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ABSTRACT 

Superconducting oscillators have achieved better frequency sta- 
bility than any other device fo r  averaging cimes of 10 1.c.s. to 1000 
1.c.s. This hicjh stability results fro3 the use of solid niobium re- 
sonators having Q factors greater than 1O1O. 
direct applications as clocks and spectrally PUR sources. 
also be used for accurate measurements of many physical qiantities 
and to perform a variety of experiments on fundamental constants, 
relativity, and gravity waves. 

Such oscillators have 
They nay 

I N T  WDUCTION 

The best frequency stability ever reported is 3 x which 
was achieved by a superconducting cavity stabilized oscillator. Al- 
though superconductivity is not fundamental to such perfo-rmance, it 
results in t w o  very important advantages beyond +he usual qualities 
which characterize a high stability resonator: 
which is obtainable (up to 10”) inplies 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. 

The very high Q 

A variety of different types of su?erconducting resonators are 
in use: lumped circuit, stripline, cavity and Fabry-Perot. They 
span a frequency range from Dc to near 100 GHz. 
tors can be employed, but bulk niobium fired in a high vacuum furnace 

Plated superconduc- 
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has produced the highest Q. Many d i f fe ren t  types of o sc i l l a to r s  have 
also been developed or proposed for use with superconducting reson- 
ators.  These include use of the superconducting resonator i n  the  
feedback path of an amplifier t o  produce an ac t ive  osc i l l a to r  and use 
of the sup*rconducting resonator in soma type of phase bridge to pro- 
duce a control s ignal  f o r  s tab i l iza t ion  of an independent o sc i l l a to r .  
The factors  which current ly  limit the performance of superconducting 
osc i l l a to r s  are not fundamental. The lonq-term s t a b i l i t y  is probably 
determined by ambient influences such as temperature and mechanical 
s t a b i l i t y  of cr i t ical  components. The spec t ra l  pur i ty  is primarily 
l i m i t e d  by vibrations and stored energy in the resonator. 

Because of t h e i r  exceptional frequency s t a b i l i t y ,  superconduct- 
ing osc i l l a to r s  outperform other frequency standards i n  a number of 
applications. For example, they have the  best  s t a b i l i t y  of any de- 
vice over the range of averaging times needed fo r  long baseline in- 
terferometry. I n  addition, they should provide unsurpassed spec t ra l  
puri ty  f o r  use in the synthesis of far-infrared frequencies. 
conducting osc i l l a to r s  aze also in te res t ing  fo r  a var ie ty  of funda- 
mental physics experinrents. It is possible t o  use them t o  test  f o r  
time var ia t ions in the  fundamental constants, to search fo r  gravity- 
waves, and to test  the metr ic i ty  of gravity.  
quant i t ies  can be transduced t o  a frequency, high s t a b i l i t y  osc i l -  
l a to r s  axe excel lent  candidates fo r  state-of-the-art  metrology. 
Superconducting osc i l l a to r s  are par t icu lar ly  well-suited for  SO- 

temperature, length and electrical parameter measurements. 

Super- 

Since many physical 

SUPEPCONDUCTING RESONATORS 

A variety of d i f fe ren t  types of superconducting resonators m y  
be used f o r  high s t a b i l i t y  osc i l l a to r s  and for  applications t o  fun- 
d t l en ta l  &sics and metrolog.-. They include lunpad c i r cu i t ,  s t r i p -  
l ine ,  cavi ty  and Fabry-Perot resonators. The choice of a resonator 
type f o r  a par t icu lar  application involves the consideration of many 
factors.  In  general, however, a resonator with a high qual i ty  fac tor  
(Q) and a very stable resonant frequency i s  desirable.  For applica- 
t ions i n  which a phys ica lquant i ty i s  transduced t o  a frequency s h i f t ,  
the resonator frequency must be sensi t ive t o  the physical quantity,  
yet  insensi t ive t o  other  conditions. 
and the frequency of a resonator are discussed below. 

The factors  which a f f ec t  the Q 
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Resonator 2. 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. 

. quency range, resonators made of niobium, Nb3Sn and lead have all 
achieved unloaded Q's (Q ) greater than 10'. 

1 been most extensive1 studied. They have achieved high Q ' s  in the 
range of 10:' to 10'' for TMolo-mode cylindric31 cavitiesOat 9 GHz 

helical cavity at 90 MHz , and fox a re-entrant cavity at 400 MHz . 
Much less work has been performed on Nb3Sn resonators. Nonetheless a 
T E o  1 l-mode cavity at 9 GHz has achieved a Qo of 6 x lo9 '. Although 
there has been extensive work on lead resonators, Qbs larger than l o 9  
have been limited to TEoll-mode cavities which have nearly zero elec- 
tric field on their surface. 
a lead TEol3-~mde cavity at 12 GHz 

In this fre- 

Niobium resonators have 

and 1.3 GHz , for TEoll-rpde cavities at 3 GHz and 9 GHz 4 , for a6 

A Qa 8f 4 x 10" has been reported for - 
An understandhg of the relationship of the Q, 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, +he 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 = z R H .  

where R is the total surface resis'ance of the 
a particular resonator and mode the unloaded Q 
surface resistance by the geomatrical factor: 

. 
- 

Qo r / R -  

superconductor. For 
is related to the 

The ge-trical factor is a measure of the ratio of the resonator- 
stored anergy to the integral of the magnetic field squared OT'et 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 r = 750R for the TEoll-raode a d  

i . .  - . .,. 

- .. .. . 
.. .. 

. .. 
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r = 300n fos the TMol~-mode. 
of 1 x 10% 
the choice of a resonator type can stronqly infiuence Qo. 

is approximated by 
the following relation for temperature less than one-half the super- 
conducting transition temperature (Tc) and for frequency (?) w e l l  b e l o w  
the suserconducting energy gap: 

A Fabry-Perot resonator can hav! a high r 
whereas a helical cavity can have a l o w  r of 517 . Thus, 

The surface resistance of superconductors 

where R,, is a constant and h, = A ( o I / ~ T ~  is the reduced energy 
gap. 
superconducting state, and the second term is the residual surface 
resistance (R es of losses at the suf- 

and 3 x lO-'R at 9 c;Hr face. 
has bean regorted. Although very low R can ba achieved, it is 
inportant to note that at higher temperagEes and frequencies Rs, 
the first t e n  in %q. 3,  may dominate the total surface resistace 
because of its stronp exponential temperature dependence. For ex- 
vnple, Rs = 2.6 x 10 % at 4.2 K and as = 2.5 X 10 'n at 1.3 K for 
niobiuna at 10 Gwz. Thus at 10 GHz,  a superconducting niobium MOIO- 
code cavity must br operated below 1.3 K to reach a Qo of loll. The 
parauetero for the first t e n  in Eq. 3 are given in Table I for nb- 
bLum, Nb3Sn and lead. 
frequency range 

The first term of Eq. 3 is the surface resistance (Rs) of the 

) which reprzsents other t 
as ?ow as 5 x 1 0  lo, at 90 MHz re YP 

Rres 

These parameters should be adequate for tha 
100 MHz to 100 GHz. 

