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ABSTRACT

This report describes the results of a study designed to assess the role
which superconductivity might play in the U.S. Space Program. The study
was performed by members of the staff of the Boulder Laboratories of the
National Bureau of Standaxds. Six technical subject areas were considered;
high field magnets, magnetometers, digital electronics, high-frequency
detectors, instruments related to gravitational studies and ultra high-Q
cavities. The study identifies a number of applications of superconduc—
tivity which are of potential interest to NASA., Wherever possible, the

devices are related to specific types of space missions.

Key words: Computers; digital electronics; gravitational studies; high-Q
cavities: infrared detectors; magnetometers; wmagnets; microwave detectors;

space;j superconductivity.

IMPORTANT WOTICE

Certain companies and commercial equipment are identified in this report.

This identi-

fication does not imply endorsement by the National Bureau of Standards nor does it
imply that the equipment identified is necessarily the best available for the purpose.



THE ROLE OF SUPERCONDUCTIVITY IN THE SPACE PROGRAM:
AN ASSESSMENT OF PRESENT CAPABILITIES
AND FUTURE POTENTIAT,

EXECUTIVE SUMMARY

This report describes the results of a study designed to assess the role which super-
conductivity might play in the U.S. Space Program. The study was performed by members of the
staff of the Boulder Laboratories of the Mational Bureau of Standards. Six techmical subject
areas were considered; high field magnéts, magnetometers, digital electronics, high-frequency
detectors, instruments related to gravitational studies and ultra high-Q cavities. The study
idegtifies a number of applications of superconductivity which are of potential interest to
NASA. This summary presents some of the more prominent opportunities. The identification of
an opportunity should be di%orced from a suggestion for priority; the setting of priorities
for the space program is not the function of the study group.

Superconductivity has long been singled out as a unique techneology, éerhapq because of
the dramatic instrument improvements which are made possible by it or maybe because of the
low temperature enviromment which is essential to the applications. Superconducting devices
cant be lumped into two general categories; those which benefit from reduced electrical losses
and those éxhibiting improved signal—to;noise performance. The first category includes items
"such as magnets and electrical generators., Wagnetometers and high—frequency detectors are
exatples in the latter group. Digital electronics is a good example of an area which bene-
fits from both categoxies. '

There are several superconducting devices which might be qpnsidered adequate for space
applications in their present state of development. Both SQUID magnetometers and high-field
researchhmagnets have been developed commercially with excellent success. Some work would be
needed to qualify them for space filight, but that would seém to be a straightforward task.
Other superconducting devices would require varying aegrggs of development before being put
on space craft. Many items in this class offer performance improvements which simply cannot
be overlooked. One example is the superconducting oscillator which is important for certain
classes of space experiments and for space navigation and ranging. The stabilization of
oscillators with high-Q superconducting cavities Is established as the state—of-the-art, and
further advances are expected.

We must intérject a few words of caution, leg&iwe‘get trapped in the credib?lity prob-
lems which were common: to the early years of applied superconductivity. Refrigération of
superconducting instruments for extended space missions is a non—trivial problem. This
subject is addressed at the end of this summary. Also, not all Superconducting instruments
will win their competitions with conventional devices. Superconducting high-frequency detec—
tors look promisimg, but their conventional counterparts are also undergoing further improve-
ments. It is not yvet clear which devices will win out. Most likely, superconductivity will

contribute, but to what degree is yet uncertain.
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. In each of the following classes, specific applications will be suggested along with the
identification of a superconducting device (or devices) which might be useful for that appli-
cation. The bold type indicates a specific suggestion which the study group has identified

as possibly important for the space program.

High Field- Magnets

Superconductivity offers the only economical means, from an energy standpoint, to the

production of high magnetic fields. Many space applic@tions of such magnets can be suggested
(see Chapter II), but only two are mentioned here. The first application is to cosmic ray
analysis. Elementary particle physicists may be near their dollar limit for high energy
accelerators. Beyomd colliding beams, it will prbbably be difficult to justify significantly
larger machines. Thus we might expect Increasing dintexest £rom the physics community in the
long-term flight of particle analysis systems, since cosmic radiation consists of a variety
of highly energetic particles. The analyzers will require intense mégnetic fields because of
the high energies, and superconducting magnets would appear to be the only reasonable choice.
The need for long-term exposures {to collect sufficient information) provides furthexr impetus
to the selection of superconducting systems since power requirements for conventional magnets
would then be prohibitive.

Magnetic energy storage has been considered for spécialized applications on earth but
has not received se;ious consideration for space.flights. Present information indiéates that
extremely good weight-to-energy ratios are achievable, but further study of the subject is
suggested. A key consideration for superconducting magnets in space ig the weight of the
structural materials, which account for a large fracFion of total system weight. ﬁeight is
not presently an impoxrtant concern of magnet designers. But modern composite technology,
properly applied to magnet structural components, could make impreséive reductions in the

specifiec weight of large magnets.

It ig suggested that maierials programs, divected toward magnet weight reduction, be
stimulated by NASA in order to provide a base for optimization of the specific weight of
superconducting magnet systems.

The reduction of specific weights could provide longer term benefits to the space program.
Many of the more ambitious programs for space colonization and travel invelve superconducting
magnets (e.g., fusion reactors or MHD generators for energy production, the mass-drivexr

system, plasma or MHD propulsion engihes, etc, ).

Low-Frequency Superconducting Sensors

The primary device in this class ig the SQUID (Superconducting QUantum Interference
Device) magnetometer. This device has no real competition from conventional devices, either
in sensitivity or bandwidth. The SQUID has been highly develeped by commercial intérests, in
both magnetometer and gradiometexr configura?ions. Despite this state of development, there

have been no seriocus proposals for its use in‘the study of magnetic fields in space. The
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preponderance of opinion seems to be that conventional magnetometers are adequate for mea-
surements in space, so that the use of superconducting instruments is not justified. How-
ever, it might be pointed out that ten years ago, exactly the same view prevailed with re-
spect to terresfrial geomagnetic measurements, yet today SQUID magnetometers are widely used

for ﬁrecisely this purpose. The parallel is interesting, but substantive considerations
should prevail.

