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ABSTRACT

Superconducting oscillators have achieved better frequency sta-
bility than any other device for averaging cimes of 10 l.c.s. to 1000
l.c.s. This high stability results from the use of solid niobium re-
sonators having Q factors greater than 10}%, sSuch oscillators have
direct applications as clocks and spectrally pure sources. They may
also be used for accurate measurements of many physical quantities
and to perform a variety of experiments on fundamental constants,
relativity, and gravity waves.

INTRODUCTION
The best frequency stability ever reported is 3 x 10 26 which
was achieved by a superconducting cavity stabilized oscillator. Al-
though superconductivity is not fundamental to such performance, it
results in two very important advantages beyond the usual qualities
which characterize a high stability resconator: The very high Q
which is cbtainable (up to 101 implies both extremely narrow line-
width and low intrinsic noise; the small effective nonlinearity of
the superconductor makes it possible to use relatively high power
levels. The combination of these properties and others makes it
possible to optimize the stability of oscillators from extremely
short times to many days.

A variety of different types of superconducting resonators are
in use: lumped circuit, stripline, cavity and Fabry-Perot. They
span a frequency range from DC to near 100 GHz. Plated superconduc-
tors can be employed, but bulk nicbium fired in a high vacuum furnace
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has produced the highest Q. Many different types of oscillators have
also been developed or proposed for use with superconducting reson-
ators. These include use of the superconducting resonator in the
feedback path of an amplifier to produce an active oscillator and use
of the superconducting resonator in some type of phase bridge to pro-
duce a control signal for stabilization of an independent oscillator.
The factors which currently limit the performance of superconducting
oscillators are not fundamental. The long-term stability is probably
determined by ambient influences such as temperature and mechanical
stability of critical components. The spectral purity is primarily
limited by vibrations and stored energy in the resonator.

Because of their exceptional frequency stability, superconduct-
ing oscillators ocutperform other frequency standards in a number of
applications. For example, they have the best stability of any de-
vice over the range of averaging times needed for long baseline in-
terferometry. In addition, they should provide unsurpassed spectral
purity for use in the synthesis of far-infrared frequencies. Super-
conducting oscillators are also interesting for a variety of funda-
mental physics experiments. It is possible to use them to test for
time variations in the fundamental constants, to search for gravity-~
waves, and to test the metricity of gravity. Since many physical
quantities can be transduced to a frequency, high stability oscil-
lators are excellent candidates for state-of-the-art metrology.
Superconducting oscillators are particularly well-suited for some
temperature, length and electrical parameter measurements.

SUPERCONDUCTING RESONATORS

A variety of different types of superconducting resonators may
be used for high stability oscillators and for applications to fun-
danental physics and metrology. They include lumped circuit, strip-
line, cavity and Fabry-Perot resonators. The choice of a resonator
type for a particular application involves ths consideration of many
factors. 1In general, however, a resonator with a high quality factor
(Q) and a very stable resonant frequency is desirable. For applica-
tions in which a physical quantity is transduced to a frequency shift,
the resonator frequency must be sensitive to the physical quantity,
yet insensitive to other conditions. The factors which affect the Q
and the frequency of a resonator are discussed below.
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Resonator Q. Superconducting resonators with high Q have been
studied most extensively for application to particle accelerators
which use resonators in the range of 100 MHz to 10 GHz. In this fre-
quency range, resonators made of niobium, Nb3Sn and lead have all
achieved unloaded Q's (Q ) greater than 10?. Niobium resonators have
been most extensivel¥ studied. They have achieved high Q's in thel
range of 10!% to 10'! for TMyie-mode cylindricgl cavities at 9 GHz
and 1.3 GHz ', for Tonx—gode cavities at 3 GHz™ and 9 GHz , for a
helical cavity at 90 MHz™, and for a re-entrant cavity at 400 MHz .
Much less work has been performed on NbiSn resonators. Nonetheless a
TEq;;-mwode cavity at 9 GHz has achieved a Q of 6 x 10°%7. Although
there has been extensive work on lead resonators, Q;s larger than 10°?
have been limited to TE¢);-mode cavities which have nearly zero elec-
tric field on their surface. A Q. gf 4 x 10'° has been reported for
a lead TEo;3;-mode cavity at 12 GHz -

An understanding of the relationship of the Qo to the resonator
mode and the operating temperature and frequency comes from the study
of the various types of losses in the resonator as well as the mode
characteristics.

First, a superconducting resonator whose dielectric is vacuum
is considered. In this case, the losses are determined by the magni-
tude of the magnetic field, H, at the surface of the superconductor.
The dissipated power density, p, in the superconductor is

1_2
p=3z R, (1)

where R is the total surface resistance of the superconductor. For
a particular resonator and mode the unloaded Q is related to the
surface resistance by the geometrical factor:

Q" T/R. (2)

The geometrical factor is a measure of the ratio of the resonator-
stored energy to the integral of the magnetic field squared over the
surface of the resonator.

The geometrical factor varies over a wide range depending on the
resonator type. A right-circular-cylindrical cavity with its dia-
meter equal to its length has [ = 7500 for the TEg;i;~-mode and
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T = 3000 fog the TMo1¢-mode. A Fabry-Perot resonator can havg a high T
of 1 x 10"Q°, whereas a helical cavity can have a low [ of 5Q°. Thus,
the choice of a resonator type can strongly influence Qo-

The surface resistance of superconductors is approximated by
the following relation for temperature less than one-half the super-
conducting transition temperature (T.) and for frequency (w) well below
the superconducting energy gap:

1.7 AoT

R= Ro () exp (- T

<
) + R, (3)

where R, is a constant and Ay = A(0)/kT. is the reduced energy

gap. The first term of Eq. 3 is the surface resistance (Rg) of the
superconducting state, and the second term is the residual surface
resistance (R___) which represents other types of losses at the sur-
face. Rtes as low as 5 x-<10 °Q at 90 MHz and 3 x 10 °Q at 9 GHz
has been reported. Although very low R can be achieved, it is
important to note that at higher temperaggges and frequencies R ,
the first term in Eq. 3, may dominate the total surface resistance
bhecause of its strong exponential temperature dependence. For ex-
ample, R_ = 2.6 x 10°%Q0 at 4.2 K and R_ = 2.5 x 10 ’Q at 1.3 K for
nicbium at 10 GHz. Thus at 10 GHz, a superconducting nicbium TMgj gy~
rode cavity must be operated below 1.3 K to reach a Qo of 10'!. The
paramaters for the first term in Eq. 3 are given in Table I for nio-
bium, Nb3Sn and lead. These parameters should be adequate for the
frequency range 100 MHz to 100 GHz.

