TDA Progress Report 42-103

November 15, 1990

Ultrastable Performance of the Superconducting Cavity
Maser Oscillator at Short Measuring Times

R. T. Wang and G. J. Dick
Communications Systems Research Section

Recent measurements performed on the superconducting cavity maser (SCM)
oscillator show frequency stability in the range of 1015 for times from 1 sec to
1000 sec. Phase noise of approximately =80 dB/f3 was also measured. This short-
to midterm performance appears to be better than that of any microwave oscillator.
In particular, the measured stability at I-sec intervals is 10 times better than that
of a hydrogen maser, and the phase noise at 8 GHz is more than 20 dB below that
of the best multiplied quartz-crystal oscillators. A frequency pulling coil has been
implemented and tested to enable the SCM to be slaved to a hydrogen maser at

a time constant of approximately 30 sec.

This combination will allow the long-

term performance of the hydrogen maser to be improved by adding to it the newly
available short-term performance of the SCM.

I. Introduction

The superconducting cavity maser (SCM) is a helium-
cooled, all-cryogenic oscillator with superior stability at
short measuring times [1-4]. It differs from other super-
conducting cavity stabilized oscillator (SCSO) designs
[5-7] in its use of a very rigid (Q = 10°) sapphire-filled
stabilizing cavity and in its all-cryogenic design; excitation
is provided by an ultra-low-noise cryogenic ruby maser.

A comparison of ultrastable atomic frequency sources
shows active hydrogen masers to be superior to passive
atomic frequency standards in short-term stability (1 sec
< 7 < 100 sec). Performance of the SCM at short measur-
ing times is superior even to that of the active hydrogen
maser. Like the hydrogen maser, the SCM is an active
oscillator. The advantage of the SCM is its larger output

signal power (= 10~% W versus ~ 107! W for the hy-
drogen maser). Long-term performance is limited by vari-
ations of the operating parameters of temperature, drive
power, output voltage standing-wave ratio (VSWR), etc.,
depending on the sensitivity of the SCM to these various
parameters.

Figure 1 shows a diagram of the improved oscillator.
The three-cavity oscillator, consisting of a ruby maser, a
coupling cavity, and a high- @ lead-on-sapphire cavity, has
been discussed previously [2]. Oscillation at a frequency
of 2.69 Gllz results from operating a ruby maser at a
13.1-Gllz pump frequency, and a population inversion is
created. Energy-level splittings in the ruby are matched
to those of the high-@Q cavity by means of a bias field pro-
vided by a superconducting solenoid. The frequencies of
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the three modes of the coupled-cavity system are spaced
relatively close to each other (5-percent spacing) in or-
der for them to couple effectively, but they are spaced far
enough from each other to allow mode selection by adjust-
ment of the bias field [2].

il. Experimental Aspects

Substantial technical improvements have been made to
eliminate frequency instability due to operational parame-
ters. These parameters are temperature, pump frequency,
pump power, pump frequency polarization, temperature
gradient, coupling strength, and output VSWR. Either the
parameter has been stabilized or the coefficient that cou-
ples the parameter value to the operating frequency has
been minimized.

The temperature dependence of the output frequency
of the SCM shows an extremum in the range between 1
and 2 K [4]. From a functional point of view, the presence
of the frequency maximum at about 1.567 K is an extremely
desirable feature, since it allows operation of the oscillator
in a region of gradually disappearing temperature coeffi-
cients. The quadratic coefficient of § f/f at the maximum
is 3.3.107°/K?. Thus, a temperature accuracy of one
mK together with a stability of 30 #K allows a frequency
stability of 6f/f = 2-10~16.

Frequency dependence on the frequency and amplitude
of the microwave pump has also been studied [4]. Since the
power of the pump is very much more difficult to stabilize
than its frequency, a major feature of the results to date is
a “valley” where the sensitivity to pump power is greatly
reduced. In this region the slope is < 2-107!3/dB, which
is a value 100 times smaller than was typically found.