The measurements of planetary and interplanetary magnetic fields should be evaluated to
determine whether the inereased sensitivity and bandwidth of the SQUID magnetometer
provides information unobtainable by any other technique.

The bandwidth and sensitivity could offer a means for measuring short range (and short term)
gradients of the interplanetary fields driven by the solar wind. Chapter III describes

such applications in more detail.

Digital Applications of Superconductivity

Digital superconducting electronics is a newly emerging techmology of significant pro-—
mise which must, however, pass the test of real-world appliéations. The motivation for the
development of this technology is rooted in some very general and ﬁundamental co;siderations.
The Josephson switch is extremely fast and can potentially achieve switching speeds of 1 ps,
but its most attractive attribute is its small dissipation. The level of dissipation is
sufficiently small to allow extremely close packaging of active elements and thus allow
dramatic reduction of intracircuit communication delays. Furthermore, the use of supercon-—
ducting striplines for this communication provides the opportunity for .unparalleled freedom
from dispersion and attenuation of signals.

Interest in the technology is expanding, but the prime driving force behind this tech-
nology is a major commercial program to develop a superconducting computer. With some
knowledge of the characteristics of the simple logic elements, it is relatively easy to show
that order-of-magnitude (and greater) advances can be made in both speed and capacity. The
increased speed follows from a reduction in size. éverall power dissipation drops many
orders of magnitude below that for canentional computers. All of these changes (increased
speed and capacity, decreased size and dissipation) are in a direction favorable to space
applications. The development of such a computer may be 10 to 20 years in the future, but it
is mot too early to consider the opportunities, perhaps revoluticnary ones, which may appear.

Given the possibility of taking really powerful computers (perhaps 10 to 100 times the
speed and capacity of today's best machines) into space, what might one accomplish? Numerous
suggestions arise. The processing and compression of complex raw data might provide a means
of conserving the limited power available for infoimation transmission. Weather modeling and
forecasting from data—gathering satellites might be feasible. Intelligent (computer) space-
craft might reduce the need for some difficult manned space missions. The Mars landing
(Viking) was completely computer—controlled because control from earth would have involved
prohibitive delays (signmal transit times) between sensing of required corrections and actua-

tion of the desired maneuvers. TFor more distant planets, computer control of landings, as



well as of rover vehicles, will be an .absolute necessity. Besides the computer applicaiions
there are a whole realm of improved instrumentation possibilities; analog~to-digital con-
verters, digital filters, fast Fourier analyzers, ete.

The oppertunity to dramatically improve computer and instrument speed and capacity

should provide new possibilities for space missions.

It is suggested that NASA generate a comprehensive in-house appraisal of the new pos-
stbilities for digital electronies provided by supereonductivity. -zﬁe appraisal should .
be made available to anyone involved in mission plans and development.
Section IV.4.0. describes a source of information which might well provide a basis fo£ the
appralsal suggested %bove. A careful appraisal of the technology would probably identify
specific areas of NASA interest. Stimulation of development, especially in the instrumen-

tation field, would certainly speed progress toward new devices.

Microwave and Infrared Detectors
Tt is probably fair to state that, in general, superconducting detectors demonstrate no
overwhelming advantages over conventional devices. 1In some instances, the performance of

the superconducting detector represénts the state-of-the-art, but never by a wide margin.
For superconducting detectors, development effort has been only modest, at best. This
situation is Ilikely to prevail for the near future. .

The space applications of these detectors would probably center on radio and infrared
astronomy and on communications, areas.where the best possible noise performance is desired.
Low noise performance almost certainly requires liquid helium temperatures for any type of
detector and indeed, the planned IRAS program supports this contention. Thus, the envirom-
ment for superconductivity will usuwally exist for any low noise missions, and superconducting
detectors will be'able to compete on an almost equal footing with their non-superconducting )
cganterparts.

The development of several superconducting detectors should be followed. - The Josephson
mixer for millimeter and sub-~millimeter wavelengths already performs well. The SUPARAMP
(SUperconducting PARametric AMPlifier) could perhaps be operated with su&cess in the milli-~
meter range. The super-Schottky diode (metal layer of the diode is superconducting) with
its attractive noise performance might be extended to frequencies well above X-band. These
devices are receiving modest attention at a few laboratories in the U.8. and Europe. AL
present funding levels, the questions on ultimate performance levels might well be answered
during the next Five- to ten—year period.

In summary then, superconducting detectois, while offering significant advantages, do
not appear to be a panacea for the problems of all high-frequency instruments. However, the
full story is not yet told. A Lot depends on how closely the superconducting and non—
superconducting devices approach theoretical performance levels. Presently, there appears to
be no really strong incentive for large increases in developmental funding levels. The major

question of ultimate performance levels ghould be settled during the next decade at present
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spending levels. However, should some of the superconducting devices {particularly the
Jjunction devices) gain clear advantage, then it would seem essential to stimulate work
directed toward thin-film realizations of the devices, in order to satisfy the stability
requirements demanded by space flight. )

Instruments for Gravitational Studies

Superconducting instruments will probably play an important role in many tests of gravi-
tational theories. In general, these experiments require performance which is not yet avail-
able, and superconductivity is introduced as a technology which might provide the needed
advances. It Is also interesting that some of the devices needed for the tests are also
useful for navigation (gyroscopes, accelerometers, stable oscillators). Thus an investment
in fundamental research could uvitimately pay dividends in the form of advanced navigational
instruments. ‘

The gyroscope~precession experiment is an extremely sophisticated and demanding use of
superconductivity. Development is in an advanced stage, and the system may fly within the
next decade. The gyroscope stability will eclipse that of all others by several orders of
magnitude. A successful flight may lead to interest in navigational applications.

