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Preliminary Evaluation of Time
Scales Based on Hydrogen Masers

Marc A. Weiss and Fred L.

Abstract—Two experimental time scales based on ensembles of
hydrogen masers were generated and compared with a variety of
other references both internal and external to NIST. The masers
all had some type of active cavity control to reduce frequency drift
due to cavity changes. The first experimental time scale, TA2M,
was generated over the interval from MJD 49050 to 49190 (March
4, 1993-July 22, 1993) using measurements between the masers
every 6 hours. TA2M was compared to the NIST AT1 time scale,
primarily based on commercial cesium frequency standards, and
via once-per-day GPS common-view measurements to the USNO
unsteered master clock and to UTC. The linear frequency drift
of TA2M relative to UTC was small compared to the uncertainty
of 21071 /d in estimating linear frequency drift.

The masers at NIST were then linked to two masers at USNO
using GPS common-view time transfer to study the performance
of a maser ensemble, TA2M1, at measurement times from a
few days to a few months. Again we found that the frequency
drift of TA2M1 relative to UTC was smaller than the estimation
uncertainty of 0.6 - 1071°/d. The stability of the ensemble at 1
month appeared to be about 1-2 parts in 10*°,

From this work we see that the use of autotuned hydrogen
masers in time scales is very promising. A single such maser
rivals the 1993 stability of UTC. The typical fractional frequency
stability of the masers showed flicker frequency modulation at
4-107'% or less for measurement times of 10 d-20 d. Linear
frequency drift was measured for the masers against the TA2M1
time scale at levels under 1 - 107'°/d with uncertainties of
0.3-107%/d. Measuring frequency drift against the definition of
the SI second at this level pushes the limits of current technology.

1. INTRODUCTION

CTIVE hydrogen masers (H-masers) with cavity tuning
now maintain fractional frequency stability with little
drift. In the past, active H-masers were not useful for time scale
generation because of linear drifts of fractional frequency of
the order of 10714 to 10715 /d. Frequency drift in itself does
not perturb a time scale, but rather the error in estimation
of this deterministic effect [1]. The problem with estimation
is due to the presence of flicker and random walk frequency
modulation in the reference cesium standards. In the time it
takes to attain the needed precision, the true value for the drift
will have changed. The fractional frequency stability of several
devices is shown in Fig. 1. The stability of the masers shown
is without any estimation of frequency drift. Clearly, the drift
must be estimated very precisely for these devices to compete
with the best cesium standards in the long term.
A technique for interrogating the resonant cavity to measure
its electrical size in real time was first developed at NIST in
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1976 [2]. Our studies confirmed that the change in the cavity
size was the major factor causing frequency drift in masers
[3]. Somewhat different techniques are now used in a number
of active H-masers. Frequency drift is now controlled in such
masers to a level that is difficult to measure. We will see here
that measuring the drift of these devices requires integrating
over about 1 year against some of the world’s best current
cesium frequency standards.

We have combined a number of these devices at NIST
and at USNO into experimental time scales to illustrate their
potential. We find that the stability of a single maser is
greater for measurement times out to several months, than
most national time scales based on cesium beam frequency
standards. Further, the drift at one year is competitive with
some of the best ensembles in the world. This experiment
was designed to document this performance and to better
characterize the masers. H-masers with cavity autotuning can
never be a primary reference for producing accurate frequency,
due to limits in evaluating the wall shift of 5 - 10713 at best
[4]. However, they can maintain a frequency once they have
been evaluated.

II. SHORT-TERM STABILITY

The short-term frequency stability of the masers at NIST
was measured using a dual-mixer system [5]. The noise floor
of the standard system is far above that of active masers
for measurement times below about 1000 s. To circumvent
this problem, data between three masers were taken on two
channels each. Cross correlation was then used to reduce the
contribution of both the reference masers and the measurement
system to the estimation of the Allan variance for the maser
under test [6]. In this way the measurement noise was reduced
to approximately 1 part in 10 for measurement times from
0.5 to 20 s. For measurement times from 10 s to 10° s, we
also used the modified Allan variance to estimate frequency
stability. The fractional frequency stabilities of three masers at
NIST, CH-A, CH-B, and H1, operating in a cavity autotuned
mode are shown in Fig. 2. The stabilities estimated using
these improved techniques are plotted for the three masers
for integration times from 1 s to 10240 s. The data points
for longer times are measurements against the TA2ZM scale as
described below using the NIST dual-mixer time scale system
which records time differences between clocks every 2 hours.