Table I
Superconductor Ao T {x) RO(Q)
ot 7. 16 1.88 9.25 7.13 x 10:§§
Nb3sn'’ 2.1 18. 5.05 x 10_55
Pb 2.05 7.2 5.15 x 10

If the volume of a superconducting resonator is f£illed with a
dielectric, the loss tangent, § of the dielectric must also be con-
sidered. The loss tangent of dielectrics at low temperature has not
been extensively investigated. Bagadasarov, et al. have recently
reported a very low dielectric loss tangent of 2.4 x 10 ® for sap-

phire at 2 Kl3. This measurement was made on a solid sapphire 3 GHz
TMg1o-mode cavity coated with lead. This work is continuing.

Resonator Frequency. The frequency of a superconducting reso-
nator is a result of the resonator geometry and mode, the dielectric
within the space of the resonator, and the RF properties of the
superconductor. Although the characteristics which determine the
resonant frequency are relatively well-fixed, they are nonethaless
sensitive to the operating conditions of the resonator and alsc to
external conditions. These sensitivities are discussed below.

(a) Rescnator Stored Energy. The frequency of a superconducting
resonator is shifted from its value at zero storsd energy by electro-

DIPTSR
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magnetic radiatio pressurel and by the nonlinear superconducting
surface reactance . The frequency shifts for both of these effects
are to lower frequencies and are proportional to the stored

energy. The electromagnetic-radiation-pressure frequency shift is
dependent on the resonator geometry, the mode and the elasticity and
size of the structure forming the resonator. If a resonator and its
structure are scaled by a factor &, while the stored energy is

scaled by a® (same energy density), then both the resonator frequency
and electromagnetic-radiation-pressure frequency shift scale as l/a.
Thus, the radiation-pressure fractional fregquency shift remains con-
stant. On the other hand, the nonlinsar-surface-reactance frequency
shift depends only on the rescnator geometry and mode. If a reso-
nator is scaled by a factor &, while the stored energy is scaled by

a factor a’, then the resonator frequency scales as l/a and the non-
linear-surface-reactance frequency shift scales as (L/a) ? Thus,

the fractional frequency shift- due to the nonlinear surface resis-
tance scales as l/a.

The frequency shift due to the electromagnetic radiation pres-
sure is smallest in a cavity with a massive structure. For examplg
a circularly cylindrical TMoig~mode 8.6 ,GHz massive niobium cavity
(the length of the cavity and the thickness of the walls are about
equal to the cavity radius) has a stored-energy coefficient for the
fractional frequency shift of-1.5 x 10 ° J '. This coefficient is
probably dominated by the nonlinear surface reactance contribution.
On the other hand, a weakly supported resonator has a large frequency
shift due to the electromagnetic radiation pressuze16 For example,
an unsupported helical niobjum rescnator at 130 MHz ™ has a very
large sto:ed-ener y coefficient for the fractional frequency shift
of -5.5 x 10 ° . This coefficient is dominated by the electro-
magnetic radiatzon pressure.

The frequency shift coming from the stored energy has two ef-
fects on rescnator frequency stability. First, power fluctuations
in the source result in fluctuations of stored energy and thus the
resonant frequency. Second, the nonlinear coupling of the elec-
tromagnetic resonator mode to a mechanical mode of the resonator
structure by the electromagnetic radiation pressure proi ces ponder-
cmotive oscillations above some threshold stored energy - These
oscillations involve the transfer of energy between the electromag-
netic and mechanical resonators, and they result in very large fre-
quency and amplitude modulation of the electromagnetic rescnator.
For most applications, the resonator is operated well below the
threshold for ponderomotive oscillations.

(b) Resonator Temperature. The frequency of a superconducting
resonator is shifted from its absolute zero temperature value by
both thermal expansion and the temperature dependence of the super-
conducting surface reactance. The frequency shifts for both of these
effects are downward with increasing temperature. The freguency
shift due to the thermal expansion is dependent only on the struc-
ture forming the resonator. If the structure of a resonator is
scaled by a factor &, the fractional frequency shift due to thermal
expansion would remain constant. On the other hand, the fractional
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frequency shift due to the temperature dependence of the supercon-

ducting surface reactance would scale as l/a.

The temperature

coefficient of the frequency shift places some requirement on tem=
perature stability in order to achieve a particular level of frequen-
cy stability.
An example of the temperature coefficient for the fractional
frequency shift is given in Fig. 1 for a circularly cylindrical
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Fig. 1. Temperature coefficient

of §v/v for a niohium cavity.

TMoio-mQQe solid niobium cavity at
8.6 GHz"'. There are three contri-
butions to the temperature coeffi-
cient: the temperature dependence

of the surface reactance (skin depth),
the lattice thermal expansion and
the electronic thermal expansion.

The skin depth contribution has a
very strong temperature dependence
which is exponential (exp(-AoTc/T)).
The electronic thermal expansion
contribution has about the same func-
tional form as the skin éepth contri-
bution, but its magnitude is much
less (2%). The lattice thermal ex-
pansion contribution has a much
weaker temperature dependence which
is T®. At 8.6 GHz, for the TMojg-
mode nicbium cavity, the skin depth
and thermal expansion contributions
cross at 1.2 K. The use of a dielec-
tric structure for the resonator,

rather than a structure formed with a superconductor, can yield a
lower thermal expansion contrihu:ioesto the temperature coefficient
for the fractional frequency shift™ .

(c}

Gravity and Acceleration.

On Earth, the largest frequency

shift of this type is the result of the resonator structure self-
weight, which places the resonator structure itself under strain.
Again a massive structure is desirable to reduce the frequency shift

on the surface of the Earth.

one end with its Tgi
face of the Earth

to 10

the gravitational field.