Two other instruments of special note are the superconducting accelerometer and super—
conducting gravimeter. The accelerometer is being developed as a sensor for gravitational-
wave antemnas. Projected sensitdvity is impressive, and the device might also be considered
for inertial navigation. The gravimeter is an operational device which is already contribut-
ing to terrestrial research. The attractive feature of this instrument is its very low drifc
level, which makes it the only gravimeter capable of low frequency measurements. It would be
especially interesting to emplace such a gravimeter on the moon or another planet.

The suggestions for experiments on gravitational theories are many, and it is difficult
to select any one for special encouragement. It might be best to let the individual re-
searchers develop their proposals to a higher level before any major commitments are made.

Obviously these researchers will need minor funding for this work.

High-Q Cavities

There are many applications for superconducting high-@ cavities, but for space appli-
cations the most prominent is the use of such cavities as stabllizing elements in clocks and
osetillators. The best Q for a superconducting cavity achieved to date is 5 x 1011, and- the
best stability is 3 x 10_16. Since it is generally possible to find the center of a reso-
nance line to ome part per million, it is reasonable to expect that a stability of 2 x 10-18.
will be achieved uging present techmology. This might be accomplished within ten years. On
the other hand, large increases in Q values will require major advances in supexrconducting
technology. The likelihood of it happening within the next ten years cannot be reagonably
assessed. )

One intxiguing potential space application of these oscillators is their use for rang-
ing. The possibility that gravitational radiation might be detected by more sensitive

ranging to a drag-free satellite should warrant careful consideration. Ranging is important



in many other contexts. TFor examble, superconducting oscillators must surely be considered
if large improvements are needed by NASA's Deep Space Net or the Global Positioning System.
fresent performance of the superconducting oscillator is impressive, but the potential for
Improvement puts this system into a ¢lass of its own. .

Current research efforts are being directed toward application of these oscillators in
terrestrial experiments, Little effort is -directed toward the improvement of Q values and of
clock performance in general. Stimulation of work toward improved performance will have to
be driven by applications which require such improvement. It would seem that such improve-
ment would be of significant benefit to NASA.

It is suggested that NASA eonsider stimulation of further improvements in supercon-

dueiing ervities and oscillators for the purpose of improving the measurement of

distance and distance changes in space.

Refrigeration

Refrigeration requirements are without doubt the greatest impediments to broader use of
superconducting devices. For large-scals terrestrial applications, the cost of refrigeration
is a secondary consideration, although 1t raises the level of sophistication and causes
concern about reliability. TFor small-scale commercial devices, refrigeration requirements
are a primary consideration. To date, most such devices have been cooled with liquid helium
in evaporative cryostats.

Space applications are even more restrictive than terrestrialuones since the reliability
problems which accompany conventional refrigerators cannot be .solved by a simple call to the
repair man. For this reason the first cryogenic satellites will use evaporative helium
cooling with cryostats designed for hold times of up to one year,

The development of reliable refrigerators would greatly alter the logistics of super-

conductivity in space and could tip the balance in faver of some programs.

Further work on vefrigerators for space flight is highly recommended. Such coolers
yeould be applied not only to superconducting instruments, but also to other sensitive

sensors (e.g., infrared sensors).

| viii



PREFAGCE

The U.S. Space Program, under the guidance of NASA, has, from its very inception, been
involved with sophisticated systems which are at the very forefront of science and technology.
Indeéd, NASA has often been forced to go beyond the available technology in order to meet the
challenge of its mission assignments.

Thus, it is perhaps essential that NASA keep abreast with advances in superconductivity,
a Field which offers real promise for surpassing present state-of-the-art performance for
many areas, including high-field magnets, magnetometers, digital circuits, high—freqﬁencﬁ
sensors, stable time and frequency references, gfavimeters and accelerometers.

Suggestions for applications of superconductivity in space have been with us for years,
and indeed NASA is actively working on several programs. However, major cryogenie satellites
are only now nearing reality, and the‘genefits of this.new state of matter to gpace explora-
tion are all in front of us. It thus seems timely to look at this technology in a compre-—
hensive way to determine what potential applications might warrant serious consideration for
space missions. =

One might argue that such a study is backwards. Shouldn't one really start with the
desired goal in space and then decide what means will be used to reach it? There is serit to
the question, but the answer is simply this: One needs to know what tools are available, and
that knowledge may not be easy to obtain with emerging technologies. Are new mission pos-—
sibilities developing along with a technology? Can the performance of a space task be im~
proved with a new approach? Can significant cost savings result from a new Fechnology?

When does a concept change from remote possibility to real opportunity? TFor example, does a
ten—-year—-old assessment of high~field magnets in space have meaning in light of today's state
of the technology? These types of questions suggest that it is prudent to look through one's
bag of tools periodically te £ind out whether new tools are available. Although one might do
this in 2 number of ways, this study, done outside NASA, is one reasonable approach. Only
time will permit a measuremeni of its success.

The NBS study group consisted of the editor and the six NBS co-authors of this report.
The study was divided into six technical sections, each relating to a specific type of in-
strument or instruments and developed by a single member of the group. The study group
sought to present the state-of-the—art in each of the six areas and where possible to
identify specific space objectives for the technology. Risky as it is, the group has also
tried to project performance into the future. Such projections are "educated guesses" and
should be treated as such. However, it would be absurd to assume that this study covers the
sﬁbject area in a fully comprehensive manner. The emphasis of the report reflects te some
degree our individual biases and speculations about future developments, It is hoped, how-
ever, that the effort provides a reasonable perspective and a starting point for in-depth
studies of subject areas which might prove of interest to the space program.