Table I 

Superconductor A 0  Tc (K) Ro (n) 

! 

1 

, .  

Pb 

-22 1.88 9.25 7.13 x 
2.1 18. 5 .05  x 
2.05 7.2 5.15 x 10 

If the volume of a superconducting resonator is Eiiled with a 
dielectric, the loss tangent, 6 of the dielectric must also be con- 
sidered. The loss tangent o f  dielectrics at l o w  temperature has not 
been extensively investigated. Bagadasarov, et al. have recently 
reported a very low dielectric loss tangent of 2.4 x LO-' for sap- 
phire at 2 K 
TMolo-mode cavity coated with lead. 

13 . This measurement was made on a solid sapphire 3 GHz 
This work is continuing. 

Resonator Frequency. The frequency of a superconductkq 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 ars relatively well-fixed, t h y  are nonetheless 
sensitive to the operating conditions of the resonator and alsc to 
external conditions. These sensitivities are discussed below. 

(a) Resonator Stored Energy. The frequency of a superconducting 
resonator is shifted from its value at zero stored energy by electro- 
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naqnetic radiatioq4pressure1 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 electromagrletic-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 a ,  while the stored energy is 
scaled by a3 (saae energy density), then both the resonator frequency 
and electromagnetic-radiation-pressure frequency shift scale as l / U .  
Thus, the radiation-pressure fractional frequency shift remains con- 
stant. On the other hand, the nonlan%?x-surface-reactance frequency 
shift depends only on the resonator geometry and mode. 
nator is syled by a factor u, whrle the stored energy is scaled by 
a factor CL , then the resonator frequency scales as l/a and the non- 
linear-surface-reactance Zrequency shift scales as ( l / a )  2 .  
the fractional frequency shife 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. 
a circularly cylindrical TKolo-!mde 8.6,GKz massive niobium cavity 
(the length of the cavity and the thickness of the walls are about 
equal to +e 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 pressurel6 For example, 
an unsupported helical niobium resonator at 130 MHz 
large stored-ener y coefficient for the fractional frequency shift 
of -5.5 x J-'. This coefficient is dominated by the electro- 
magnetic radiation pressure. 

The frequency shift coming from the stored energy has two ef- 
fects on resonator frequency stability. F+t, pouer 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 electroutagnetic radiation pressure profgces ponder- 
amptive 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 resonator. 
For moat 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 thsrmal expansion and the tem-perature dependence of the super- 
conducting surface reactance. 
effects are downward with increasing temperature. The frequancy 
shift due to the thermal expansion is dependent only on the StNC- 
ture forming the resonator. 
scaled by a factor a ,  the fractional frequency shift due to thermal 
expansion would remain constant. On the other hand, the fractional 

If a reso- 

Thus, 

For examplpJ 

has a very 

The frequency shiftsforboth of these 

If the structure of a resonator is 
I 
I 

- 1  
I 
:i 
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frequency s h i f t  due t o  the temperature dependence o f  the supercon- 
ducting surface reactance would scale a s  l/a. 
coef f ic ien t  of the  frequency s h i f t  places some requirement on tem- 
perature s t a b i l i t y  i n  order t o  achieve a par t icu lar  leve l  of frequen- 
cy s t ab i l i t y .  

A n  example of the  temperature coeff ic ient  f o r  the f rac t iona l  
frequency s h i f t  i s  given h Fig. 1 for a c i rcu lar ly  cy l indr ica l  

The temperature 

T M p l o - m p g e  so l id  niobium cavi ty  a t  

butions to the temperature coeff i -  
c ient :  the temperature dependence 

the latt ice thermal expansion and - the electronic  thermal expansion. 
The skin depth contrf iut ion has a 
very strong temperature dependence 
which is axponential (exp(-A T /TI 1 .  
The electronic  thenaal  expansion 
contribution has about the same func- 
tional form as the skin depth contr i -  
bution, but its w n i t u d e  is much 
less (2%) .  The l a t t i c e  thermal. ex- 
pansion contribution has a much 
weaker temperature dependence which 

node niobium cavity,  the  skin depth 
Fig. I. Temperature coeff ic ient  and thermal expansion contributions 
of 6v/v fo r  a niobium cavity. cross at  1.2 K. The use of a dielec- 

t r ic  s t ruc ture  for the  resonator, 
ra ther  than a structuze fomed with a superconductor, can yield a 
lower thermalexpansion contributioTsto the temperature coef f ic ien t  
fo r  the f rac t iona l  frequency s h i f t  . 
s h i f t  of t h i s  type is the result of the resonator s t ruc ture  se l f -  
weight, which places the resonator st-zucture i t s e l f  under s t r a in .  
Again a massive s t ruc ture  is desirable  to  reduce the frequency s h i f t  
on the  surface of the Earth. An estimate of the f rac t iona l  frequency 
s h i f t  of a massive TXolo-mode niobiuu cavity a t  8.6 GUz su?ported a t  
one end with its %is ver t i ca l  i n  the gravi ta t ional  f i e l d  on the  sur-  
face of t he  Earth 
t o  lo-', which corresponds t o  an acceleration coeff ic ient  fo r  the 
f rac t iona l  coef f ic ien t  for  the f rac t iona l  frequency s h i f t  of from 
lo-' t o  10-'OsZm-'. 
makes the resonant frequency qui te  sensi t ive t o  tilt with respect t o  
the grav i ta t iona l  f ie ld .  
coef f ic ien t  could be cede by supporting the TMo1o-made cavity a t  its 
mid-plane so t h a t  the upper half  i s  under compression and the lower 
half  under tension. S t ra in  in  the resonant s t ructure  is a l so  pro- 
duced by l inear  acceleration and rotat ion of the resonator and by the 
gradient of the s rav i ta t iona l  force. 
for  an Earth-fixed resonator, they can become qui te  important for re- 
sonators i n  f ree-fal l ing s a t e l l i t e s  and space probes. 

10-8- I I I I ' 8.6 GHZ . There are tisree contr i -  

5 -  

- 
5 2 -  - of the  surface reactance ( s k i n  depth) ,  

a 

0.c 

- 

1.4 1.6 1.a 2 % i s  T3. A t  8.6 GHt, f o r  the T M O I O -  
icwmmnc (10 

(c) Gravity and Acceleration. On Earth, the la rges t  frequency 

gives a f rac t iona l  frequency s h i f t  of from lo-' 

This frequency s h i f t  is  re la t ive ly  larg@, and it 

A substant ia l  reduction i n  the acceleration 

Although these e f fec ts  a r e  small 



(d) Radiation. Penetrating radiation, such as cosmic radia- 
tion, affects the dielectric characteristics within a resonator, 
whether it is a vacuum or a s o l i d  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 
a 5 mCi Cos’ source close to a solid niobium cavity with a vacuum 
dielectric19- When the Co60 source was brought from a large dis- 
tance to within 12 an of th niobium cavity, the fractional frequency 
shift was less than 1 x 10 . 
sult from pressure applied externally to a resonator. This pressure 
m y  be the result of t!!e 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 resonator in a 
Vacuum, and the magnetic pressure is reduced by shielding the reson- 
ator from the exte-mal magnetic field, and under these conditions 
the fractional frequency shift is very small. 