Several recent improvements have made increased sta-
bility possible:

(1) Extension of operational period. The 1.57-K cool-
ing system was changed from closed-bath refriger-
ation to continuous flow. The operational period
was extended from three days to seven days; it is
limited only by the storage time of the larger 4.2-K
helium bath from which the small (continuous) flow
is drawn. It is expected that this can be extended
to 30 days with a better dewar. This change to a
continuous-flow system also provides continuous op-
eration of the SCM during helium transfer.

(2) Improved temperature stability. Temperature fluc-
tuation has been minimized to 40 pK, a factor-of-
1000 improvement. Prior to the improvement, a
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parabolic curve of oscillation frequency versus tem-
perature was measured and had a frequency maxi-
mum near 1.57 K. With present temperature-control
capacity, even a temperature offset of 100 mK would
only degrade the frequency stability to 4-107**, The
SCM has been operated in the region of a nominally
zero temperature coefficient with a temperature ac-
curacy of one mK.

(3) Reduction of the number of temperature gradients
across the oscillator. Substantial reduction in ther-
mal gradients was made by modification of the cryo-
genic temperature-control system. Gradients asso-
ciated with the regulatory configuration were elimi-
nated by consolidating the heating and cooling ele-
ments to allow a single thermal contact point with
the oscillator assembly.

(4) More effective ruby pumping. A fixed rectangular
waveguide was installed with the pump signal’s B-
field perpendicular to the ruby c-axis. This cryo-
genic polarizer should eliminate the primary remain-
ing system uncertainty and allow reliable operation
from run to run.

(5) Improved pump signal propagation. Elimination of
a coaxial signal-transmission line within the pump
waveguide now allows a more direct pump signal
path. A waveguide adaptor was installed, and a
teflon window was used as a vacuum seal and to al-
low low-loss microwave propagation. It is expected
that less pump power will be required to obtain os-
cillation, since the unmatched impedance caused by
the right-angle feed will be eliminated.

(6) Reduction of in-oscillator noise caused by back-
coupling with the room-temperature amplifier. A
cryogenic isolator! has been installed to prevent
room-temperature radiation from coupling into the
oscillator and also to reduce the sensitivity of the
operational frequency to output VSWR.

I1l. Measurements

The improvements discussed above have made possible
excellent stability at both relatively long (10,000-sec) and
very short (1-sec) measuring times. In order to character-
ize the performance of the SCM at the shorter times, an-
other cryogenic oscillator (the SCSO) was obtained for use
as a frequency reference [5,6]. Substantial improvement in
other instrumentation was also necessary. New procedures

! The cryogenic microwave isolator was made by Passive Microwave
Technology, Inc. Its center frequency is 2.7 GHz with 30-dB
isolation.



included bypassing the receiver of the SCSO in order to
make direct measurements of the two microwave frequency
signals. Long-term measurements primarily made use of a
hydrogen maser as the frequency reference.

Figure 2 shows raw data for tests of the SCM against
SCSO and hydrogen maser references. The filled circles
represent data of the SCM/SCSO test, and the open cir-
cles represent the SCM /hydrogen maser data. The perfor-
mance of the SCM is clearly superior to that of the hydro-
gen maser for measuring times shorter than about 30 sec,
and superior to that of the SCSO for times longer than
about 200 sec. SCM performance can be well characterized
for times longer than 30 sec because of the overlap of the
two data sets and the well-characterized hydrogen maser
stability, both of which are shown in Fig. 3. However,
only the test with the SCSO reference provides detailed in-
formation about SCM performance at times shorter than
30 sec, and so the contributions of the SCM and SCSO
cannot be absolutely distinguished for short times. In pre-
vious tests of several SCSO sources, an increase in Allan
deviation at short measuring times was reported; the Al-
lan deviation reached a value of 1-107'* at 1 sec [6]. This
SCSO variability is sufficient to explain the slope in the
data for times less than about 5 sec, as shown in Fig. 2.