The study was sponsored by NASA's Office of Aeronautics and Space Techﬁology and guided
from NASA Headquarters by Mr. Stanley Sadin and from Ames Research Genter by Mr. John
Vorreiter. The NBS study group would like to thank Mr. Vorreiter and Mr. Sadin for their

guidance in this effort. We also thank Mrs. Norma Lear for turning our scratchings into a



presentable form and Mr. Wick Sanchez for his work on the graphs and illustrations., Needless
to say, we have received input from many specialists in the scientific community both within
and outside MASA and NBS. The list of such people is too long to include here, but we wish

to express our deepest gratitude for their time aad thought, which have added greatly to this

TEeport.
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CHAPTER I
INTRODUCTION

The first fifty years following the discovery of superconductivity in 1911 were marked
by intense academic endeavors tg understand this new state of matter. ILittle of practical
lnteresg evolved until the late fifties and early sixties when, in very rapid succession,
high field superconductors wexre discovered, a microscopic theory was developed and the
Josephson effect was predicted and obseéved. This f£lurry of ‘activity marked the birth of
applied superconductivity, a new techhclogy which is just now beginning to provide major new
scientific tools.

Applications of superconductivity have spanned a wide range of technical areas; geo—"
physics, high-energy physics, materials -science and medicine, to name a few. In each appli-
cation it is the capability for vastly improved performance or the ability to perform tasks
which were not previously feasible, which is the incentive for the use of superconductivity. -
Many of the technical problems which have found solutions in superconductivity are problems
that also exist in the space environment outside this planet. In addition, space exploration
poses new sets of problems, some of which might be solved through uwtilization of supercon-
ducting devaces. This report reviews the applications of superconductivity which might be
useful in the varied and challenging tasks considered for space missions.

In the first portion of this introductory chapter we provide an outline of the s&udy to
help the reader locate material which may be of particular interest. We follow waith some
general comments on superconductivaty which might be useful to the unanitiated reader.
Finally, we offer a note on refrigeration, an essential consideration for any supercon—

ductive device.
I.1.0. PFIELDS OF APPLICATION

The study has been organized so as to best use the talents of the members of the study
group. Thus, davision 1s made between classes of devices rather than fields of applicataon.
This s not the most effective way to present information to a reader who is in%erested in,
for instance, properties of interplanetary space. To help remedy this problem we present
here a "roadmap" for thoée oriented toward a particular field, rather than a device. The

four major categories are subdivided, and references are provided to the six technical chap-

ters which follow.

CROSS~REFERENCE GUIDE --— APPLICATION VS DEVICE

Physical Properties of Space and the Planets
Radio and Infrared Astronomy - Chapt%r v (all) - Chapter VII (Sec. VII.3.0.)
Elastic and Vibrational Properties of Planets — Chapter VI {Sec. VI.4.0}
Planetary and Interplanetarxy Magnetic Fields -~ Chapéer ITI (Sec. IIT.2.2)
Background Temperature of the Universe - Chapter V (aAll)



‘Fundamental Questions in Physics
Gravitational Theories — Chapter VI {Sec. VI.3.0) - Chapter VII (Sec. VII.3.4)
Variation in Fundamental Constants — Chapter VI (Sec. VI.3.5) — Chapter VII (Sec. VII.3.4)
Elementary Particle Physics - Chapter II (Sec. IL.4.1)

Information
Data Acquisition -~ Chapter IV (Sec. IV.3.0)
Filtering - Chapter IV (Sec. IV.3.3) - Chapter VII (Sec. VII.3.2)
Computations and Analysis - Chapter IV (Sec. IV.Z2.0)

Communications — Chapter ¥V (All)

Logistics of Space Travel and Living .
Propulsion — Chapter IT (Sec. II.4.7) .
Shielding - Chapter IT (Sec. IT.4.2) — Chapter ITI (Sec. III.4.0)
Re-Entry — Chapter IT (Sec. II.4.8)
Navigation - Chapter VI (Sec. VI.2.5 and VI.5.0) - Chapter VII (Sec. VII.3.4)
+  Yevitated Transport — Chapter II (Sec. IL.4.6)
Energy Storage and Conversion — Chapter IT (Sec. 1I.4.3, II.4.4 and II.4.5)

I.2.0. BACEGROUND

I.2.1. Superconductivity

For some purposes, it is suffiecient te say that a superconductor is a material which
exhibits no electrical resistance below given limits of temperature, magnetic field and
current density. While this might suffice for a discussion of magnét applications, for
example, it is completely inadequate for the other applications considered iIn this study.
Although this is not the place for a treatise on superconductivity, a brief discussion of
some fundamental considerations will draw together the diverse phenomena considered in this
report. An understanding of these fundamentals is not essentlal for a reading of the study,
but some may prefer to see the thread of commonality in the applications.

Superconductivity is a unique state of matter characterized by am attractive inter-
action between pairs of electrons. This attractive force is weak and of negligible impor-
tance at room temperature, but it becomes very important at low temperatures where the energy
associated with the attraction is comparable to or greater than the energy of thermal vibra-
tions. In this case, the electrons are able to re-order themselves into a state (the
superconducting state) in which they are bound together, a state lower in energy than the
normal state. To excite the system from this state requires the input of a minimum energy A4,
which is called the energy gap. The superconductor can be described by a mathematical func—
tion which is wave-like in character. This wave-like model is important forx an understanding
of the Josephson effect and quantum interference.