its resonant frequency, which of course directly affects the spectral 
density of phase fluctuations. 
tions and their affect on the resonant’frequency depends on the geo- 
m e t r y  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 anhannonicity of the lattice potential of the resonator 
structure. 

that the resonator 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. 
Can either came from residual stress w i t h i n  the resonator Structure 
created when it is fabricated, or it can cane from external sources 
such as temperature, pressure. gravity or radiation. It is probably 
not possible to analyze the affect of these enargy sources on struc- 
tural changes and the consequent frequency jumps or drift. The best 
measuse of the affect of these energy sources on structural changes 
may come f r a  direct observation of the fractional frequency drift 
in suparconductirta resonators, which has been obselved to be as low 

fz 
(e) External Pressure. Substantial frequency shifts can re- 

(f) Vibrations. Mechanical vibrations of a resonator modulate 

The nature of the mechanical vibra- 

(g) Structural Changes. To this point:, it has been assumed 

The energy to change the atomic arrangement 

as 8 x 10 l”di3y . 
OSCILLATOR DESIGN 9 

Because of the tremendous stability potential of superconducting 
resonators,a variety of techniques have been used to construct super- 
conducting oscillators. The goals of t h i s  research have varied. Some 
oscillators have been constructed to illustrate feasibility, sane 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 
prabably a poor indication of its capabilities. 
such a comparison, this paper will outline some of the advantages or 

Instead of making 
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disadvantages of each nethod from the point of view of a c h i s i n g  the 
best possible frequency s t ab i l i t y .  The techniques discussed here use 
the superconducting resonator in three different  ways-as the sole 
resonator of an o s c i l l a t o r  c i r cu i t ,  as an auxiliary resonator t o  sta- 
b i l i z e  a free-running (noisy) osci l la tor ,  or as  a f i l t e r  which pro- 
vides no feedback t o  the source. 

superconducting resonator and a uni la teral  amplifier. Oscil lation 
can OCCUT when the amplifier gain exceeds the losses and t!e t o t a l  
phase s h i f t  around the loop is a multiple of ZIT rad. Automatic gain 
control or limiting'is necessary i n  order t o  produce osci l la t ions a t  
the desired power level. The resonator may be used i n  e i the r  trans- 
mission or ref lect ion but the transmission mode is preferable because 
the insertion loss of the resonator suppresses spuxious modes of os- 
c i l l a t i o n  which do not l ie  in its pass bands. This t e c e q p  has re- 
ceived considerable a t tent ion because of its simplicity - The 
only elemant which needs t o  be located i n  &&e d e w a r  is the supercon- 
ducting cavity which can be connected to the room temperatuxe ampli- 
f i e r  by long lengths of transmission l ines.  However, t h i s  v i r tue  is 
its major detraction when state-of-the-art frequency s t a b i l i t y  is 
desired. Changes i n  the phase length of the transmission l i n e s  pro- 
duce proportional frequency shif ts .  
any source, the fract ional  frequency s h i f t  is 

Figure 2b illustrates how an osc i l l a to r  may be realized using a 

I f  A@ is the phase change from 

AVuh, * A W Q ,  - (4) 

The phase changes due t o  such factors as thennal expansion and vibra- 
t ions are suff ic ient ly  l u g e  i n  a cryogenic system tha t  they t o t a l l y  
dominata the short  term s t a b i l i t y  and d r i f t  of such an osci l la tor .  

One solution to  t h i s  problem is t o  use an amplifier which func- 
t ions i n  the same low temperature envirornent a s  the resonator and is 
connected t o  it by short r ig id  transmission l ine.  
posed t o  us9 a cryogenic t ravel l ing wave maser i n  a uni la teral  ampli- 
f i e r  design '. Alternatives are t w n e l  diose ampiifiers and varactor 
diode parametric amplifiers. Both of chese devices function by gener- 
ating a negative conductance a t  the resonator frequency. Since they 
are  b i l a t e r a l ,  they can simply be connected t o  the superconducting 
cavity through an impedance-transforming network as shown i n  Fig. 2a. 
When the negative conductance of the amplifier exceeds the posi t ive 
load conductance of the resonatoz osci l la t ion resul ts .  Jiminez and 
Septier have demonstrtxed the f eas ib i l i t y  of the tunnel diode super- 
conducrfng2gscillator and further work is being done by Braginski 
e t  al. * - One of the authors (Stein) if4developing a supercon- 
ducting non-degenerate parametricoscil lator The major advantage 
of the tunnel diode osc i l l a to r  i s  tha t  it requires only IC bias  p o w e r  
f o r  operation. On the other hand, there are several disadvantages. 
Shot noise i n  the tunnel junction l i m i t s  currently available tunnei8 
diode amplifiers t o  an effect ive noise temprature of 450K a t  9GHz - 
In addition, the very low operating voltage limits t h e  theoret ical  
output power to 1mW a t  10 GHz from comercially available levices 
(having peak current less  than 20 nA).  

It has been pro- 

If other problems were solved 
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RESOI(AT0R 

(1) 

Fig. 2. Block dia- 
gram illustrating 
several suprconduct- 

these two difficulties could limit the fre- 
quency stability of the tunnel diode super- 
conducting oscillator. In contrast, cooled 
paremetric amplifiers have demonstrated 20 K 
noise temperatures and room temperature non- 
degenerate parametric oscillatofa h28e 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&g oscillator 
with a superconducting resonator . One tech- 
nique for accomplishing this, called cavity 
stabilization, is shown in Fig. 2c. The os- 
cillator is injection-locked by the power 
which is reflected from the superconducting 
resonator. The s*abilization 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 
cavit 
lator . Since the frequency fluctuations of 
an oscillatoslare inversely proportional to its 
resonator Q, 
of a cavity stabilization system reduces to 
that of an oscillator built with the supercon- 
*ucting cavity as its only resonator. 
are t w o  major disadvantages to this technique. 
First, room temperature osciliators 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. 

to the Q of the free-running oscil- 30 

the best possible performance 

There 

ing frequency sources: The most successful superconducting os- 
(a) Negative rasis- cillator technique to date is the use of ac- 
tame oscillator. tive feedJack f9 stabilize a voltage control- 
(b) Loop oscillator, led oscillator . The- superconducting reso- 
(c) stabilized voltage nator is the frequenjrsensitive element of a 
-controlled oscil- discriminator which generates an output volt- 
lator, and (e) pass- age proporfional to the frequency difference 
ive filter. between the oscillator and the c5gter 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 detuncd 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 t.is way the frequency 
fluctuations of the free-running oscillator may be reduced until the 
performance level is determined by the microwave detectors. 