An estimate of the fractional frequency
shift of a massive TMp)s-mode niobium cavity at 8.6 GHz supported at

s vertical in the gravitational field on the sur-
gives a fractional frequency shift of from 10 8

%, which corresponds to an acceleration coefficient for the
fractional coefficient for the fractional frequency shift of from
10 °
makes the resonant frequency quite sensitive to tilt with respect to

to 10 '9s2m ',

This frequency shift is relatively large, and it

A substantial reduction in the acceleration

coefficient could be made by supporting the TMg)¢-mode cavity at its
mid-plane so that the upper half is under compression and the lower

half under tension.

Strain in the resonant structure is also pro-

duced by linear acceleration and rotation of the resonator and by the

gradient of the gravitational force.

Although these effects are small

for an Earth-fixed resonator, they can become quite important for re-
sonators in free-falling satellites and space probes.
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(d) Radiation. Penetrating radiation, such as cosmic radia=-
tion, affects the dielectric characteristics within a resonator,
whether it is a vacuum or a solid dielectric. Thus, the radiation
causes a frequency shift. The magnitude of the frequency shift due
to radiation appears to be small. It has been measured by bringing
a5 mCi CO§° source close to a solid niobium cavity with a vacuum
dielectric’ ~- When the Co®? source was brought from a large dis-
tance to within 12 om of tg?Zniobium cavity, the fractional frequency
shift was less than 1 x 10 .

(e) External Pressure. Substantial frequency shifts can re-
sult from pressure applied externally to a resonator. This pressure
may be the result of the hydrostatic pressure of a liquid or gas or
the magnetic pressure due to the ambient magnetic field. The hydro~
static pressure is usually reduced by operating the rescnator in a
vacuum, and the magnetic pressure is reduced by shielding the reson-
ator from the external magnetic field, and under these conditions
the fractional frequency shift is very small.

(f} vibrations. Mechanical vibrations of a resonator modulate
its resonant frequency, which of course directly affects the spectral
density of phase fluctuations. The nature of the mechanical vibra-
tions and their affect on the resonant frequency depends on the geo-
metry and mode of the resonator and on the elasticity, geometry, and
density of the resonator structure. Although probably small, a fre-
quency shift proportional to the vibrational energy can come about
through the anharmonicity of the lattice potential of the resonator
structure.

(g) Structural Changes. To this point, it has been assumed
that the rescnator structure is unchanged except for its single-
valued dependence on parameters such as pressure, temperature, etc.
It is possible, however, for the atomic arrangement of the resonator
structure to change. The energy to change the atomic arrangement
can either come from residuval stress within the resonator structure
created when it is fabricated, or it can come from external sources
such as temperature, pressure, gravity oxr radiation. It is probably
not possible to analyze the affect of these energy sources on struc-
tural changes and the conseguent frequency jumps or drift. The best
measure of the affect of these energy sources on structural changes
may come from direct observation of the fractional frequency drift
in supercggductigg resonators, which has been cbserved to be as low
as 8 x 10 s/day .

OSCILLATOR DESIGN

Because of the tremendous stahility potential of superconducting
resonators, a variety of techniques have been used to construct super-
conducting oscillators. The goals of this research have varied. Some
oscillators have been constructed to illustrate feasibility, scme to
accomplish modest stability goals for further research on supercon-
ducting resonators, and others to achieve the ultimate frequency sta-
bility over some range of Fourier frequencies or averaging times.

As a result, the achieved frequency stability for each technique is
probably a poor indication of its capabilities. Instead of making
such a comparison, this paper will outline some of the advantages or
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disadvantages of each method from the point of view of achisving the
best possible frequency stability. The techniques discussed here use
the superconducting resonator in three different ways--as the sole
resonator of an oscillator circuit, as an auxiliary resonator to sta-~
bilize a free-running (noisy) oscillator, or as a filter which pzo-
vides no feedback to the source.

Figure 2b illustrates how an oscillator may be realized using a
superconducting resonator and a unilateral amplifier. Oscillation
can occur when the amplifier gain exceeds the losses and the total
phase shift around the loop is a multiple of 27 rad. Automatic gain
control or limiting”is necessary in order to produce oscillations at
the desired power level. The resconator may be used in either transg-
mission or reflection but the transmission mode is preferable because
the insertion loss of the resonator suppresses spurious modes of os-
cillation which do not lie in its pass bands. This tecagxqgs has re-
ceived considerable attention because of its simplicity
only element which needs to be located in the dewar is the supercon—
ducting cavity which can be connected to the room temperaturs ampli-
fier by long lengths of transmission lines. However, this virtue is
its major detraction when state~of-the~art frequency stability is
desired. Changes in the phase length of the transmission lines pro-
duce proportional frequency shifts. If A¢ is the phase change from
any source, the fractional frequency shift is

Av/v = A¢/2QL - (4)

The phase changes due to such factors as thermal expansion and vibra-
tions are sufficiently large in a crycgenic system that they totally
dominate the short term stability and drift of such an oscillator.
One solution to this problem is to use an amplifier which func-
tions in the same low temperature environment as the resconator and is
connected to it by short rigid transmission line. It has been pro=-
posed to use.a cryogenic travelling wave maser in a unilateral ampli-
fier design ~. Alternatives are tunnel diode amplifiers and varactor
diocde parametric amplifiers. Both of these devices function by gener-
ating a negative conductance at the resonator frequency. Since they
are bilateral, they can simply be connected to the superconducting
cavity through an impedance-transforming network as shown in Fig. 2a.
When the negative conductance of the amplifier exceeds the positive
load conductance of the resonator oscillation results. Jiminez and
Septier have demonstr} ed the feasibility of the tunnel diocde super-
conducggngzgsczllator and further work is being done by Braginski
et al. One of the authors (Stein) 15 developing a supercon-
ducting non-degenerate parametric oscillator - The major advantage
of the tunnel diode oscillator is that it requires only dc¢ bias power
for operation. On the other hand, there are several disadvantages.
Shot noise in the tunnel junction limits currently available tunne
diode amplifiers to an effective noise temperature of 450K at 9GHz -
In addition, the very low operating voltage limits the theoretical
output power to 1lmW at 10 GHz from commercially available devices
(having peak current less than 20 mA). If other problems were solved
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several superconduct-
ing frequency sources:
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(b) Loop oscillator,

(c) stabilized voltage

~controlled oscil-
lator, and (e) pass-
ive filter.

these two difficulties could limit the fre-
quency stability of the tunnel diode super-

conducting oscillator. 1In contrast, cooled
parametric amplifiers have demonstrated 20 K
noise temperatures and room temperature non-
degenerate parametric oscillatoig hige pro-

duced more than 100 mW at 9 GHz ' .