Perfect conductivity results from this description in the following way. 1f a current
is passed through a superconductor, then the electrons all attain some added velocity along
the direction of current flow. In a normal conductor, the lattice vibrations and imperfec-

tions would result in scattering of some of the electroms and a consequeni’ loss of energy.
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The normal state thus requires an electric field to sustain a current, and energy (voltage
times current) is continuously dissipated. TImn the superconducting state, the scattering of a
single electron is disruptive of the entire bound state and is therefore not favorable (from
the standpoint of energy conservation). The wave function is said to be coherent (rigid),
since any external stimulus must affect the- entire Bbdy of electrons. Only when the current
exceeds some maximum value, the critical current, will scattering be possible. This occurs
when the energy in the driving current overcomes the scattering restrictlon mentioned above.
At this podint, the superconductor reverts to the normal conducting state, It is important to
note that no electric field is needed to support the flow of a supercurrent.

The quantization of magnetic flux in a superconductor also follows from the introduction
of this rigid wave function. ¥For a superconducting ring (a donut) the wave functionm which
describes the state of the system must be continuous and close on itself in going around the
ring., This means that if there are spatial oscillations in the function, only integral
numbers of oscillations are permitted. These different but distinct wave functions are
associated with discrete currents and thus with discrete flux states of the ring. This is
analogous to the requirement which gives rise to discrete energy levels in the Bohr atom.
Each atomic orbit is associated with 2 wave functiom which has an integral number of spatial
oscillations about the orbit. As with the Bohr atom, the description of Flux quantization
requires the consideration of wave-like behavior.

The device which depends on flux quantization is.the SQUID (Superconductiné QUantum
Interference Device). The SQUID is a superconducting ring interrupted by a weak connection,
a Josephson junctioﬁ. This weak connection provides a means for changing the f£flux state of
the ring and for observing such changes in state. The SQUID is, in essence, a very sensitive
magnetometer. .

A Josephson junction results from any very weak connection between two pieces of super—
conductor. It may take the form of a tunneling junction, a point comtact, or a very narrow
constriction in a superconducting f£ilm. The properties of this junction are derived from an
interaction between the wave functions in the two pieces of superconductor which are linked.
Current flow through the jhnction results whenever there is a difference in phase between the
wave functions on either side of the junction. A voltage impressed across the junction
causes this phase difference to shift in time, resulting in an oscillatory current flow as
the wave functions shift into and out of phase. The high frequency of these oscillations
make the Josephson junction useful for certain microwave and infrared applications.

The Josephson junction is also valuable as a fast logic element {a controllable switch).
The switch is controlleé by a weak magnetic field. This field is generated by a current in
2 simple control line which crosses the junction. Once induced to switch, the junction
response ig controlled by the intrinsic frequency Limitations of the Josephson effect. This
limit 1is set by the value of the energy gap in the superconductors which make up the junc—
tion. This frequency limit is approximately 1012 Hz, which corresponds to switching times
of the order of one picosecond (10_12 s).

The diverse phenomena of the superconductive state are seen to result from a rather

small set of underlying principles, This type of approach is perhaps more satisfying than



the introduction of a separate explanation for each successive phenomenon which is discussed.
The phenomena associated with the superconductivity are unique and extremely useful, as will

be seen in the text,

1.2.2. Beneflts of a LOW~Temperature Environment

Unless major mater1als breakthroughs are achleved superconduetivity will remain a low -«
temperature phenoienon. However, one should recognize that the low-temperature environment
needed for superconductivity is useful for other reasons as well, For example, the low
thermal noise associated with low temperatures is crucial for infrared astromomy. In fact
the IRAS (Infrared Astronomy Satellite) program has been forced to provide low temperatures
{2 kelvin) in order to achieve low thermal noise.

Besides low thermal noise and superconductivity, other benefits of low temperatures can
be cited. At liquid-helium temperature the expansion coefficient of solids becomes negli-
gible, and this results in extremely good dimensional stability. Thermoelectric phenomena
are reduced in significance, yielding benefits such as elimination of unwanted thermal emf's.
Tonic conduction ceases to cause leakage problemg, Failure mechanisms for electronic devices
such as diffusion and electromigration become relatively unimportant. Where heat must be
dissipated, superfluid helium provides almost complete freedom from comvective limitations
because of its enormous "effective" thermal conductivity. ,

Some of these advantages are important to the applications discussed in the study. The
stability of the superconducting cavity stabilized oscillator {Chapter VI) is at least partly
due to the dimensional stability of the cavity. Once in operation, a superconducting com~
puter or other digital instrument should be free from failure mechanisms which plague con-—

ventional systems.

I.2.3. Refrigeration

Refrigeration requirements are without doubt the greatest impediments to broader use of
superconducting devices. TFor large-scale terrestrial applications, the cast of refrigeration
is a secondary consideration, although it raises the level of sophistication and causes
concern about reliability.- For small-scale terrestrial devices, refrigeration requirements
are a primary consideration. To date, most such devices have been cooled with liquid helium
in evaporative cryostats.

Space applications are even more restiictive than terrestrial ones since the reliability
problems which accompany conventional refrigerators cannot be solved by a simple call to the
repair man., For this reason the firgt cryogenic satellites will use evaporative helium
cooling with cryostats designed for hold times of up to one year,

The development of reliable refrigerators would greatly alter the logistics of super—
conductivity in space ahd could tip the balance in favor of some programs. A discourse on
refrigeration is beyond the scope of this study, but some comments are in order. For space
applications it is particularly interesting to consider use of the low background temperature
of space for radiative cooling. Appendix I.A offers some of our speculations on the refri-

geration problem and specifically dwells on the potential of radiative cooling,
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II1.1.0. INTRODUCTION

In the mid-1960's NASA and DOD sponsored a great deal of work to evaluate the possibi-
lities for applying the relatively new science of high-field superconductivity to problems
related to space flight. Many interesting and, often, impractical suggestions resulted.