Masers CH-A and CH-B are cavity tuned by using a
magnetic field gradient to modulate the atomic linewidth, and
hence to modulate frequency pulling due to cavity mistuning.
In this mode the atomic line width of one maser is modulated,
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Fig. 1. The frequency stability of current and recent state-of-the-art clocks. The stability of the autotuned masers now exceeds the long-term perfol‘mangé:t

of commercial cesium beam standards.

and the cavity is frequency-adjusted under servo control until
its oscillation frequency as measured against the other maser
is independent of atomic line width. The reference and tuned
masers are then switched so that the cavity frequencies of
both masers are autotuned. In principle this should remove
the effect of cavity mistuning which is the major contribution
to frequency drift in conventional masers [3]. Maser HI uses
a different scheme for cavity autotuning in which the cavity
frequency is modulated. A servo system then tunes the cavity
frequency until the oscillation frequency is independent of
small mistunings. This approach does not require an external
frequency reference.

* III. DESCRIPTION OF THE TIME SCALES

We report here the generation of two experimental time
scales. We used the TA2 time scale algorithm to generate both
these scales. TA2 is a smoothing algorithm, in which a time
scale is run both forwards and backwards in time. The results
from the two directions are then combined to obtain a post-
processed scale optimized for frequency stability [7], [8]. The
one-directional time scale algorithm used, AT2, is an extension
of AT1, the algorithm used to generate the real-time unsteered
time scale at NIST, with the addition of an estimate of
confidence of the frequency estimate. This confidence estimate
allows the forward and backward AT2 estimates of frequency

to be combined into a smoothed estimate of frequency. A third
pass in the forward direction uses this smoothed estimate of
the frequency offset of each clock to estimate the time offsets.

The first scale we generated is called TA2M. It used
measurements among masers at NIST over the interval from
MID 49050 to 49190, (March 4, 1993-July 22, 1993). Mea-
surements taken every 6 hours among the three masers, CH—A5
CH-B, and HI1, discussed in the previous section at NIST
were combined to generate TA2M. This experimental scale
was compared to the NIST AT1 time scale primarily based on
commercial cesium frequency standards, and via GPS to the
USNO unsteered master clock and to the international UTC, as
generated by the BIPM and published in Circular T, [9], [10]:

Measurements taken once per day at NIST were linked to
once-per-day measurements at USNO using the GPS common-
view time transfer technique to generate the TA2MI1 scale,
with scale estimates once per day. The CH-A, CH-B, and H1
masers at NIST were then linked to the N4 and N5 masers
at USNO to study the performance of a maser\ehsemble at
longer measurement times. This ensemble was run from MJD
49050-49349, (March 4, 1993-December 28, 1993), though
maser CH-A at NIST left after 49190, and maser CH-B was
not cavity-tuned for most of this run. Thus, after the first
140 d, for about half of the time interval of TA2ZMI, the
scale was based on the maser H1 at NIST and masers N4
and N5 at USNO. These masers all use the same type of
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Fig. 2. The short-term stability of three autotuned H-masers at NIST. The stabilities from 1 to 10240 s are from the enhanced measurement system and
analysis technique; the stabilities from 21600 s = 1/4 d to 16 d are against TA2M, corrected for correlation.

cavity autotuning mentioned above which does not require an
external frequency reference.

