
individual curves for NBS-4 and NBS-5 shown in Fig. 13.
It is clear that the full shot-noise limited capability for
NBS-4 has been achieved, while the full potential of the
NBS-5 beam tube has not quite been achieved. This is
due to two factors: first, the noise of the new 5 006 880 Hz
locked oscillator contributes a small amount to the noise
level of the measurement, and second, the modulation
rate of 18.75 Hz is somewhat too high to permit the full .
shot-noise limited performance to be realized. The develop-
ment of new servo systems is planned which will permit
these limitations to be overcome. Digital, square-wave
frequency modulation techniques are being considered,
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and some investigative work in this area has already
begun at NBS.

In order to gain some information about long-term
stability, NBS-4 and NBS-5 were compared during a few
experiments for sample times between 100 s and 2 X 105 s.
These data, together with some short-term data from the
NBS-4/NBS-5 measurements described here, are shown
in Fig. 14. The long- and short-term data points fit
reasonably well to the line o, = 1.7 X 10~277Y2, Also at
sample times greater than 10¢ s, a “flicker floor” of ¢, =
1.3 X 10~ is reached beyond which more averaging does
not improve stability. In this region one cannot say which
standard is the limitation; however, one can assume that
one of them has a stability at least as good as (1.3 X
10-1) /V2. If this is done, then the best stability achieved
for one is about 9 X 10~% for 10* s < r < 10%s. In the
authors’ opinions, the most probable reasons for the flicker
floor in Fig. 14 are not fundamental limitations in the
beam-tube itself, but rather effects due to environment
and/or electronics systems. Experiments are planned to-
ward a better understanding and reduction of the flicker
level.

ACCURACY EVALUATIONS FOR
NBS-4 AND NBS-5:
JANUARY 1973-JUNE 1974

Contributions to accuracy are summarized in Table I.
Because more information has been obtained and since
better experiments are being done as time goes on, many
of the bias uncertainties have been reduced compared to
previous publications [9]. All biases (le¢) in Table I are
nominally zero except for Items 1 and 3. For NBS-4 the
bias in Item 1 is almost totally due to the second-order
Doppler effect and amounts to —1.2 X 10—, The cavity
phase angle difference is zero within a measurement un-
certainty of 0.06 mrad. For NBS-5, in the present beam
direction, the second-order Doppler and phase-shift biases
are of opposite signs, and the net result is a bias of —1.6 X
1073, For Item 3, both NBS-4 and NBS-5 are operated
with C-field magnitudes (60 mQOe) which give a bias of
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Accuracy Evaluation for NBS-4 and NBS-5: Janusry 1973 - Jupe 1974
NBS-4 NBS-5
Influencing Factors Uncertainty x; Uncertainty x;

).  2nd-order Doppler and phase 2.8 x 10° 1.5 x 10-2 ¥
difference at nominal optimum
power: source; power shift. and
pulse method,

2. Servo system; source: variation 1x 107" T 1xae™
of servo parameters and calcuia.|
tions based on measured offsets
and loop gain.

3.  Magnetic field; source: 0.08 x 107" 0.08 x 107**
me # 0 transitions.

4. (@Y ve (H'); source: mp#& 0 0.4x10-" 0.4x 107"
transitions degaussing tests,
measurements during assembly,
field trimming experiments, (no
correction is applied - the bias
is the uncertainty).

5. Majorana Transitions; source: 0.05 x 107" 0.05 x 10-" .
m_ # 0 transitions and measure-
ments during assembly .

6. Pulling due to neighboring lines; 0.1 x 10" 0.05 x 107
source: mg, # 0 transitions.

7. Cavity pulling; source: 0.5 x 107" 0,03 x 107"
worst estimate.

8. Rf Spectrum; source: rf 0.8x 107" 0.04 x 107"
spectrum recording.

9. Random Uncertainty; source: 0.1x to-* o.1x107"
rig. 14
Square root of sum of squares 3.1x 10'13 L.8x IO.13
of uncertainties, x; :

")Cumbination of Beam reversal and power shift measurements
for one evaluative exneriment.