Much of the impracticality occurred because the technolegical expexrience with large supercon-
ducting magnets was. limited and, furthermore, the superconducting materials available were
very crude by present standards. By the time the modern generation of superconducting wires
and magnets came to be, the large NASA programs were no longer in existence, and many of the
ideas had effectively been forgottén. Here, we want to take a fresh look at some of those
ideas, as well as evaluate the overall role that superconducting magnets might play in the
space adventures of the future asgs they now appear to be developing.

In this chapter we will look at present applicaticns of superconducting magnets, discuss
the advantages and disadvantages of these devices, and attempt to assess possible future de~"
velopments and their impact on applications in aerospace technology. Along thé_way we will
take'a look at the state-of-the-art and discuse research which, we feel, will help us to
realize the full potential of these devices. A good bit of what we have to say will deal
with terrestrial applications for two guite simple reasons: first, very few superconducting
magnets have ever flown anywhere, and; second, the applications, construction techniques and
general magnet configurations will not be greatly different regardless of where the magnet is

located.

17.2.0. GENERAL MAGNET APPLICATIONS
When one lcoks at magnet applications in a general way, the actuwal functions in techno-
logical applications are quite few in number. In one way or another they all make use of the
ability of magnetic fields to interact with charged particles which are in motion relative to
" the field. one classification scheme is given in the following list along with one repre-

sentative application for each class:

1. Deflection, focusing or confineient of charged particles (high energy physics};

2. Introduction of energy into systems of charged particles (plasma heating for fusion
devices);

3. Deflection of non-magnetic metals (levitated transport);

4, Deflection, suspension or steering of magnetic objects (steering of magnet-—
tipped catheters through the brain});

5. Inductive energy storage (power plant peak shaving);

6. ,Conversion of energy (motors and generators); and

7. Control of chemical reactions (magnetocatalytic effects).



While normal magnets* are useful in each of these classes, the higher fields and smaller mass
and physical size of superconducting magnets make them quite attractive in all cases. Thas
is particularly so in aerospace épplications where the relatively small mass beccomes of prime
amportance.

Large numbers of both large and small superconducting magnebs have been constructed in
recent years and used in an amazing variety of applications ranging from high-energy physics
to medicine, 1In Appendax II.A we describe many of these applications. The magnhet systéms are
in an advanced state of development. We also give a few brief comments on the current status
and future prospects of each application where appropriate. Obviously this latter assessment
is the authors' alone. & detailed description of many large-scale applications is given in
the book edited by Foner énd Schwartz‘(l974) and in the Proceedings of the Applied Supexcon-
ductivity conferences and the Cryogenic Engineering conferences. The book also has a number
of chapters describing the worldwide research efforts in large—scale'applicatlons as of 1972.
In general the £rend in research in this field has been to less funding and smaller projects
since then. The exception is the large program to develop the use of contreolled fusion of

light nuclei as a power plant concept.
IT.3.0. MAGNETS FOR SPACE APPLICATIONS: A GENERAL DISCUSSION

In Section II.4.0. we discuss a large number of specific applications which have been
proposed for superconducting magnets in space. Here we outline very briefly some of the
generﬁl advantages and ?isadvantages of these magnet systems. The technology is advancing
quite rapidly, but little attention has been paid to optimizing the systems for space flight
for the simple reason that very little deyelopment money has come from NASA in recent vears.
The high energy physics laboratories have been the major users, and their requirements are for
higher fields, larger field volumes, reduced energy consumption and shori- and long-term
reliability. The resulting magnets '(see Appendix IT.A), thus tend to be heavy and large. This
is not necessary. If'one 1s willing, to make some modest sacrifices in these requiremments,
light and small magnets become quite'fea91ble. Regearch 15 needed to determine the best ways
to handle the tradecffs, but no insurmountable problems appear to exist and specific weights
of v 25 kilograms per megajoule of stored energy seem to be attainable for large magnets.

“AS a guick indication of where superconducting magnet technology is now, consider the
following list of parameters for existing magnets and materials:

.

Largest supexconducting magnet - 4.7 m-bore bubble—chamber magnet at CERN, 3.5 T field,

1

co1l weight 166 x 103 kg, 830 MJ stored energy

Highest continuous field superconducting magnet - 17.5 T, 3.1 cm boxre lab magnet of Nb3Sn

and V3Ga by Intermagnetics General Co.

* The term "normal magnets" refers to conventional systems which uswally have liquid-cooled

copper coils and most often contain large amounts of iron and/or steel.
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Highest continuous field hybrid (superconducting ocuter coil, copper inner coill} magnet -

30.1 T, 3.2 cm bore lab magnet by the Wational Magnet Laboratory at MIT
1

2
Highest high field superconductor current density — 105 A/cm2 at 20 T an V3Ga, i 106 Afcm

in Nb3Sn at lower fields

. . . . . 4 2
Typical current density in a superconducting composite wire - 5 x 10 Afom at 5 T forx

both NbT:r and Nb3Sn {vs 100 A/cm2 for copper).

Clearly, very good, dependable superconducting magnets exist.

I1.3.1. Superconducting Magnet Systems

A superconducting magnet system consists of: a magnet; a container for the magnet (a
"dewar" or "cryostat"} in which it is thermally isolated from its surroundings and cooled to
v 4 K; a method of cooling, always a fluid in contact with the magnet, usually ligquid helium;
and a power source for starting (“charding") the magnet. The last three of these are des-
cribed in more detail in the following two subsections as they each represent either an
advantage or a disadvantage in the use of superconductors over conventional magnets. Here we
wish to briefly descrabe the parts of the magnet itself. The discussion applies to magnets
of any size or shape, and there are many.