Figure 2e shows a superconducting resonator being used to filter 
the output of an oscillator. T h i s  application is particularly inpor- 
tant when the oscillator is to be used as a source for frequency nul: 
tiplication. 
lator may be multiplied to 0.5 TXz before the carrier is lost in the 
phase noise pedestal. However, if the same oscillator is filtered 
by a passive superconducting cavity with loadq4Q equal to 2 x l o 9  
it could in principle be multiplied to 100 THz 

superconducting oscillators appear most promising for  improved sta- 
bility: stabilization of a K O  and the all-cryogenic oscillator. 
The Lcunchnental limitations of the two devices are similag so the 
most important differences at this time are the practical problems 
of izplementation: 
elements outside the dewar where they are readily available €or ad- 
justpent 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 cryoqenic environment. 
however, present some new technical difficulties such as h a t  dissi- 
pation and device parameter fluctuations. 

FOC mplupresent state-of-the-art quartz crystal OScil- 

. 
The conclusion of the above discussion is that two types of 

The VCO stabilization system has all the critical 

Such an oscillator will, 

THEORETICAL OSCILLWUR NOISE PE,PFORHANCE 

For the purpose of this discussion, the frequency fluctuations 
of any oscillator based on a superconducting resonator can be sepa- 
rat& into two categories: Statistical fluctuations around the cen- 
ter of the resonance and the perturbations of the resona.-?t frequency 
itself. 
level for any oscillator which is relatively independent of its de- 
sign. It includes temperature, power level, and nechanically-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 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 CM be 
determined. 
oscillator does a random walk . The one-sided spectral 
density of the phase fluctuations, in a fonn appropriate for micro- 
wave resonators, is given by 

The second category detennines the ultinate performance 

The frequency fluctuations &out 

If the perturbi"9,;ojg: $7 white, then the phase of the 
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where vo is the operating frequency, k is t h e  Boltzman constant, T i s  
the absolute temperature, P is t h e  power dissipated i n  the load, and 
Q 
o%-the superconducting cavity with QE = lo'', Q, = 5 x l o 9 ,  Pa = 
10 3 w 8  Vo * 10" Hz, and T = 1K. 

a and QL are  the external and loaded Qs respectively. In the case 

The active element i n  a pract ical  o sc i l l a to r  w i l l  dominate the  ther- 
m a l  noise. 
noise temperature of the device. 
approximately 20 K for varactor parametric q l i f i e r s  to  more than 
lo' K fo r  a transferred-electron device. 

ducting osc i l la tor  is additive noise which resu l t s  from a white 
noise voltage generator a t  the output of the osci l la tor .  In  an 
ideal  osc i l la tor  the acditive noise is due t o  output buffer ampli- 
f i e r s  or a user device. The spectral density of the phase fluctu- 
ations is 

In this case T must be interpreted as the e f fec t ive  
Such noise temperatures vary f ro3  

Another important l imitat ion on the s t a b i l i t y  of a supercon- 

where T' is the effect ive noise temp&zature of the c i r cu i t ry  which 
sees the output of the osc i l la tor .  
ture is 300 IC and the available power is 

If the effect ive noise tempera- 
W, then 

S4(f) * 2 x 10-18/Hz. 

In this case the additive bise  dominates the oscillator spectrum 
for Fourier frequencies greater  than .07 k. 
t ions,  the rms f rac t iona l  frequency fluctuations are  given by 

Under the same condi- 

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, #is technique is limited by several  factors. The 
Mnlin-ity of the resonator couples amplitude and phase modulation 
and may ultimately limit the s tab i l i ty .  If this is no t  a problem, 
then at some f i e l d  leve l  the resonator breaks down. Finally, high 
Power levels  may exceed Me dyMmic zange of the user'bevicc such as 
a mixer in a super-heterodyne receiver. 

SUPERCONDUCTING OSCILtATOR FREQUENCY STABILITY 

The superconducting cavity s tabi l ized oscillgfor3JSCSO), which 
has been extensively investigated by the authors ' , exemplifies 
t h e  potent ia l  of superconducting cavi t ies  t o  achieve very high fre- 
quency s t a b i l i t y .  An ensemble of three nea r ly  independent SCSOs was 
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used t o  evaluate t h e i r  performance. 
niobium TXQlo-IUOde 8.6 GHz cavity Operating a t  about 1.2 K with 
a temperature stability of 10 bK. 
ducting cavi t ies  ranged from a f e w  times l o 9  to 7 x 10". The fre- 
quency s t a b i l i t y  of these SCSOs is discussed below. 
frequency s t a b i l i t y  of SCSOs has not yet  been fu l ly  realized; for  
short  term s t a b i l i t y ,  c i r cu i t s  u t i l i z ing  a superconducting cavity a s  
a transm-ission f i l t e r  would be more appropriate. 

The spec t ra l  density of phase 
f luctuat ions S ( f )  has been measured as a function of Fglfrier f re-  
quency for the  SCSO. 
8.6 GHz SCSOs a re  summarized in Fig. 3. 

Each SCSO employed a massive 

The unloaded Qs of t??ese supercm- 

The potent ia l  

Frequencv Domain Measurements. 

Q The r e su l t s  of these measurements f o r  the 
There are several  aspects of 

Fig. 3. Spectral  density of phase 
fluctuations S as  a function of 
Fourier freque4lcy f o r  an 8.6 G B ~  
superconducting-cavity s tab i l ized  
osc i l la tor .  

S which are inportant t o  dis-  
cuss. F i r s t ,  fo r  Fourier fre- 
quencies between 100 Hz and 50 
wfz, the baseline gar SQ is 

--1 
white and it is 10 l 2  rad2 Hz 
This leve l  is the  r e su l t  of the 
noise charac te r i s t ic  of t!!e 
1 Mnz amplitude detector used 
i n  the Scx) and it does not 
represent the  l i m i t  of what may 
be achieved with a supercon- 
duucting resonator. For fre- 
quencies below 100 Hz, the base- 
l i ne  of s makes a transi- 
t ion  t o  d i c k e r  frequency noise 
(S = f - 3 ) .  Superimposed on the 
bageline for Fourier frequen- 
c i e s  below 500 Hz are  what ap- 
pear t o  be br ight  l ines .  
These br ight  l i nes  have been 
a t t r i3u ted  to mechanical vi- 
brations transmitted ty +-he 
cavity f r o m  *he f loor .  The 
peak i n  S, a t  a Fourier f re-  

4 

- 

quency-of 250 kHz comes from the spec i f ic  charaster of the SCSO feed- 
back frequency response which has  an open loop gain of one a t  about 
300 Wfz. Thus, there  is not enough feedback gain i n  t h i s  region t o  
improve the  phase f luctuat ions of the Gunn osc i l l a to r  which is stabi-  
l ized by the  superconducting cavity. 
c ies ,  S 4 c i l l a t o r  i t s e l f .  