The most widely studied technique for re-
alizing a superconducting oscillator has been
the stabilization of a free-runn&ag ascillator
with a superconducting resonator” . One tech-
nique for accomplishing this, called cavity
stabilization, is shown in Fig. 2¢. The os-
cillator is injection-locked by the power
which is reflected from the superconducting
resonator. The stabilization factor, which is
the ratio of the free-running oscillator fre-
quency fluctuations to the cavity-stabilized
oscillator frequency fluctuations, is given
by the ratio of the Q of the superconducting
cavitgoto the Q of the free~running oscil-
lator™ . Since the frequency fluctuations of
an oscillatoglare inversely proportional <o its
resonator Q, the best possible performance
of a cavity stabilization system reduces to
that of an oscillator built with the supercon-
ducting cavity as its only resonator. There
are two major disadvantages to this technique.
First, room temperature oscillators such as
klystrons and Gunn-effect devices have extreme-~
ly high noise temperatures; second, the fre-
quency offset from the center of the resonance
is proportional to the line length between the
oscillator and the cavity just as in the loop
oscillator.

The most successful superconducting os-
cillator technique to date is the use of ac-
tive feedback §3 stabilize a voltage control-
led oscillator™ . The superconducting reso-
nator is the frequency-sensitive element of a
discriminator which generates an output volt-
age proportional to the frequency difference
between the oscillator and the cggter of the
superconducting cavity resonance . Although

this system also has a long path length between the room temperature
oscillator and the superconducting cavity, it is possible to design
the discriminator so that the dependence of the oscillator frequency

on this path length is greatly reduced.

This is accomplished by

using phase modulation sidebands on the carrier frequency to provide
the reference for locating the plane of the detuned short of the

superconducting cavity.

Despite the fact that this technique also

uses a noisy room temperature oscillator, its performance is not
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limited by this fact. This is true because in such a system it is
possible to greatly multiply the phase vs. frequency slope of the
resonator by using external amplifiers. In this way the frequency
fluctuations of the free-running oscillator may be reduced until the
performance level is determined by the microwave detectors.

Figqure 2e shows a superconducting resonator being used to filter
the output of an oscillator. This application is particularly impor-
tant when the oscillator is to be used as a source for frequency mul-
tiplication. For exampleipresent stata-of-the-art quartz crystal oscil-
lator may be multiplied to 0.5 THz before the carrier is lost in the
phase noise pedestal. However, if the same oscillator is filtered
by a passive superconducting cavity with loade§4Q equal to 2 x 10°
it could in principle be multiplied to 100 THz™ .

The conclusion of the above discussion is that two types of
superconducting oscillators appear most promising for improved sta-
bility: stabilization of a VCO and the all-cryogenic oscillator.

The fundamental limitations of the two devices are similar, so the
most important differences at this time are the practical problems

of implementation: The VCO stabilization system has all the critical
elements outside the dewar where they are readily available for ad-
justment and experimentation, but they are necessarily sensitive to
problems of temperature fluctuations and vibration. On the other
hand, the active oscillator is compact and totally contained in the
highly controlled cryogenic environment. Such an oscillator will,
however, present some new technical difficulties such as heat dissi-
pation and device parameter fluctuations.

THEORETICAL OSCILLATOR NOISE PERFORMANCE

For the purpose of this discussion, the frequency fluctuations
of any oscillator based on a superconducting resonator can be sepa-
rated into two categories: Statistical fluctuations around the cen-
ter of the resonance and the perturbations of the resonant frequency
itself. The second category determines the ultimate performance
level for any oscillator which is relatively independent of its de-
sign. It includes temperature, power level, and mechanically-in-
duced frequency shifts which were discussed in a previous section.

If the center of the resonance is sufficiently constant, then
other sources of noise will determine the ultimate stability of the
superconducting oscillator system. The frequency £fluctuations about
the center of the resonance are highly dependent on the design of the
particular oscillator; however, a lower limit corresponding to the
case where all noise sources are filtered by the resonator can be
determined. If the perturbingsno§ge §§ white, then the phase of the
oscillator does a random walk™ "’ ! . The one-sided spectral
density of the phase fluctuations, in a form appropriate for micro-
wave resonators, is given by 2

S, (£) = (—:‘1) e (5)
o] £ ZPa Qe 2 :
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where vo is the operating frequency, k is the Boltzman constant, T is

the absOlute temperature, P_ is the power dissipated in the load, and
and Q are the external and locaded Qs respectzvely. In the case

o% the superconductzng cavity with Q = 10'9, QL = 5 x 10°%, Pa =

10" %, v, = 10'? Hz, and T = 1K,

Sg(8) = 10720 yz/£2,

The activa element in a practical oscillator will dominate the ther-
mal noise. 1In this case T must be interpreted as the effective
noise temperature of the device. Such noise temperatures vary frona
approx;mately 20 K for varactor parametric amplifiers to more than
10" K for a transferred-electron device.

Another important limitation on the stability of a supercon-
ducting oscillator is additive noise which results from a white
noise voltage generator at the output of the oscillator. In an
ideal oscillator the additive noise is due to output buffer ampli-
fiers or a user device. The spectral density of the phase fluctu-
ations is

Sp(£) = kr'/22,, 6)

where T' is the effective noise temperature of the circuitry which
sees the output of the oscillator. If the effective noise tempera-
ture is 300 K and the available power is 10 -3 W, then

Sy(6) = 2 x 10728 uz.

In this case the additive noise dominates the oscillator spectrum
for Fourier frequencias greater than .07 Hz. Under the same condi-
tions, the msg fractional frequency fluctuations are given by

¥

2
2 / ~20
o - 8.3 x 162% . 4.3 x 10°°¢, \ .
Y o T /17

where fh is the noise bandwidth of the measurement system.