In its simplest form a supexconducting magnet is a spool of superconducting wire wound,
with appropriate insulation, on a bobbin of structural wmaterial and, frequently, banded on
the outside with more structural matexial to contain the stresses (hoop stresses) which tend
to expand the coil when it as energized. Smaller magnets and pulsed magnets often are potted
in an epoxy of some sort to prevent wire motion. Earger magnets tend to have a m&re open
structure to allow flow of coolant throughout the winding for improved heat transfer.

The supercconducting material, which' is only part of the wire, has the unique property of
exhibating zero resistance to the flow of direct current, but only below a certain critical
temperature, (Tc), critical magnetic £field (Hc) and critical cPrrent density (JC). This is
illustrated graphically an Figure 1. Below the surface the material i1s superconducting,
above it is "normal”, a state in whach its electrical resistance s much higher than that of
copper. While it is certainly possible that a room temperature superconductor may some dag
appear, it is best not to wait for i1t. All superconductors discovered to date have Tc < 25 K
and, thus, reguire large amounts of refrageration, usually at v 4 K, for practical applications.

Only two groups of superconducting materials seem to offer any hope for large scale -
magnet applications in the near future: the ductile WbTi1 alioys, which are now used exten=-
sively, and the brittle Al5 compounds, most likely Nb3Sn or, possibly V3Ga. {In Section
IT.3.4. we discuss the possibilities of other materials_ln the more distant future.)\

Table II-1 lists some of the properties of these su;erconductors. The physics of the various
critical field designations (Hc, Hcl' ch, Hc3) ig covered in detall in many texts. We have
ineluded elemental niobium in the table because it is extensively used in cryocelectronic
devices and in superconducting powerline designs -- it cbviously cannot be uséd an high

magnetic fields.
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Figure II-1. The critical parameter surface for a superconductor. Under the surface,

the material is superconducting, above 1t 15 a normal {usually poor) conductor.

' TABLE II-1

NOMINAL PROPERTIES OF PRACTICAL SUPERCONDUCTORS

Material Crystal T U H a Max B J @ 4.2 K
c o c2 c
Structure (in use} @ B=4T @ B=10T @ B=17T
’ 2 2 2
(x) (T) () {(a/cm ) {(&a/cm’ ) {(n/cm™)
. ) 5 a
NbTL bee 10.2 12 8 15 x 10 2 x 10 0
45-48 wt.
3 T1
' 5 5 4
Nbssn als 18.3 22 16 20 x 10 2 x 10 2 x 10
4 ) 4 4
VBGa AlS 16.5 22 20 6 x 10 6 x 10 5 x 10
Nb Rhob. 9.5 0.25 - o° 0 0

-7 -
a uy = a1 % 10 T/Am l, data at 4.2 K.

b 7 x lO5 at B = 0.
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When used in essentially ac applications, such as pulsed magnets, superconductors do
show a complex resistance, but it is still many times lower than that of the conventiocnal
normal metal conductors.

an actual commercial superconducting wire is a complex composite usually consisting of
many f£ine (2 - 50 ym)} continuous strands of superconductor embedded in a pure copper matrix
and traversing the length of the wiré, freguently with a twist pitch teo the entire filament.
bundle. All of these aspects (pure metal matrix, fine filaments and twist) are necessary to
provide stablility in operation, i.e., to keep all of the superconductor in the superconduct-
ing state. In addiﬁion, if the wire is to be used in rapadly-changing fields, a high resis-
tivity sheath, usually of copper-nickel is added to break up transverse eddy current paths in
the wire. Furthermore, for reasons of manufacture, tin bronze is often an essential com-
penent of NbBSn wires. 1In thas case a tantalum barrier is used between the bronze-supercon-
ductor region and the pure copper to keep the tin f£rom migrating into the stabilizer and
increasing its resistivity. PFruly, the practical superconductor is a very complex composite.
As you might suspect, it 1s also a very expensive one! Several dollars per meter is not
unheard of for relatively small diameter (3 mm) Nb3Sn wire.

In commercial production, NbTi superconductor is made by draying down a copper billet
into which rods of the alloy have been inserted. Aluminum is sometimes used in place of
copper. This technique works well, primarily because the NbTi alloys are guite ductile, and
results in a relatively inexpensive wire {v $0.60/m). Furthermore,-in magnet applications
the wire can take gquite large strains (> 5%) without destruction of the superconductivity.
Unfortunately MbTi is not acceptable in all applications hecause of the restriction of its

use to maximum magnetic fields of about 8 T, and the more complex Nb.,Sn wire becomes neces-

sary. Very little NbBSn is actually in use at present. >
In vexy large magnets, stainless steel ribbon or wire is often either co—wound with the
conductor or is bonded to.it durinébﬁanufacture in oxder to provide additional strengthening
and, thus, decrease the total s&rain seen by the conductor. This 1s especially necessary for
the strain-sensitive Nb3Sn conductors. ‘
The amount of structural material necessary to hold the magnet together against the very
laxge stresses created by the field increases dramatically with the size of the magnet and,
in very large systems, the structure may well represent more than 80% of the total mass. In
general this mass must also be cooled to the same temperature as the magnet. The materialg
most often chosen for this task are the austenitic (nonmagnetic) stainless steels. There is
a great deal of potential here for significant weight reduction by the use of various com-
posite materials. We at NBS are currently evaluating the low temperature properties of a
number of specially formulated compositegpfor such applications. 2n estimate of thg absolute

minimim total mass, M, of structure required to confine an amount of stored energy, E, in a

simple magnet is given by bt N
E, (IT-1)

where d is the density of the structural materlal and o is its allowable stress level. BAs an

example, titanium stressed to 1.6 x 10 N/m gives d/c = 2,9 kg/MJ (MJ = megajoule).
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II.3.2. | Advantages of Superconducting Magnet Systems

In aerospace applications conventional magnets with water-cooled copper coils and large
volumes of solid iron consuming megawatts of power are not really feasible at all. Thus, if
large field volumes are needed, superconducting magnets appear to offer the only option.' For
small fields and field volumes, of course, conventional magnets or permaneﬁt nagnets are
still tﬁé choiéé. \ ' o

Superconductors can carry very large current densities, on the order of 104 A/cmz,
overall in a magnet. Compare this to v 102 A/cm2 for a copper coil magnet. This numbexr
determines the amount of winding required to obtain a givem field in a fixed volume. Fur-
thermore, the density of the superconducting wire is somewhat lower.