+1670.00 X 1078, This bias is routinely set to this value
and monitored for each calibration—the bias uncertainty
represents the stability with respect to the nominal bias
value, over the course of an experiment, not one’s ability
to set to the bias value which is much better.

Item 2 in Table I is probably pessimistic; however, until
an extensive group of experiments can be concluded using
NBS-4 and NBS-5 as reciprocal references, the uncertainty
for servo system effects is conservatively quoted as
1 X 108,

The bias uncertainty for Item 4 in Table I has been
estimated from data obtained both on C-field homogeneity
at the time of assembly of NBS-4 and NBS-5 and on
data from the microwave spectra (mr > 0 transitions) of
NBS-4 and NBS-5. The estimates are again pessimistic,
and will be updated as investigations progress. It should be
noted that for both NBS-4 and NBS-5 the C-field values
at the interaction regions can be adjusted to agree as
closely as desired to the field value in the drift region.
Hence, no contribution for this effect appears in Table I,
since one is limited only by his ability to set the fields—
this certainly corresponds to a frequency bias <10~ for
the (F = 4, mr = 0) & (F = 3, mg = 0) transition.

Items 5 and 6 were estimated from appropriate data
taken from the microwave spectra and direct field measure-
ments on NBS-4 and NBS-5. Suitable expressions for
calculation of these effects are given in [10].

Item 7 assumes for both NBS-4 and NBS-5, a cavity
detuning of 0.1 MHz, which has been proven a pessimistic
estimate even over long periods of time.

Item 8 arises from many measurements of the rf spectra
of the excitation systems, and is based on 3-dB asymmetry
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in 60-Hz sidebands down at least 50 dB from the X-band
carrier level, a conservative estimate.

The most notable contribution in Table I is the un-
certainty in the velocity dependent biases: the second-
order Doppler and cavity phase-shift biases. They are
lumped together since their determination usually results
from the same measurement procedure. Being the most
significant limitation in the present accuracy budgets of
both NBS-4 and NBS-5, their determination will be dis-
cussed in more detail in the following.

The total velocity dependent frequency bias is given

by [2], [11]
Vp? 8

Ay = —3yg— — —

¢ 2«L ° 1)

where v, is the atomic resonance frequency, ¢ is the speed
of light, 3 is the cavity phase angle difference, and L is
the distance between the centers of the two sections of
the Ramsey cavity. The first term in (1) is the second-
order Doppler term containing a mean-squared velocity
V2. The second term arising from the cavity phase shift
is proportional to V, a mean of the linear velocities.
Both Vp and V, are not simple means of the velocity
distribution alone, but also are dependent on the micro-
wave power and the mode of servo-control [11]. Equation
(1) can be used to determine the cavity phase angle
difference if a frequency-shift measurement for at least
two different, though known, settings of these velocities
can be performed. In the following, we discuss the three
methods which were used on NBS-4 and NBS-5 to effect
such a controlled change in velocities.

1) Pulsed Operation: This evaluation technique was used
once on NBS-5. The microwave power is applied in pulses
of suitable length, power, and pulse frequency such that
a narrow atomic-velocity range is selected in the beam
tube [2], [8] The tube is operated in the frequency
standard mode (i.e., locked), and the velocity of the
interacting atoms is changed by altering the pulse fre-
quency. The resultant frequency shift contains information
on the cavity phase-shift which can be calculated from
Eq. (1). The second-order Doppler shift is trivial to
calculate since the velocity V is known via the chosen
pulse frequency from

V=L/T (2)

where T is the pulse period. Equation (2) is of course
only exactly valid for infinitely narrow velocity windows.
A correction may have to be applied if large windows are
used [5], [8].