Figure 3 shows SCM stability inferred from the two
sets of data shown in Fig. 2. Stability for a single hydro-
gen maser is also shown. A conservative estimate of SCM
stability was made for short times during which equal con-
tributions were made by the two cryogenic sources. If the
slope at the shortest times is due to the SCSO, as dis-
cussed above, SCM performance would be 4-5 - 10~!° for
all times from 1 to 1000 sec.

Figure 4 shows the phase noise of two signals at 8.1 GHz
that were derived from the cryogenic oscillators. A value of
—80 dB/ f3 was measured, which is 25 dB better than the
value obtained from the newly upgraded hydrogen maser

and is 20 dB better than the value reported for the best
quartz-crystal oscillator.

In order to combine the short-term stability of the SCM
with the long-term stability of the hydrogen maser, the
SCM has been modified to allow its frequency to be tuned.
A coil has been installed on the ruby housing to allow the
bias field to be adjusted; this adjustment tunes the fre-
quency of oscillation to the passband of the high-Q res-
onator. This coil, with 60 turns, gives a sensitivity of
7-10~12 per mA and a range of approximately 1071%. This
range is sufficient to accommodate the typical SCM drift
of 4-10713/day that occurs during long-term operation.

IV. Conclusions

For all time intervals from 1 to 1000 sec, a frequency
stability in the range of 10!® has been demonstrated for
the SCM. The measured stability of 8 - 1071° at 1 sec is
10 times better than that of the hydrogen maser for the
same measuring time, and improvement over the hydrogen
maser is shown for all times from 1 to 30 sec. These results
appear to be better than those obtained from any 1f or
microwave frequency source.

Ultrastable frequency sources like the SCM will make
possible new, highly sensitive experiments. An experiment
in gravitational wave search is now planned with the SCM;
it is being done to support gravitational wave search by the
Galileo spacecraft. Furthermore, the SCM can be used
to unambiguously characterize the performance of other
stable sources of reference frequency, such as the hydrogen
maser, for short measuring times.

A frequency pulling coil has been implemented and
tested to enable the SCM to be slaved to a hydrogen maser.
This combination would make it possible to combine the
long-term performance of the hydrogen maser with the
newly available short-term performance of the SCM.
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Fig. 1. The superconducting cavity maser oscillator with an
improved temperature-control system. Recent modifications in-
clude consolidation of heating and cooling elements to prevent
thermal-regulation power from flowing through the oscillator as-
sembly. A direct-output coupler and microwave isolalor were
installed to reduce noise and increase stability. The cryogenic
polarizer was added to provide effective and reproducible ruby
pumping.
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Flg. 2. Two sample Allan deviation plots of the SCM, gained by
testing it with SCSO and hydrogen maser references.

10_12 T LI | T LR T T 1T T T 1]
10713 - o HYDROGEN MASER -
z I o / ]
o) o}
< - °s ]
o 10 ° o —
[a] - ® B
z B ' ® o 1
Z L ® 00 0000qy 00000 0
2 %o
< - Oo )
10-15 SUPERCONDUCTING %o
. CAVITY MASER o
r =
10_16 L Lo b s SRR 1 IR | L Lo
107" 100 101 102 103
TAU, sec

Fig. 3. Plot of the Allan deviation showing SCM stability after
modifications to the SCM; also shown is the stability of a sin-
gle hydrogen maser reference. Improvement over the hydrogen
maser is apparent for times from 1 to 30 sec.
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Fig. 4. Phase-nolse measurements of the SCM operating at 8.1 GHz show an Improvement of
20 dB over the best multiplied 5-MHz quartz-crystal oscillator performance available at 10 GHz
(X-band). Nolse plots for varlous conventional 10-GHz frequency sources are also shown.
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