Equations (5) and (6) show that both the random walk of phase
and the additive noise can be reduced by increasing the available
power. However, this technique is limited by several factors. The
nenlinearity of the resonator couples amplitude and phase modulation
and may ultimately limit the stability. If this is not a problem,
then at some field level the rescnator breaks down. Finally high
power levels may exceed the dynamic range of the user ‘device such as
a mixer in a super-heterodyne receiver.

SUPERCONDUCTING OSCILLATOR FREQUENCY STABILITY

The superconducting cavity stabilized oscillggoraéscso), which
has been extensively investigated by the authors ! , exemplifies
tha potential of superconducting cavities to achieve very high fre-
quency stability. An ensemble of three nearly independent SCSOs was



used to evaluate their performance.

203

Each SC30 employed a massive

niobium TMq;o-mode 8.6 GHz cavity operating at about 1.2 K with

a temperature stability of 10 UK.

The unlcaded Qs of these supercon-
ducting cavities ranged from a few times 10? to 7 x 10%°,
quency stability of these SCSOs is discussed helow.

The fre-
The potential

frequency stability of SCSOs has not yet been fully realized; for
short term stability, circuits utilizing a superconducting cavity as
a transmission filter would be more appropriate.

Frequency Domain Measurements.

The spectral density of phase

fluctuations S, (f) has been measured as a function of Fggrier fre-

quency for the SCSO.
8.6 GHz SCSOs are summarized in Fig.
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Fig. 3. Spectral density of phase

fluctuations S, as a function of
Fourier frequegcy for an 8.6 GHz
superconducting-cavity stabilized
oscillator.

The results of these measurements

for the
3. There are several aspects of
S, Which are important to dis-
cuss. First, for Fourier fre-
quencies between 100 Hz and 50
kiz, the baseline for S, is _,
white and it is 10 2 rad® Hz .
This level is the result of the
noise characteristic of the

1 MHz amplitude detector used
in the SCSO and it does not
represent the limit of what may
be achieved with a supercon-
ducting resonator. For fre-
quencies helow 100 Hz, the base-
line of S makes a transi-
tion to f?icker frequency noise
(S.= £ ). Superimposed on the
bageline for Fourier frequen-
cies below 500 Hz are what ap-
pear to be bright lines.

These bright lines have been
attributed to mechanical vi-
brations transmitted ti the
cavity from the floor. The
peak in S, at a Fourier fre-

quency of 250 kHz comes from the specific charalter of the SCSO feed-
back frequency response which has an open loop gain of one at about

300 kHz.

Thus, there is not encugh feedback gain in this region to

improve the phase fluctuations of the Gunn oscillator which is stabi-

lized by the superconducting cavity.
cies, S
cillator itself.

Time Domain Measurements.
8.6 GHz SCSOs has been measured
a noise bandwidth of 10 Hz, and
circles.

For the highest Fourier frequen-

is dropping because of the characteristics of the Gunn os-

he two-sample Allan variance for the
as a function of sampling time with

is shown
The figure has three regions of interest.

in Fig. 4 by the open
First, for sam-

pling times (T) less than 30 s, the Allan variance (32.) has the fomm

g =10 **/1.

For the noise bandwidth of 10 Hz, C

is” dominated by

the low frequency bright lines in S, rather than izs white component.

Second, cy reaches its noise floor of

3 x 10 ' for sampling times
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3 between 30 and 100 s. Third, for
\ L T T T > 100 s, Gy is dominated by
Y 4 drift in the” SCSO, and therefore
\ increases. The presence of drift
N\ e is demonstrated by computing the
ol \\ :3523?:ﬁuz B second difference variance using

\ BANONISTH - 10 Nz three samples. This variance, re-
presented by dots in Fig. 4, re-
moves scme of the drift and ex-
\ tends the noise floor to 1000 s.
0tk e o o4 Frequency Drift. The fre-
\ quency drifts of the SCSOs have
N\ - III been measured both among the three

JYARTARCE
-
LS
s
.
3
=
I
°
1.

SCSOs and with respect to an eh-
e . ; . semble of cesium atomic frequency
| ] standards for periods of about
SAMPLING TIME, 7(s} twelve days. The linear drifts of
the SCSO's with respect to the ce-
Fig. 4. The Allan and Hadamard sium frequency standards are typi-~

variances as a function of sam- cally about 10 '* day ! and are
pling time, T. The data are both positive and negative. At
for a superconducting-cavity this time there is no evidence
stabilized oscillator operating that the drift is the result of
at 8.6 GHz. any structuxal changes in the cav-

ities. The drift is probably ac-
counted for by external influences on the cavity and the electronic

circuits. In addition to linear drift, the frequency of the SCSOs
has a daily variation With an amplitude of a.few times 10 **. -

These periodic variations are correlated with 6Qriatzons of tilt in
- the floor in which the SCSO dewar is mounted.

APPLICATIONS

Although all of the uses of superconducting cavities result from
their low electromagnetic losses, substantially different advantages
can be gained from this one property. There are applications where
the superconductivity serves primarily to reduce the large amounts of
power which would be digsipated in conventicnal devices; these appli-
cations are not discussed here. A second group uses the very high Q
to realize exceptional filter characteristics such as narrow band-
width and high ratio impedance transformation. ILow loss also means
that practically any cbject placed in a superconducting cavity will
dominate its performance; thus many materials properties may be ac-
curately transduced to a frequency with high resolution and low
noise. As a rasult of their state-of-the-art stability, supercon~
ducting escillators are beginning to find a wide variety of appli~
cations either directly as clocks, as components of oscillator sys-
tems, or in a variety of physics experiments involving clocks and
time. Finally, there are some special applications which are rather
unique and are discussed separately from the others.
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RF Superconductivity. One of the first applications of super-
conducting rescnators was to provide an RF power source of adequats
stability to measure many of the properties of the superconducting
resonater itself. In this application, a voltage-tunable microwave
oscillator excites the superconducting rescnator. In combination
with a dc phase bridge, the superconducting resonator produces a fre-
quency discriminator veltage which locks the voltage-tunable oscil-

. lator to the frequency of the superconducting resonator. This sta-
bilization technique, which is also applied to superconducting accel-
erators and superconducting particle separators, avoids the need to
provide rather expensive and sometimes cumbersome frequency synthesis
of the RF power source from a high-quality gquartz crystal oscillator.