8.6  GHz SCSOs has been measured 
a noise bandwidth of 10 Hz, and is shown i n  Fig. 4 by t h e  open 
circles .  The f igure has three regions of in te res t .  F i r s t ,  Cor sam- 
pling times (T) l e s s  than 30 s, the Allan variance (a2 has the form 
cr = 10 14/T. For the noisi! bandwidth of 10 Hz, 0 is dominated by 
tne low frequency br ight  l ines  in  So ra ther  than izs white component. 
Second, U reaches its noise floor of 3 x for  sampling t ines  

For the highest Fourier frequen- 
is dropping because of the charac te r i s t ics  of the G u n  os- 

Time Domain Measurements. 3she t-do-sample A l l a n  variance for  the 
as a function of sampling time With 

Y 
Y 

Y 
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Although a l l  of the uses of superconducting cav i t i e s  r e s u l t  from 
t h e i r  low electrmugnet ic  losses, substant ia l ly  d i f fe ren t  advantages 
can @e gained from th is  one property. 
the  superconductivity serves primarily t o  reduce the large amounts of 
power which would be dissipated in conventional devices; these appli- 
cations are not discussed hare. 
to realize exceptional f i l t e r  charac te r i s t ics  such a s  narrow band- 
width and high ratio impedance transfoxmation. L a w  loss a l so  means 
that prac t ica l ly  any object  placed i n  a superconducting cavi ty  w i l l  
dominate its performMce; thus many materials propert ies  may be ac- 
curately transduced to a frequency with high resolution and low 
noise. As a r e s u l t  of t h e i r  state-of-the-art s t a b i l i t y ,  supercon- 
ducting osc i l l a to r s  are beginning t o  f ind a wide var ie ty  of appli- 
cat ions either d i r ec t ly  as clocks, a s  components of  osc i l l a to r  sys- 
t e m s ,  or i n  a variety of physics experiments involving clocks and 
time. Final ly ,  there  are some special applications which are rather  
unique and are discussed separately from the others.  

There are applications where 

A second group uses the very hiqh Q 

1 I I I 
\ T > 100 s, u is dominated by Y 

I-: d r i f t  i n  the SCSO, and therefore 

is demonstrated by computing the 
second difference variance using 

\ 
\ increases. The presence of d r i f t  

0 A L L U  lLllHcf 
2 -  '\ 

4 ~ ~ O V M I M E  
\ IUD. :Z lH  - la  n. three samples. This variance, re- 
\ 

8 1 presented by dots i n  Fig. 4, re- 
moves so& of the dr i f t :  and ex- 

\ tends the noise floor to 1000 s. 
'\-.,, - 1.10-14,. 0 :: 

\ 0 - q ,  0 .- Frequency Drift .  The fre- 
quency d r i f t s  of the SCSOs have 
been measured both among the three 
SCSOs and with respect  to an eh- 
semble of cesium atomic frequency 

\ 0 .  

2 -  

\\\.- - i - 1 - 
WlSC F K "  ' 1  - 
of - 1~10 '~ '  

3 I I standards f a r  periods of about 
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RF Superconductivity. One of the first applications of super- 
conducting resonators was t o  Provide an W power source of adequate 
s t a b i l i t y  t o  measure nany of the properties of the superconducting 
resonator i t s e l f .  In this application, a voltage-tunable microwave 
osc i l l a to r  exci tes  the superconducting resonator. In combination 
with a dc phase bridge, the superconducting resonator produces a fre- 
quency discriiainator voltage which locks +he voltage-tunable osc i l -  

This s t a -  
b i l i za t ion  technique, which is a l so  applied t o  superconducting accel- 
e ra tors  and superconducting pa r t i c l e  separators,  avoids the need t o  
provide ra ther  expensive and sometimes cumbersome frequency synthesis 
of the  RF power source f r o m  a high-quality quartz c rys t a l  osc i l la tor .  

Perhaps the most obvious application of high Q super- 
conducting cav i t i e s  is as narrow band f i l t e r s .  Below approximately 
100 HHz, lumped eleumnt resonators are preferred,  but  a t  higher fre- 
quencies various types of cav i t i e s  are used: he l i ca l  s t ructures  be- 
low 500 MHz; quarter-wave reentrant  structures between 500 MXz and a 
f e w  CHZ; low-order mode st ructuras  from a few GHz to 10 GHz or more; 
and Fabry-Perot resonators at higher frequencies. 
obvious advantage of very narrow bandwidth, for example, 0.1 Hz a t  
10 GHz, cav i t i e s  have very pure resonance modes.. The geometry can 
of ten  be chosen so t h a t  spurious mdes aze separated by an octave or 
wre. In contrast ,  quartz c rys t a l  f i l t e r s  have spurious modes usually 
spaced only  0.1 percent from t i e  desired mode. 

range, but the  i n s t a b i l i t y  inttoduced by the tuning mechanism counter- 
ac t s  ‘;he aos t  im-gortant property of the  resonators. Very f ine ,  stable 
tuning can be achieved by control l ing the temperature of the reso- 
nator-the t o t a l  f rac t iona l  tunabi l i ty  is on the order of lo-“. 
second nathod which yields  a tuning range of 
by the  phatodielectr ic  effect .  
high r e s i s t i v i t y  semiconductor wafPr i n  the gap of a quar r-wave 
reentrant  cavi ty  where the RF elec’aic f i e l d  i s  very high . When a 
l i g h t  beam is directed on the  semiconductor i t s  dielec*dic constant 
changes, thereby producing a largs s h i f t  i n  the cavity resonant fre- 
quency. Step changes i n  the frequancy can be made in l e s s  than 10 ms 
but the presence of the semicondtictar degra6es the  band-width of the 
f i l t e r :  

conducting cavi ty  f i l t e r s  may be applicable to  some communications o r  
radar receivers.  
i n  highly specialized devices. For example, a superconducting reso- 
nator may be used to obtain strong coupling between an evaporated 
Josephson junction and an electromagnetic f i e ld .  This is par t icu lar ly  
v a l u a l e  when the junction is used as an osc i l la tor .  If such a junc- 
t ion  is not incorporated in to  a resonant s t ructure ,  the large shunt 
capacitance shorts  out high-frequency voltages. The theoret ical  max- 
imum output power from a Josephson junction is  0 8 I V,where I is 
the c r i t i c a l  current and V is the bias  voltage. Theoretically, a 
typical  junction car? output about lo-? W a t  X band, but on ly  about 
one percent of t h i s  is  observed from waveguide-coupled evaporated 
j u x a o n s .  

- l a t o r  to  the f:equency of the superconducting resonator. 

F i l t e r s .  

I n  addition t o  the 

Superconcucting cav i t i e s  can be mechanically tuned over a wide 

A 
is opt ica l  tuning 

This has been real ized by placing a 

26 

a Q of lo6 a t  1 GHz has been achieved for  such a device. 
The narrowband, tunable f i l t e r s  which CM be real ized with super- 

Iiowever, it is more l ike ly  tha t  they w i l l  be used 

0 0 

I n  addition t o  performing the required impedeme matching 
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to the jcnction, the supsrconductinq resonator also provides nar- 
row band filtering of the output signal. Unfortunately, this prog- 
erty detracts from the major advantage of the Josephson junction os- 
cillator--it has a tying sensitivity 10' times greater than conven- 
tional oscillators. 
necessary to use superconducting cavities with extremely agile fre- 
quency tuning. 

pedance transfonners for use with superconducting antennas. This 
application also has the disadvantage of narrow bandwidth. 
conducting antennagpe not considered advantageous today over con- 
ventional devices. 