2) Beam Reversal: This method has been discussed in
detail elsewhere [1], [11]. The beam is reversed which
changes the sign of V, in (1). Barring the knowledge of
Vp and V, for both beam directions this method alone
would have to rely on the assumption that the reversed
beam exactly retraces the previous beam trajectory, i.e.,
that full symmetry in the beam optics is present. Thus
the ability to assure this condition would limit this method.
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Fig. 15. Velocity distribution of NBS-5; on axis aligm;xent. Meas-
ured by pulse method [2], [8], (velocity window: approximately
10 percent), and confirmed by analysis of Ramsey pattern [11).

We believe that the design of NBS-5 allows such retracing
to a corresponding measurement accuracy in the velocity
dependent effects of 1-2 X 10~8. This is confirmed by the
agreement among all three methods discussed (see Fig.
18). Beam reversal, combined with determinations of V,
could be developed to a very powerful evaluation method.
We plan to pursue this avenue with NBS-5 and project,
that the error in the determination of the velocity depen-
dent biases can be reduced to below the 10~ level. An
extensive beam reversal analysis was performed in Sept./
Oct. 1973 on NBS-5. The results from these data are in
agreement, within measurement precision, with the other
methods used to evaluate the cavity phase shift bias.

3) Power Shift: The following discusses in greater
detail the microwave power-shift measurements which led
to most of the values for the second-order Doppler and
cavity phase-shift bias and the related uncertainties. As
an example, data from the calibration of the NBS time
scale in Jan. 1974 using NBS-5 are presented later. The
procedures and techniques used for other power-shift
evaluations of NBS-5 as well as NBS-4 are the same,
differing only in the numerical values.

The velocity distribution is first acquired by using the
pulse method [2], [8], [9], as well as an analysis of the
Ramsey pattern [11]. The results from both methods
agreed usually to within several percent. The velocity
distribution of NBS-5 for the calibration data under dis-
cussion is shown in Fig. 15. (A velocity distribution for
NBS-4 is shown in Fig. 16). From this distribution, the
mean velocities V, and Vp were calculated as a funetion
of microwave excitation power. This is depicted in Fig. 17
where the excitation parameter bl (b is proportional to
(Power)1/?) is used. Also plotted is the calculated depen-
dence of the cesium signal intensity as a function of b.
Fig. 17 allowed us to select two suitable power settings.
We chose optimum power (bl = 220 ms™, [ is the effective
interaction length of one cavity section) and 4.6 dB above
optimum power (bl = 374 ms™!). The latter setting cor-
responds to the maxima of the V, and Vp curves of Fig. 17,
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1
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1
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Vim/s)

Fig. 16. Velocit
method [2], [8].

distribution of NBS-4. Measured by pulse
ulse period was * = 50 us. These data agree very

well with those derived from analysis of NBS-4 Ramsey pattern

[11).
SIGNAL & MEAN VELOCITIES Vp.V, NBS-5. JAN 74
400
_ A N\
VpVp (m/s) swnns\ vps\t

SIGNAL (ARBITRARY UNITS)

200}
p. OPT
[ PONER
100 200 300 400 500 500
b2 (m/s)
Fig. 17. Mean velocities Ve and Vi as well as detector signal as

function of microwave power parameter b calculated from velocity
distribution of Fig. 15. Maximum signal occurs at optimum
power, maximum mean velocities occur at 4.6 dB above optimum
power. Diagram illustrates the selection of velocities with micro-

wave power.

and thus offers a first-order independence from small
uncertainties in this power setting. The resultant measured
frequency shift (NBS-4 served as the reference) was
(1.13 = 0.28) mHz. The modulation amplitude of NBS-5
was set at nominally 18 Hz (36 Hz peak to peak). These
data were processed in a computer program {117 with
results as shown in Table I1. Table IT depicts the computer
program printout. The first line shows the chosen bl values
in em/s (first two values), the modulation amplitude in
Hz (third value), and the measured frequency shift in
Hz (fourth value). The six values of the second line give
successively (see Fig. 17)Vp at optimum power, Vp at
+4.6 dB, Vp at the selected nominal power setting, V, at
optimum power, V, at +4.6 dB, and V, at the selected
nominal setting. The third line depicts the total frequency
bias computed from the above information for nominal
(here optimum) power setting. The result is

Ay = —1.4 mHz; § = —0.25 mrad.