Filters. Perhaps the most obvious application of high Q super-
conducting cavities is as narrow band filters. Below approximately
100 MHz, lumped element rescnators are preferred, but at higher fre-
quencies various types of cavities are used: helical structures be-
low 500 MHz; quarter-wave reentrant structures between 500 MHz and a
few GHz; low~order mode structures from a few GHz to 10 GHz or more;
and Fabry-Perot resonators at higher f£requencies. In addition to the
obvious advantage of very narrow bandwidth, for example, 0.1 Hz at
10 GHz, cavities have very pure rasonance medes., The gaometry can
often he chosen so that spurious modes are separated by an octave or
more. In contrast, quartz crystal filters have spurious modes usually
spaced only 0.1 percent from the desired mode.

Superconducting cavities can be mechanically tuned over a wide
range, but the instability introduced by the tuning mechanism counter-
acts the most important property of the resonators. Very fine, stable
tuning can be achieved by controlling the temperature of the reso-
nator--the total fractional tupability is on the order of 10 o a
second method which yields a tuning range of 10 * is optical tuning
by the photodielectric effect. This has been realized by placing a
high raesistivity semiconductor wafer in the gap of a qua:&sr-wave
reentrant cavity where the RF electric field is very high . When a
light beam is directed on the semiconductor its dielectric constant
changes, thereby producing a large shift in the cavity resonant fre-

. quency. Step changes in the frequency can be made in less than 10 ms

but the presence of the semiconductor degrades the band-width of the
filter: a Q of 10°% at 1 GHz has been achieved for such a device.

The narrowband, tunable filters which can be realized with super-
conducting cavity filters may be applicable to some communications or
radar receivers. However, it is more likely that they will be used
in highly specialized devices. For example, a superconducting reso-
nator may be used to obtain strong coupling between an evaporated
Josephson junction and an electromagnetic field. This is particularly
valuable when the junction is used as an oscillator. If such a junc-
tion is not incorporated into a resonant structure, the large shunt
capacitance shorts out high~frequency voltages. The theoretical max-
imum output power from a Josephson junction is 0,58 I V,where I is
the critical current and V is the bias voltage. Theoretically, a
typical junction can output about 10 7 w at X band, but only about
one percent of this is observed from waveguide-coupled evaporated
junctions. In addition to performing the required impedence matching
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to the junction, the superconducting resonator also provides nar-
row band filtering of the output signal. Unfortunately, this prop-
erty detracts from the major advantage of the Josephson junction os-
cillator~--it has a Ening sensitivity 10° times greater than conven-
tional oscillators. In order to preserve this property, it will be
necessary to use superconducting cavities with extremely agile fre-
Quency tuning.

Superconducting resonators may also be useful as high-ratio im-
pedance transformers for use with superconducting antennas. This
application also has the disadvantage of narrow bandwidth. Superx-
conducting antennaizare not considered advantageous today over con-
ventional devices.

Transducers. Superconducting cavities make attractive trans-
ducers for a variety of quantities because they introduce negligible
perturbations and their output is usually in the form of a frequency
which is easily and accurately measured. Since the frequency of a
cavity resonator is approximately inversely proportiocnal to one of
its dimensions, it is very natural to use such a resonator to measure
changes in that length. The resclution is limited by the frequency
instability of the rescnator; the best achieved stability of super-
conduc;fng cavity oscillators corresponds to a randem noise level of
3x10 '® ecm. This performance can be improved in principle by de-~
signing the resonator so the controlling dimension is very small. It
has been predicted that a quarter-wave reentrant cavity wou1d4§ermit
the resolution of 10 !7 em for a one-second integration time. How-
ever, it has not been demonstrated that the necessary Q can be ob-
tained with such a resonator design. There is an interest today in
superconducting cavity length transducers for the detection of gravity
waves. In such an experiment, the cavity itself could be used as the
antenna, but more likely, two cavities would be coupled to a tradi-
tional bar antenna in a way which would cancel a substantial fraction
of the frequency noise in the exciting oscillator. By appropriate
design, the resonator dimensions and therefore frequency can be made
sensitive to extremely small changes in Earth's gravity. A gravi-
meter with a sensigivity of 10 18 ¢ and a drift of 5 x 10 ° g/day
has been reported.

Substantial use has been made of superconducting cavities to
measure a variety of properties of materials at low temperature.

The technique is to place a sample within the resonator and to mea-
sure either the frequency or Q as a function of the parameters of
interest. The advantage of this technique is that it does not re-
Quire ohmic contacts and can be used with randomly shaped, powdered
or liquid samples. Dielectric constants very near unity and loss
tangents as small as 10 3 can be measured because of the high stabi-
lity and very low losses of the superconducting cavity itself. Many
semiconductor properties have been measured including relaxation
time, lifetime, Fermi level, trap ionization energy, trap densitx
capture cross section, free carrier density and trap population.

Some properties of liquid helium have also been studied this
way. The thermal expansion has been measured_gisg a sensitivity, in
texms of fractional density change,of 4 x 10 °. This sensitivity
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is sufficient to yield quantitative data concerning the dispersion
relation for thermal phonons in liquid helium. The damping of os-~
cillations of the liquid He through a small orifice can be studied
by using the frequency of a4§uperconducting cavity to sense the level
of liquid helium within it. This data has been used to study the
quantization of vorticity in superfluid helium.

- Several interesting and useful devices can be implemented using
superconducting cavities. A thermometer can be made for the. tempera-
ture range from .25 to .6 K by fi& ing a cavity with He® vapor in
equilibrium with the bulk liquid. Changes in density, which are
reflected in frequency changes, are interpreted in terms of the tem=
perature of the gas. The accuracy of such a thermometer is estimated
to be 0.2 percent. A nuclear radiation detector can be made by
placing a properly doped semicggductor crystal on the stub of a
quarter-wave reentrant cavity. Below 70 K, the charge carriers
created by the absorption of radiation are trapped for very long
times at sites in the forbidden band. As a result, the frequency
of the cavity shifts proportionally to the total absorbed dose. A
detector for low levels of light can be implemented in a similar way
only in that case the frequency shift results from the photodielec-
tric effect. .