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 proportional to one of 
its dimensions, it is very natural to use such a resonator to measure 
changes in that length. The resolution is limited by the frequency 
instability of the resonator; the best achieved stability of super- 
conducgyg cavity oscillators corresponds to a random noise level of 
3 X 10 ' an. This performance can be improved in principle by de- 
signing the resonator so the controlling dimension is very small. 
has been predicted that a quarter-wave reentrant cavity would4gemit 
the resolution of lo-'? cm for a one-second integration time. 
ever, it has not been demonstrated that the necessary Q can be ob- 
tained with such a resonator design. 
superconducting cavity length transducers for the detection of gravity 
waves. & such an experiment, the cavity itself could be used as the 
antenna, but more likely, t w o  cavities would be coupled to a tradi- 
tional bar antullla in a way which would cancel a substantial fraction 
of the frequency noise in the exciting oscillator. 
design, the resonator dimensions and therefore frequency can be made 
sensitive to extramaly small changes in Eatth's gravity. 
meter with a sensig&vity of lo-" g and a dri f t  of 5 x lo-' g/day 
has been reported. 

Substantial use has becn nude of superconducting cavities to 
measure a variety of pxoperties 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. 
quire ohmic contacts and can be used with randomly shaped, powdered 
or  liquid samples. Dielectric constants very near unity and loss 
tangents as a n a l 1  as lo-' can be measured because of the high stabi- 
lity and very l o w  losses of the superconducting cavity itself. Many 
semiconductor properties have been measured including relaxation 
the, lifetime, Fermi level, trap ionization energy, trap densitxr 
capture cross section, free carrier density and trap population. 

way. The thermal expansion has been measured-yigb a sensitivity,in 
terms of fractional density changerof 4 x 10 

In order to preserve this property, it will be 

Superconducting resonators may also be useful as high-ratio im- 

Super- 

Transducers. Superconducting cavities make attractive trans- 

It 

How- 

There is an interest today in 

By appropriate 

A gravi- 

The advantage of this technique is that it does not re- 

Some properties of liquid helium have also been studied this 

. This sensitivity 
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is suf f ic ien t  t o  yield quant i ta t ive data  concerning the dispersion 
relat ion f o r  thermal phonons in l iquid helium. The damping of os- 
c i l l a t ions  of the l iquid H e  through a s m a l l  o r i f i c e  can be studied 
by using the frequency of a4quperconducting cavi ty  t o  sense the leve l  
of liquid helium within it. This data has been used t o  study the 
quantization of vo r t i c i ty  in superfluid helium. 

Several in te res t ing  and useful devices can be implemented using 
superconducting cavi t ies .  A thennometer can be made fo r  the tempera- 
tu re  range from -25 t o  .6 K by fi4Qing a cavity with He'  vapor i n  
equilibrium with the bulk l iquid.  manges i n  density,  which are 
ref lected in frequency changes, are i n t e q r e t e d  i n  terms of the tem- 
perature of the gas. 
t o  be 0.2  percent. A nuclear radiat ion detector can be made by 
placing a properly doped semic2Bductor crystal on the  stub of a 
qparter-wave reentrant  cavity. aelou 70 K, the charge carriers 
created by the absorption of radiat ion are trapped for very long 
times a t  sites i n  the forbidden band. As a re su l t ,  the frequency 
of the  cavi ty  s h i f t s  proportionally t o  the t o t a l  absorbed dose. 
detector  fo r  low leve ls  of l i g h t  can be implemented i n  a similar way 
only i n  that case the frequency s h i f t  r e su l t s  from the photodielec- 
t r ic  effect .  

The excel lent  spec t ra l  pur i ty  and me- 
d ius  te= s t abz l i t y  (up t o  about one day) of superconducting osci l -  
l a t o r s  have numerous applications.  These axe divided in to  three ca- 
tegoriso i n  the following discussion: o sc i l l a to r s  used a s  components 
of instruments; o sc i l l a to r s  used as clocks t o  provide timing func- 
t ions  f o r  ccmplex instrument systems; and osc i l l a to r s  used t o  per- 
form experhants  based d i rec t ly  on clock performnce. 

Osci l la tors  with very good spectral  puri ty  (short-term sta- 
b i l i t y )  are inportant elements of many instruments and measurement 
techniques. One -ample is the use a s  the source osc i l l a to r  fo r  
frequency multiplication from microwave t o  infrared or higher fre- 
quencies. The process of multiplication by an in t sger  n increases 
the phase noise power by n2. 
lem because once t h e  integrated white phase noise becomes comparable 
t o  l ' r a d ,  f$ is no longer possible t o  identiEy tha coherent signal 
component. 
several  intermediate s teps  w i t h  independent o sc i l l a to r s  a t  each s tep  
t o  reduce the  phase noise t o  an acceptable level .  Superconducting 
osc i l l a to r s  can be used i n  pr inciple  t o  accomplish high order multi- 
pl icat ion in a single  step.  They have two important advantages in 
t h i s  application: 
a s  10 GHz and theoret ical ly  can produce a signal  whose spec t ra l  pur- 
i t y  is  l imited by the charac te r i s t ics  of the mult ipl ier .  
it has been predicted t h a t  a state-of-the-art  commercial 5 bIKz quartz 
c rys t a l  o sc i l l a to r  may be multiplied t o  .S THz before the ca r r i e r  i s  
l o s t ,  b u t  the same s igna l  when f i l t e r e d  by a 10 GHz suparconductinq 
cavity w i t h  Q = 10" can be multiglied d i rec t ly  t o  100 Tdz. 

One of t h e  authors (Stein) is  tes t ing  a superconducting-cavity 
parao?etric2qscillator a t  9.2 GHz for  use a t  the National Bureau of 
Standards. Also V i e t  Kguyen a t  the University of Par is  IX (Orsay) 

The accuracy of such a thermometer is estimated 

A 

Oscil la tors  and clocks. 

This creates a severe prac t ica l  prab- 

Traditional multiplication schemes require the use of 

they can operate a t  frequencies a t  l e a s t  as  high 

For example, 
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is constructing an SCSO for  t h e  purpose of multiplication. Both of 
these devices employ a TMolo-mode niobium resonator with two coupl- 
ing parts. One of the two ports is used by t h e  osc i l l a to r  o r  sta- 
b i l iza t ion  c i r cu i t ,  and the second port  is a transmission port fo r  
the useful output p o w e r .  
t i a l l y  reduced S (f) f o r  higher Fourier frequencies than tha t  shown 
fo r  t!e scso i n  $ig. 1. 
character of the  cavity a t  the transmission port. 

Purity of t h e i r  loca l  osc i l la tor .  
tionary c l u t t e r  mix with the phase-noise sidebands and l i m i t  the 
signal-to-noise r a t i o  of the true Doppler signal.  For example, i f  a 
1 GHz radar has t a rge t  veloci ty  detection down t o  40 m/s and Doppler 
bandwidth of 10 KHz, then i n  order t o  achieve 80 dB sub-clutter vis-  
i b i l i t y  it is necessary t o  use a loca l  o sc i l l a to r  whose phase noise 
is more than4420 dB below &he carrier for Fourier frequencies greater  
than 200 Hr. 