Since the velocities are known, one can extract the second-
order Doppler bias. Using (1) we obtain Avpoppler =
—4.5 mHz and Avppase = +3.1 mHz. These two effects
thus nearly cancel for the chosen beam direction of
NBS-5.

The remainder of Table II depicts results leading to the
assigned uncertainty for the aforementioned values. The
data are presented in six blocks, each headed by the
assumed modulation amplitude (varied by 1 Hz) and the
assumed frequency-shift value (measured; and measured
=+ uncertainty).

The first two columns give the low and high bl values
and variations around them (=0.1 dB). The third and
fourth columns give the resultant value for the frequency
bias and the cavity phase angle difference. We note that
under the assumed variations the maximum and minimum

¢ The uncertainty is the 1o measurement uncertainty in the power-
shift experiment.
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values for the frequency bias are —3.2 mHz and +-0.4
mHz. We therefore quote an uncertainty of +1.8 mHz
or +2 X 10~ for this particular measurement. The
corresponding uncertainty in § is =:0.15 mrad. We also
note, as Table II clearly shows, that this uncertainty is
mostly due to the measurement uncertainty of the fre-
quency shift, i.e., the power-shift experiment itself. More
extensive use of NBS-4 as the frequency reference will
reduce further this uncertainty. The contributions of
uncertainties in the power setting and the modulation
amplitude are small and correspond to parts in 10%.

MEASUREMENTS UTILIZING THE PRIMARY
FREQUENCY STANDARDS

NBS-4 has been in operation since June 1973 and has
served for calibrations of the NBS Atomic Time Scale
since August 1973. NBS-5 has been operating since
November 1972, and has been used for time scale calibra-
tions since January 1973. NBS-5 has served in six indepen-
dent, full calibrations using the three evaluation methods
discussed earlier: beam reversal, pulsed operation, and
power shift. NBS-4 has undergone two full individual
evaluations based on the power shift method. The use of
NBS-4 since then has involved only a limited accuracy
evaluation. In these limited accuracy evaluations, only
selected parameters are evaluated such as the magnetic
field and the microwave spectrum. We rely thus on the
cavity phase shift having remained constant since the
last full evaluation. The reproducibility is estimated to
be 1 X 10~8. The bias-corrected frequencies of NBS-4 and
NBS-5 agree, to within (1 & 10) X 10~ with the value
obtained for NBS-III in 1969, which value is preserved
in the rate of the NBS Atomic Time Scale.

Fig. 18 summarizes the results of the calibrations using
NBS-4 and NBS-5 since January 27, 1973, where zero on
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the ordinate corresponds to the rate of AT,(NBS) at that
time. ATo,(NBS) corresponds to UTC(NBS) with the
principal difference that no intentional changes (such as
those applied to UTC(NBS)) occur in AT,(NBS).
AT, (NBS) is thus a reference scale as stable and uniform
as can be provided by the NBS Atomic Clock Ensemble.

The error bars of the evaluations are included in the
figures. The limited accuracy evaluations of NBS-4 were
plotted with error bars equal to the uncertainty of the last
full evaluation of NBS-4. Fig. 18 shows that in individual
evaluations of NBS-5 values of 2 X 10~ have been
realized, while evaluations of NBS-4 reached 3 X 103,
If the assumption is made that the calibrations of
AT,(NBS) are statistically independent, one can obtain
a better estimate of the accuracy of the reference such as
AT,(NBS), or the International Atomic Time (TAI) by
statistically processing the data as a time series. One of
the authors (Allan), has developed a filtering equation
[13], which permits an optimum processing of such data.
The result is plotted in Fig. 19. This figure combines all
NBS-4 and NBS-5 calibrations since January 1973. The
filtering was used on all previous data with appropriate
weighting to obtain an improved number for any given
calibration data.