IV. RESULTS FROM THE TA2M SCALE

Since there are only three clocks in the scale and they are all
similar in the long term, they are each weighted with 1/3 of the
scale. There is a brief period where maser H1 is unavailable,
because adjustments were being made. For this period, the
scale becomes a simple average of the other two masers. There
is no measurable shift in the scale during this period. Fig. 3
shows the fractional frequency of the maser H1 versus TA2M,
and the scale TA2M versus AT1 and USNO Alr on the same
plot. Frequency smoothing and offsets were applied to separate
them on the plot. We can see the period MJD 4913649150
when the maser H1 is absent, and there is no apparent shift in
TA2M against either AT1 or USNO Alr at these times.

Fig. 4 shows the frequency of TA2M versus the international
UTC. The drift of the maser scale was negligible compared
to the GPS common-view noise and frequency stability of the
scale over the period of the measurements. The confidence on
an overall drift estimate due to these factors was 1.5-10719/d.
The drift of the ensemble relative to UTC was small compared

" to this uncertainty.

The stability of the masers against the TA2M scale is shown
in Fig. 2, extending the short- dterm measurements. The values
against TA2M begin at measurement times of 6 h = 21600 s.
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Fig. 3. The residual fractional frequencies of the NIST HI maser, the
NIST AT1 scale and the unsteered USNO Alr scale all against the TA2M
scale. Mean frequencies have been removed, AT1-TA2M has been offset by
2.0 - 10714, and A1r-TA2ZM has been offset by —2.0 - 10~. In addition,
AT1-TA2M and Alr-TA2M have been smoothed to show slower frequency
changes.

These stabilities have been adjusted for correlation with the
scale by the following formula relating the true variance to
the measured variance [11]
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Fig. 4. The frequency of TA2M versus the international UTC in 10 d
frequency averages. The drift of the maser scale was negligible compared
to the GPS common-view noise and frequency stability of the scale over the
period of the measurements. The confidence on an overall drift estimate due
to these factors was 1.5 - 10718 /d. The drift of the ensemble was small
compared to this. :
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where w is the normalized weight of the clock in the ensemble.
Since each clock had weight 1/3, the true variance is 1.5 times
the measured variance. We see that the white FM level of the
masers is about 1-107*3771/2 7 in s, reaching about 3-10~15
at 1d.

The drift of the three masers was medsured against TA2M.
The CH-B masers had a linear frequency drift value of
—0.9-107'%/d with a confidence of +0.4 - 10~16/d. The H1
and CH-A masers had negligible drift versus TAZM.

V. RESULTS FROM THE TA2M1 SCALE

Fig. 5 shows the fractional frequency of the maser H1 at
Boulder, and Figs. 6 and 7 show the masers N4 and N5 at
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Fig. 6. The fractional frequency of the USNO N4 maser versus TA2M].
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Fig. 7. The fracﬁonal frequency.of the USNO N5 maser versus TA2M1,

USNO versus TA2M1. Since the masers CH-A and CH-B at
Boulder were removed from the scale at MJD 49190, the GPS
common-view noise became absorbed into the scale after that.
Hence the apparent noise of H1 went up as the scale could
no longer distinguish between maser noise and time . transfer

noise. Similarly, the noise of masers N4 and N5 went down

at this time, as the GPS time transfer noise was no longer
assigned to them. To minimize this effect we added another
maser at NIST, HI1, to.the ensemble. Since this maser had
no cavity autotuning we modelled its drift and weighted it
very low in the long term. We obtained drift estimates by first
including it in the scale with weight 0, allowing the scale to
estimate its drift, then rerunning the scale with H11 included
and drift modelled. In this way, when the drift values were
used for predicting H11 in the TA2 algorithm, TA2M1 was
not steered to any other scale, as could have occurred if the
drift was originally measured against another scale.

We again found here that the linear frequency drift of the
ensemble was too small to be measured against any available
external frequency standard. The value of frequency drift for
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Fig. 8. The fractional frequency stability of the H1 maser at Boulder and
the masers N4 and N5 at USNO versus TA2M1. The noise of GPS conceals
the maser performance out to about 10 days. The N4 maser had a linear
frequency drift of 1.0 & 0.3 - 1016 /d.