A t h i rd  application f o r  short-terra stable osc i l l a to r s  is as f ly-  
wheel o sc i l l a to r s  in atomic frequency standards. Since the time do- 
lllkin freguency s t a b i l i t y ,  U (T), cannot improve f a s t e r  than l/T, the 
medium term perfornrance of h e  standard is l imited by the flywheel 
o sc i l l a to r  if its s t a b i l i t y  i s  worse than t h a t  of the atomic frequen- 
cy discriminator a t  the at tack time of the feedback loop. 
C r y s t a l  o sc i l l a to r s  do not  degrade the perfornance of current atomic 
standards, but  if e x s c t e d  improvements in these standards are made, 
then i q r o v e d  flywheel osc i l la tors  w i l l  be needed and superconducting 
osc i l l a to r s  axe a possible candidate. Flywheel osc i l l a to r s  are a l so  
used for autotuning hydrogen masers, a process whereby cavity-gjl l ing 
and spin exchange frequency shifts are simultaneously reduced. 
Present autotuning systems u t i l i z e  a pa i r  of masers, one of which 
could be replaced by a supercyfducting osc i l l a to r ,  thereby rea l iz ing  
a s igni f icant  cos t  reduction. 

complex instrumentation and measurement systems such as radio astro- 
ncuny and radar ranginq. The des i r ab i l i t y  of superconducting osc i l -  
lators €or these applications range from cost savings to  the paten- 
tial for s igni f icant  improvements in perfomaxe .  

Very long baseline interferamatry (VLBI) using independent 
clocks may have the  following clock performance requirements fo r  cer- 
tain types of experiments: initial 1 us synchronization of the start 
of recording: total time e r ro r  of less than 1 ns over a five-hour 
observation period t o  insure t h a t  all the data have the  same i n i t i a l  
o f f se t  e r ror ;  and su f f i c i en t  cohgsence t o  guarantee t h a t  the recorded 
s ignals  can be cross-correlated. For a 10 GHz system and an obser- 
M t i o n  time of one hour,the coherencf: requirement is m e t  by an os.ci1- 
lator with a noise f loor  Q 5 x 10 lS. 
decreases inversely w i t h  both the operating frequency and the ohser- 
vation time. The requirements are approximately m e t  by both hydrogen frr- 
quency standards (masers and passive devices) and superconducting 08- 

c i l l a to r s .  'The masers are very expensive C $250 K) whereas the other 
two devices a?pear to cost  only about one th i rd  a s  much and may have 

Both of these devices should have substan- 

me improvement comes from the f i l t e r i n g  

Certain types of radar also depend c r i t i c a l l y  on the spec t ra l  
Return s igna ls  from nearby sta- 

Quartz 

Superconducting osc i l l a to r s  can also be used to  provide t i m e  for 

The required noise f loor  
Y 
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the p o s s i b i l i t y  of extending the frequency f o r  some types o f  VLBI t o  
the region of 100 GHz. One of the authors CTurneaure) has  analyzed 
the phase coherence of two standard SCSOs a t  8.6  GHz f o r  ppl icat ion 
to vL9I nxperiments with 30-and 60-minute cycling For 
30 m i n . .  t h e  nns phase e r r o r  is 31 m rad; and f o r  60 min, it is 87 m 
rad. 
ttSI a t  Ovens Valley Radio Observatory. 

Since both the  navigation requirements and the techniques are som- 
what f l e x i b l e , i t  is d i f f i c u l t  t o  place fixed requirements on clock 
performance. Typical performance goals are discussed here for two 
navigation systems. 

t i ons  t o  t r ack  spacecraf t  which have l e f t  e a r t h  o rb i t .  
c apab i l i t y  of the system is approximately 5 m range resolut ion and 
1 wad angular resolution. Planners foresee the  need f o r  approximately 
an order of magnitude improvement in resolut ion f o r  some missions 
which z@. be flown i n  the eazly 1980s such as J u p i t e r  Orbi ter  
(.TOP). 
range measurement. 
place most o f  the  coherent (two way) Mppler  ranging with non-coher- 
e n t  (one way) Ooppler measurements. The la t ter  technique. also called 
wideband -1, has the advantage t h a t  it subs t an t i a l ly  reduces the 
tracking tine f a r  accuracy comparable t o  current  coherent tracking 
methods. However, it places the most s t r ingen t  requirements on clock 
performance. When d a i l y  ca l ib ra t ions  are used, the frequency must be 
constant t o  1.5 x 10 '' over one day. 
fezable to  reZcce c o s t  and oeerating t i m e  but  +he frequency s t a b i l i t y  
requirement becomes 3.2 x 10 ' 

An experixent has been proposed t o  usa the  DSN t o  d e t e c t  gravi- 
t az iona l  waves. The passage of a g rav i t a t iona l  wave pulse p a s t  t he  
earth and spacecraft  produces an i den t i f i ab le  s ignature  i n  the range 
information. This experiment places the s t r ic tes t  s t a b i l i t y  require- 
ments on t h e  frequency standards. To do a f e a s i b i l i t y  experiment t h e  
frequency s t a b i l i t y  must be 3 x lo-" f o r  t he  duration of the experi- 
ment, 40 s t o  4000 s, which can be achieved with a state-of-the-art  
superconducting o s c i l l a t o r  system. 
quire frequency s t a b i l i t y  of 3 x lo-''. 
superconducting o s c i l l a t o r  using a cavi ty  with Q = 10" would even- 
t u a l l y  be capable of reaching this performance level .  

The Global Posit ioning System (GPS) is  a m u l t i s a t e l l i t e  system 
intended t o  provide earthbound navigation with a precision of about 
10 m. 
keep t i m e  t o  10 ns over 10 days. SPveral hydrogen frequency standards 
a r e  being developed for t h i s  purpose. Depending on future  system re- 
quirements. superconducting o s c i l l a t o r s  could become desirable  f o r  
t h i s  application. 

d i r e c t l y  on superconducting o s c i l l a t o r  performance. Two of these,  a 
red s h i f t  experiment and a fundamental constants experiment, a r e  per- 
forzed by comparing the frequency of a superconckcting o s c i l l a t o r  t o  

Turneaure a t  Stanford is current ly  constructing an SCSO f o r  

Various types of navigation systems need state-of-the-art  clocks. 

The NASA Deep Space N e t  (DSN u t i l i z e s  a network of radar sta- 
The current  

The clock s t a b i l i t y  requirements depend on the method of 
One approach which has been sugqested is t o  re- 

Weekly ca l ib ra t ions  are pr@- 

52 over one day. 