Also plotted (crosses) are the original data correspond-
ing to Fig. 18. The first cross is identical with the first
“filtered” point. In the following data the filtering causes
a smoothing of the time-series of calibrations. From Fig. 19
the final, achieved accuracy® after a series of 12 calibrations
approaches an uncertainty of 1.3 X 10~ which is much
better than that of any single calibration. One also observes
a drift in the atomic time scale AT, (NBS) of about 2 parts
in 10¥ from January 1973 to the fall of 1973. Since
September 1973 no systematic drift has been measured.
This coincides with the implementation of a clock treat-
ment as proposed by Barnes and Allan [14], which
involves an occasional adjustment of the oscillator error
voltage of each clock in the ensemble to be close to zero.
This eliminates frequency drift in the locked system due
to oscillator aging (nominally increasing error voltage)
due to the finite gain of the servo loop. (See also the
section on Electronics Systems and Frequency Stability.)

A plot similar to Fig. 19 is shown in Fig. 20 for the TAI,
as measured at NBS via Loran-C. The error bars® for these
plots include errors due to the propagation uncertainty in
the Loran-C reception, and thus reflect uncertainty in
addition to that of measurement with the primary standard
alone. The apparent drift in TAI of 2 or 3 parts in 10"
from January 1973 to September 1973, lies well within
the error bars of the measurement and may, therefore, be
considered inconclusive. As shown in Fig. 20, the 1-sigma
accuracy in the measurement of TAI (which includes the
propagation uncertainty) is now 1.6 X 10¥. The best
estimate at NBS of the rate of TAI in terms of the cesium

§ The error bars of the first calibrations are larger than those in
Fig. 18 due to the inclusion of NBS-III data from 1969 in the filtering
process.
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Fig. 18. Frequency calibrations of AT,(NBS) using both NBS-4
and NBS-5 (Jan. 27, 1973-June 14, 1974). Data after day 380 are
for limited accuracy evaluations of NBS4 (see text).
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Fig. 19. Best estimate of frequency calibrations of AT (NBS)
(circles). Each data point contains the weighted input of all pre-
vious data points {13]). The raw measurement data of Fig. 18 are

indicated as crosses.

frequency is +10.0 X 10~ since September 1973. We
have data available on the measurement of the PTB,
Germany, and the NRC, Canada, through the courtesy
of Becker and Mungall, respectively [12], [15}-[17]. For
the fall of 1973, it was thus possible to obtain a comparison
of the measurement of the rate of TAI by the three
laboratories operating primary, evaluated cesium stand-
ards. Table 1I1 shows the measurement results and the
individually quoted uncertainties. In the third column the
methods are listed which were used to evaluate the second-
order Doppler and cavity phase-shift biases. It is im-
portant to note that the PTB and NRC are located at
essentially sea level. The NBS in contrast is located at
approximately 1600 m above sea level; thus, the frequency

of TAI as seen at Boulder, Colo., appears too low due to
the effects of general relativity. We, therefore, applied to
the frequency of our cesium standards a gravitational
correction of —1.8 X 10~%, This correction is included in
Table IIT and Fig. 20. Without this general relativity
correction, the frequency of TAI as measured in Boulder
would have been approximately 8 X 10-1

CONCLUSIONS

The initial comprehensive evaluation phase is now
completed for NBS-4 and NBS-5, and improvements and
better experiments are already being carried out. Results
have been encouraging, and knowledge of our standards
and of those from other laboratories is increasing rapidly.
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INTERNATIONAL AGREEMENT...Cs STANDARDS
REF: FALL 1973

1 SIGMA
UNCERTAINTY

3

TAL - Cs TECHNIQUE

1.5 x 1073 BEAM OPTICS CHANGE

BEAM REVERSAL

pB 11 x 10713

13 13

NRC 10 x 107 1-2 x 107 BEAM REVERSAL

13 3

1.6 x 1073 BEAM REVERSAL
Md PONER SHIFT

PULSED MW OPERATION

NBS 10 x 107

It is not unreasonable to expect that documented accuracies
of cesium devices may soon be better than 1 X 10,
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