Oscillators and clocks. The excellent spectral purity and me-
diunm term stability (up to about one day) of superconducting oscil-
lators have numercus applications. These are divided into three ca-
tegories in the following discussion: oscillators used as components
of instruments; oscillators used as clocks to provide timing func-
tions for coemplex instrument systems; and oscillators used to per-
form experimants based directly on clock performance.

Oscillators with very good spectral purity (short-term sta-
bility) are important elements of many instruments and measurement
techniques. One example is the use as the source oscillator for
frequency multiplication from microwave to infrared or higher fre-
quencies. The process of multiplication by an intesger n increases
the phase noise power by n?. This creates a severe practical prob-
lem because once the integrated white phase noise becomes comparable
to 1l rad, it is no longer possible to identify the coherent signal
component. Traditional multiplication schemes require the use of
several intermediate steps with independent oscillators at each step
to reduce the phase noise to an acceptable level. Superconducting
oscillators can be used in principle to accomplish high order multi-
plication in a single step. They have two important advantages in
this application: they can operate at frequencies at least as high
as 10 GHz and theoretically can produce a signal whose spectral pur-
ity is limited by the characteristics of the multiplier. For example,
it has been predicted that a state-of-the-art commercial 5 MHz quartz
crystal oscillator may be multiplied to .5 THz before the carrier is
lost, but the same signal when filtered by a 10 GHz superconducting
cavity with Q = 10!° can be multiplied directly to 100 THz.

One of the authors (Stein) is testing a superconducting-cavity
parametric29scillator at 9.2 GHz for use at the National Bureau of
Standards. Also Viet Nguyen at the University of Paris IX (Orsay)
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is constructing an SCSO for the purpose of multiplication. Both of
these devices employ a TMg;g-mode niobium resonator with two coupl-
ing ports. One of the two ports is used by the oscillator or sta-
bilization circuit, and the second port is a transmission port for
the useful output power. Both of these devices should have substan-
tially reduced S, (f) for higher Fourier frequencies than that shown
for the SCSO in Fig. 1. The improvement comes from the filtering
character of the cavity at the transmission port.

Certain types of radar also depend critically on the spectral
purity of their local oscillator. Return signals from nearby sta-
tionary clutter mix with the phase-noise sidebands and limit the
signal-to-noise ratio of the true Doppler signal. For example, if a
1 GHz radar has target velocity detection down to 40 m/s and Doppler
bandwidth of 10 KHz, then in order to achieve 80 dB sub-clutter vis-—
ibility it is necessary to use a local oscillator whose phase noise
is more than4§20 dB below the carrier for Fourier fregquencies greater
than 200 Hz.

A third application for short-term stable oscillators is as fly-
wheel oscillators in atomic frequency standards. Since the time do-
main frequency stability, o,{(T), cannot improve faster than 1/7, the
medium term performance of %he standard is limited by the flywheel
oscillator if its stability is worse than that of the atcmic frequen-~
cy discriminator at the attack time of the feedback loop. Quartz
crystal oscillators do not degrade the performance of current atomic
standards, but if expected improvements in these standards are made,
then improved flywheel oscillators will be needed and superconducting
oscillators are a possible candidate. Flywheel oscillators are also
used for autotuning hydrogen masers, a process whereby cavity—galling
and spin exchange frequency shifts are simultaneously reduced.
Present autotuning systems utilize a pair of masers, one of which
could be replaced by a supercgiducting oscillator, thereby realizing
a significant cost reduction.

Superconducting oscillators can also be used to provide time for
complex instrumentation and measurement systems such as radio astro-~
nomy and radar ranging. The desirability of superconducting oscil-
lators for these applications range from cost savings to the poten-
tial for significant improvements in performance.

Very long baseline interfercmetry (VLBI) using independent
clocks may have the following clock performance requirements for cer-
tain types of experiments: initial 1 us synchronization of the start
of recording; total time error of less than 1 ns over a five-hour
observation period to insure that all the data have the same initial
offset error; and sufficient cohgience to guarantee that the recorded
signals can be cross-correlated. For a 10 GHz system and an obser-
vation time of one hour, the coherence regquirement is met by an oscil-
lator with a noise floor O, = 5 x 10 '°. The required noise £loor
decreases inversely with both the operating fregquency and the ohser-
vation time. The requirements are approXimately met by both hydrogen fre-
quency standards (masers and passive devices) and superconducting os-
cillators. The masers are very expensive ( $250 K) whereas the other
two devices appear to cost only about one third as much and may have
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the possibility of extending the frequency for some types of VLBI ta
the region of 10Q GHz. One of the authors (Turneaure) has analyzed
the phase coherence of two standard SCSOs at 8.6 GHz for3§pplication
to VL3I experiments with 30-and 60-minute cycling times. For

30 min., the rms phase error is 31 m rad; and for 60 min, it is 87 m
rad. Turneaure at Stanford is currently constructing an SCSO for
VLBI at Owens Valley Radio Obsexrvatory.

Various types of navigation systems need state-of-the-art clocks.
Since both the navigation requirements and the techniques are scme-
what flexible, it is difficult to place fixed regquirements on clock
performance. Typical performance goals are discussed here for two
navigation systems.