TA2M1-UTC over the 280 d interval MJD 49059-49339 for
which data were available for the scales, was —0.1-10716/d
from a three-point second-difference estimator. If we assume
the model of linear frequency drift in the presence of a flicker
FM stochastic process at a level of 6-10~1 for this period for
UTC, the confidence on this drift estimate, comparing 150 d
frequency averages is [12]

V2 _
—0y(7)lr=150a = 0.6 - 107°/d. )

Thus, any linear frequency drift of TA2M1 against UTC
was smaller than the uncertainty due to stochastic fluctuations
according to this model.

Fig. 8 shows the stability of the masers against the ensemble.
Comparing to Fig. 2 we see that the GPS time transfer noise
dominates out to about 10 d. The N4 was the only maser
with any apparent drift. It was estimated to be 1.0 + 0.3 -
10716/d using a three-point overall second-difference, with
the confidence estimated as above. We want to point out that,
although there is statistical significance to the magnitude of
the N4 drift against UTC, we may not have a frequency
standard accurate enough to determine whether the maser or
UTC was drifting. The overall second-difference estimator
compares average frequencies over two successive 150 d
intervals. To determine average frequency offset from an SI
accurate frequency over 150 d at a level of (3/4/2)-10716 we
need a frequency standard accurate to about 3 - 10~14. This
approaches the limits of the best available primary frequency
standards today [13]-[15]. Thus we can only measure the
change in frequency between the masers and UTC.

We were able to observe another significant effect using
the TA2M1 scale. The maser CH-B lost maser CH-A as its
reference for cavity tuning on 49190. We decided to use the H1
maser as a reference on MJD 49250, and the autotuning came
back on for a few days, but unfortunately came unlocked again
due to a power outage. Some time later, after moving masers to
another room, we again relocked the CH-B autotuning to maser
H1. Fig. 9 shows the performance of maser CH-B against
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Fig. 9. The fractional frequency of the NIST CH-B maser versus TA2M1.
Cavity tuning was turned off at 49190 and back on at 49336 with a different
reference and outside its environmental cavity. In spite of this the standard
returned to its predicted frequency within the uncertainty, as illustrated by
the drawn line.

the TA2M1 scale over the entire 340 d interval. When cavity
tuning was reactivated, the maser came back to a frequency
very close to what we would have predicted by frequency
linearly using the constant drift of —0.9 - 10716 /d from the
period 49050-49190.

VI. CONCLUSION

One implication of these results is that a time scale based on
three active autotuned hydrogen masers would be significantly
more stable for integration times less than 1 to 2 months than
our present NIST cesium ensemble. Such a maser ensemble,
would compete with the stability of UTC as it was in 1993.
The stability of UTC will also change as it includes more new

- standards. In the very long term AT1, TA2M1, and UTC seem

to flicker at a few parts in 1013,

Another conclusion we can draw is that the cavity autotun-
ing systems eliminate the major cause of frequency drift in
active masers. There may be some residual drift due to other
effects, but at least for the masers during this experiment the
drift relative to UTC was smaller than about 10~16/d. This
number is only a relative drift, not a measure of drift against
an accurate standard. The primary frequency standards of the
world can only barely measure frequency drift at this level over
the interval of this experiment. It is particularly interesting that
maser CH-B came back to the predicted frequency after 100 d
without autotuning, after being moved to a new room outside
of its environmental chamber, and being locked to a different
frequency reference.

Further, to make good use of the stability of these devices,
advances in time and frequency comparisons will be necessary.
Here the GPS common-view time transfer noise dominated
over the masers out to about 10 d. This measurement noise
can be lessened by using precise ephemerides and ionospheric

‘measurements [16], [17], but over the approximately 1000 km

baseline between NIST and USNO there will not be more
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than a factor of 2 or 3 improvement. Since UTC is generated
based on 10 d measurements, we can see these new frequency
standards, but barely. Being able to use such frequency stan-
dards reliably in UTC at 10 d will require better frequency
comparison techniques.
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