A dS2irable experiment would re- 
It is probable t h a t  a 

Each satell i te carries high s t a b i l i t y  clocks which need to 

There are several  fundamental physics experiments which are  based 
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the freqnency of an atomic standard based on a hyperfine t r ans i t i on  
such as cesium or  hydrogen. 
for a term i n  the frequency ratio t h a t  has a period of one s o l a r  day. 
Because of the Earth 's  ro ta t ion  i n  the  Sun's grav i ta t iona l  f i e l d ,  
various theories  of gravi ty  pred ic t  

I n  the red s h i f t  experiment one looks 

V 

v = A I 1  + 10-126ro - +T1) cos (2Tr/l s o l a r  day)] ( 8 )  
hvperf i n e  

superconducting 

where ro and T1 are zero for s y  metric theory of  grav i ty  such as the 
general theory of r e l a t i v i t y .  with ava i lab le  standards it would i n  
Pr inciple  be possible t o  set an upper l i m i t  of-10 
Eotvor experiment already places a l i m i t  of 10 ' on ro and may place 
a l i m i t  on T ~ .  

If instead of analyzing the  da ta  fo r  d iurna l  e f f ec t s ,  they a r e  
fit t o  a l inear  d r i f t  moael, then the same experiment may be analyzed 
t o  y ie ld  an upper limit on the time r a t e  of change of the f ine  s t ruc-  
ture constant. 
t0 a superconducting o s c i l l a t o r  is 

on ro-fT1. The  

The r a t i o  of the frequencies of a hyperfine standard 

'hyperfine 

'superconducting 
= Bg(Z)a' (9) 

where m is t he  mass of the  e lec t ron ,  M is the mass of t!!e nucleus, 
and g is the gyromagnetic ratio of the  nucleus; B . i s  a constant. 
comparing a superconducting o s c i l l a t o r  t o  a cesium standard for 12 
Q y s  it has h e n  determined t h a t  i&/a) (da/dt) is less thrn 4 x 10-l2/ 
year w i t h  68 percent probabi l i ty .  The qua l i t y  of t h i s  - r a n t  
was determined by t\e data 1- connecting t h e  labora tor ies  where the 
seandatda w e r e  located. S igni f icant  improvements may r e s u l t  from a 
comparison of superconducting o s c i l l a t o r s  and hydrogen standards i n  
the oamc laboratory. 
PPUlts have set a t i g h t e r  upper 1i,mi.t, they have the disadvantage of 
averaging possible changes over periods on the order  of 10 percent  of 
the  age of the universe. 

A laboratory experiment has been proposed to use a superconduct- 
ing  resonator axci ted by a superconducting o s c i l l a t o r  t o  measure the 
Lansc-Thining effect--the dragging of iner fda l  frames by a ro t a t ing  
mass. A to ro ida l  superconducting waveguide is centered on the  rota-  
t i o n  axis of an wisyunnetxic object. 
d i rec t ion  as the ro t a t ing  body takes less time t o  complete one round 
t r i g  tchan the  counterrotat ing wave. As a r e s u l t ,  the interference 
pa t te rn  ro t a t e s  around the  waveguide. For a 5000 Kg mass with 50 an 
radius rotating at M angular veloc i ty  of 2 x 10: rad/s, tgg angular 
ve loc i ty  of drag hac been estimated to be 2 x 10 '' rad/s. The 
required waveguide Q is 5 x 10l6 and the s t a b i l i t y  of the exci t ing  
o s c i l l a t o r  must be 1 x lo-". 
bu t  it is impossible to say if such high Qs can be achieved. There' 
are many other  problems a t  l e a s t  as d i f f i c u l t  as these, making this 
experiment extremely problematic. 

Occasionally superconducting cav i t i e s  can he 
used t o  solve some unusual problems. 

By 

Although astronomical and geophysical measure- 

The wave t r ave l l i ng  i n  the same 

This s t a b i l i t y  is probably achi*vable, 

Special  Devices. 
One example of t h i s  is the 
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reduction of the  "cavity phase s h i f t "  problem in cesium beam frequen- 
cy  standards. 
the accuracy of cesium beam frequency standards is the  ex ten t  t o  
wiLich the  phase difference of the RF f i e l d s  i n  the two in te rac t ion  
regions can either be nulled or measured. If superconducting cav i t i e s  
were used, the  var ia t ions  of the microwave phase across the  apertures  
of the c a v i t i e s  would become very small and it would be possible t o  
noasure the  in te rcavi ty  phase s h i f t  w i t h  high precision. This ap- 
?roach is not  being tried a t  the  present  time because of the d i f f i -  
cu l ty  of using cryogenic cav i t i e s  i n  an atomic beam device and be- 
cause there  is another promising technique with fewer d i f f i c u l t i e s .  

One possible  c o n f i w a t i o n  is the  toro ida l  microwave cavi ty  which 
was described e a r l i e r  i n  the discussion of t he  Lense-Thirring e f fec t .  
The pos i t ion  of the  nodes i n  such a cavi ty  experiences a phase s h i f t  
proportional t o  the  ro t a t ion  speed of the  cavi ty  and the  frequency 
of the  exc i t ing  radiat ion.  This is j u s t  the  Sagnac e f f e c t  which is 
used today i n  laser gyroscopes. Because of t he  d i f f i c u l t y  i n  op t i ca l  
detect ion of f r inges ,  laser gyroscopes are constructed today i n  the 
fo,m of r i n g  osc i l l a to r s .  These devices must be biased i n  order t o  
overcome a dead zone a t  low ro t a t ion  rates; systematic e r r o r s  intro-  
duced by the  b i a s  degrade the p e r f o m c e  of the  gyroscope. 
superconducting version of such a gyroscope is less sens i t ive  by a 
fac tor  of 10' t o  1.0' because of the wavelength difference. 
t h i s  is o f f s e t  by the  f a c t  that it is p s o i b l e  t o  de t ec t  a much smaller 
f rac t ion  of a f r inge  a t  10 GHz than a t  v i s i b l e  frequencies. 
quently, it may be poss ib le  tq construct  a Sagnac-type gyroscope 
(using superconducting cav i t i e s )  which operates in the interferometr ic  
mode with no dead zone and is  coragetitive i n  s e n s i t i v i t y  with the 
bes t  mechanical gyroscopes. 

A t  t he  present  t i m e ,  the  most s ign i f i can t  l imi ta t ion  i n  

Another novel suggestion is a superconducting cavi ty  gyroscope. 

The 

However, 

Conse- 

CONCLUSICNS 

There a r e  des i rab le  appl icat ions for superconducting cav i t i e s  
with Qs up t o  lo" and f o r  superconducting o s c i l l a t o r s  with s t a b i l -  
i t i es  as good a s  3 x lo-". 

t o  f ind  the  center  of a resonance l i n e  t o  ono p a r t  per  n i l l i o n ,  it 
is reasonable t o  expect a s t a b i l i t y  of 2 x IO-" w i l l  be achieved 
using present  technolo 
improvement t o  the l0"level w i l l  require  major advances i n  super- 
conducting technology. 
next ten  years ,  i f  ever, cannot be reasonably assessed. 

The bes t  Q achieved t o  date is 5 x 10" 
and the  bes t  s t a b i l i t y  i s  3 x lo-''. Since it is  generally possible  

within ten years. On the o ther  hand, Q 

The l ikel ihood of it happening within the 
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