The NASA Deep Space Net (DSN) utilizes a network of radar sta-
tions to track spacecraft which have left earth orbit. The current
capability of the system is approximately 5 m range resolution and
1 urad angular resolution. Planners foresee the need for approximately
an order of magnitude improvement in resolution for some missions
which g%ll be flown in the early 1980s such as Jupiter Orbiter
(JoP) . The clogck stability requirements depend on the method of
range measurement. One approach which has been suggested is to re-
place most of the coherent (two way) Doppler ranging with non-coher-
ent (one way) Doppler measurements. The latter technique, also called
wideband VLBI, has the advantage that it substantially reduces the
tracking time for accuracy comparable to current coherent tracking
methods. However, it places the most stringent requirements on clock
performance. When daily calibrations are used, the frequency must be
constant to 1.5 x 10 !'* over one day. Weekly calibrations are pre-
ferable to reduce cost and operating time but_the frequency stability
requirement becomes 3.2 x 10 '° over one day. >

An experiment has been proposed to use the DSN to detect gravi-
tational waves. The passage of a gravitational wave pulse past the
earth and spacecraft produces an identifiable signature in the range
information. This experiment places the strictest stability require-
ments on the frequency standards. _To do a feasibility experiment the
frequency stability must be 3 x 10 18 for the duration of the experi-
ment, 40 s to 4000 s, which can be achieved with a state~of-the-art
superconducting oscillator system. A dgzirable experiment would re-—
quire frequency stability of 3 x 10 18, It is probable that a
superconducting oscillator using a cavity with Q = 10'! would even=
tually be capable of reaching this performance level.

The Global Positioning System (GPS) is a multisatellite system
intended to provide earthbound navigation with a precision of about
10 m. Each satellite carries high stability clocks which need to
keep time to 10 ns over 10 days. Several hydrogen frequency standards
are being developed for this purpose. Depending on future system re-
quirements, superconducting oscillators could become desirable for
this application.

There are several fundamental physics experiments which are based
directly on superconducting oscillator performance. Two of these, a
red shift experiment and a fundamental constants experiment, are per-
formed by comparing the frequency of a superconducting oscillator to
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the freguency of an atomic standard based on a hvperfine transition
such as cesium or hydrogen. In the red shift experiment cne looks
for a term in the frequency ratio that has a period of one solar day.
Because of the Earth's rotation in the Sun's gravitational field,
various theories of gravity predict

vhvperfine

5 = Al + 1o'1z(r° - &Tl) cos (27mt/1 solar day)] (8)
superconducting

where Fo and T; are zero for gy metric thecry of gravity such as the
general theory of relativity. With available standards it would in
principle be possible to set an upper limit of_l10 ! on Fo~&Tl. The
Eotvos experiment already places a limit of 10 ° on Fo and may place
a limit on Ty-

If instead of analyzing the data for diurnal effects, they are
fit to a linear drift model, then the same experiment may be analyzed
to yield an upper limit on the time rate of change of the fine struc-
ture constant. The ratio of the frequencies of a hyperfine standard
to a superconducting oscillator is

vhyperfine

5 = Ba(a’ (9)
suparconducting

where m is the mass of the electron, M is the mass of the nucleus,
and g is the gyromagnetic ratio of the nucleus; B is a constant. By
comparing a superconducting oscillator to a cesium standard for 12
days it has been determined that (l/a) (da/dt) is less than 4 x 10 1z,
year with 68 percent probability. The quality of this experiment
was determined by the data link connecting the laboratories where the
standards were located. Significant improvements may result from a
comparison of superconducting oscillators and hydrogen standards in
the same laboratory. Although astronomical and geophysical measure-
ments have set a tighter upper limit, they have the disadvantage of
averaging possible changes over periocds on the order of 10 percent of
the age of the universe.

A laboratory experiment has been proposed to use a superconduct~
ing resonator excited by a superconducting oscillator to measure the
Lense~Thirring effect--the dragging of inertial frames by a rotating
mass. A toroidal superconducting waveguide is centered on the rota-
tion axis of an axisymmetric object. The wave travelling in the same
direction as the rotating body takeg less time to complete one round
trip than the counterxcotating wave. As a result, the interference
pattern rotates around the waveguide. For a 5000 Kg mass with 50 cm
radius rotating at an angular velocity of 2 x 10) rad/s, tgg angular
velocity of drag has been estimated to be 2 x 10 2° rad/s. The
required waveguide Q is S5_x 10'¢ and the stability of the exciting
oscillator must be 1 x 10 37. This stability is probably achievable,
but it is impossible to say if such high Qs can be achieved. Theré
are many other problems at least as difficult as these, making this
experiment extremely problematic.

Special Devices. Occasionally superconducting cavities can be
used to solve some unusual problems. One example of this is the




211

reduction of the "cavity phase shift" problem in cesium beam frequen-
cy standards. At the present time, the most significant limitation in
the accuracy of cesium beam frequency standards is the extent to
which the phase difference of the RF fields in the two interaction
regions can either be nulled or measured. If superconducting cavities
were used, the variations of the microwave phase across the apertures
of the cavities would become very small and it would be possible to
measure the intercavity phase shift with high precision. This ap-
proach is not being tried at the present time because of the diffi-
culty of using cryogenic cavities in an atomic beam device and be-
cause there is another promising technique with fewer difficulties.
Another novel suggestion is a superconducting cavity gyroscope.
One possible configuration is the toroidal microwave cavity which
was described earlier in the discussion of the Lense-Thirring effect.
The position of the nodes in such a cavity experiencas a phase shift
proportional to the rotation speed of the cavity and the frequency
of the exciting radiation. This is just the Sagnac effect which is
used today in laser gyroscopes., Because of the difficulty in optical
detection of fringes, laser gyroscopes are constructed today in the
form of ring oscillators. These devices must be biased in order to
overcome a dead zones at low rotation ratas; systematic errors intro-
duced by the bias degrade the performance of the gyroscope. The
superconducting version of such a gyroscope is less sensitive by a
factor of 10" to 10° because of the wavelength differsnce. However,
this is offset by the fact that it is possible to detect a much smaller
fraction of a fringe at 10 GHz than at visible frequencies. Conse-
quently, it may be possible to construct a Sagnac-type gyroscope
(using superconducting cavities) which operates in the interferometric
mode with no dead zone and is competitive in sensitivity with the
best mechanical gyroscopes.

CONCLUSICNS

There are desirable applications for superconducting cavities
with Qs up to 10'7 and for superconducting oscillators with stabil-
ities as good as 3 x 10"'%. The best Q achieved to date is 5 x 10'!

and the best stability is 3 x 10 18 'since it is generally possible
to find the center of a resonance line to one part per million, it

is reasonable to expect a stability of 2 x 10 18 i1l be achieved
using present technology within ten years. On the other hand, Q
improvement to the 10!7 level will require major advances in super-
conducting technology. The likelihood of it happening within the
next ten years, if ever, cannot be reasonably assessed.
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