Except for very exotic systems, conv§ntional magnets are limited in the field tﬁéy caﬂaég
produce to about 2.5 T, the saturation field for iron. Superconductors are capable of pro- =
ducing fie%ds to 15 T or higher. At these fields iron is superfluous. Even at lower fields,
the lack of a requirement for iron has many advantages in machinery applications, allowing
more insulation and, thus, higher operating voltages. When large field volumes are neces-
sary, the ability of the superconductor to sustain high fields at the windings means that
modest field values (v 3 T) .can be maintained over volumes of tens of cubic meters, a feat
which is impossible by any other means.

The electrical system necessary to operate large superconducting magnets is very simple,
usuvally a low voltage (10-100 V), high current supply (an automotive battery bank as often
used for small magneté). Once the magnet is energized, a superconducting short, called a
persistence switch, can-be made across the leads and the power supply removed. The magnet
current will continue to circulate and maintain the field a%,long as the coil is kept cold.

Conventional magnets often redquixe megawatts of continucus power.

I1.3.3 Disadvantages of Superconducting Magnet Systems

Nearly all of the potential disadvantages of superconducting magnets for space applica-
tions are of a type which can be taken care of by serious investigation and good engineering.
Most of these disadvantages exist today because of the darection which the fleld has taken
historically, i.e., toward large laboratory systems. )

The magnets require cooling to near 4 K. At present this is usunally accomplished by'
filling the magnet container with liguid helium. If continuous cooling is necessary, it is
provided by refrigerat;rs and liguifiers which only now are becoming highly reliable. Re-
moval of 1 W at 4 K reguires a refrigerator input power of v 500 W._at room temperature. 1In
space, yadiation of the heat removed c¢ould be a serious problem. Refrigerators are large and
heavy, although the entire system weight (refrigerator + power supply + magnet) is still far
below that of a noxmal magnet system.

A topic which needs investigation is the possibility of operating superconductiﬂé mag—
nets in space without providing continuous cooling in the form of liguad helium., It seems
possible that, at least beyond earth orbit and with adequate shielding, such operation might
be feasible, partaicularly if the superconducting materials have critical temperatures in ex-

cess of 20 K.

1z



The container, or dewar, must completely gnclose the magnet and must keep the coclant
for as long a period as possible., ILiguid helium costs  $5/%., Thus, it behooves one to
allow a minimum heat leak into the system. In‘Eerrestrial applications the hellym.is usually
contained in a vacuum~insulated vessel which is, in turxn, surrounded by liguid nitrogen
(v 80.2/8), itself contained in a vacuum vessel. The liquids, the four metal walls and the
standoffs represent a significant weight, but helium boiloff is low, 1-2%/day. Dewars in-
sulated with many layers ¢f aluminized mylar remove the necessity for liguid nitrogen and
remove two of the walls, but at the cost of somewhat increased boiloff, although recent
designs have holdiné times much the same as the nitrogen shielded ones. In any event, the
dewar structure makes access to the magnet occasionally less convenient than in a conventional
system, but this is usually more than compensated for by the larger free bore and field of
the superconducting magnet. -

Superconducting magnets contain large amounts of copper {or aluminum) to protect the
superconductor against momentary transitions out of the resistanceless staté. This stabilizes
the magnet against transié&ons induced by fluctuations, and also prevents catastrophic de-
struction of the energized magnet (or magnet system) when it reverts to the normal state.
Thisustgbilization greatly increases the conductor weight and decreases the overall current
density. As the amount of copper is decreased, the magnet becomes more susceptable to a
total loss of superconductivity (a "quench") upon excessive shock loading, vibration, field
changes Br thermal excursions. This topic is one on which much research is presently
underway. )

The very highifield superconductors (Nb35n and V_Ga) are brittle intermetallic compounds

and wires céntaining them are guite susceptible to de;radation of their properties at strains
~ 0.6%. . This increases the reguirement for structural material and increases the weight.
Again, strain-insensitive superconductors can most probably be made, but very little cash is
available for the necessary research and development. For this reason few of the exisgting
magnets described in Appendix II-A use these materials, concentrating instead on the ductile

alloy NbTIi which has a significantly lower critical field.

I1.3.4. New Developments

The improvement of commercially available superconducting wire is occurring gquite
rapidly. The production of multifilamentary NbBSn conductor on a commercial scale is almost
a reality today. This conductor will offer higher fields and faster c¢haxging times as well
as decreased overall weight.'

There are many other superconductors about which mach has been publaished. V3Ga has
actually been deposited 3% a tape conductor and used in a magnet. Reports of multifila-
mentary wire have been made. Thi§ material offers higher critical currents than Nb3Sn at
very high fields, ~ 18 T. It appears to be the only sericus competitor to Nb3Sn in a com-
mercial sense. Other materials such as Nb_Ge (Tc = 23.2 K); V

3 2
Nb3(Al,Ge), (ch =41 T at 4 X); ternary molybdenum sulfides (Hc2 v 60 T) and a host of

= 2 4 3
HE (Hc2 0T at K}

others are being actively investigated but, to date, have proven to be very difficult or
impossible to fabricate in a usable form. If significant improvements in critical current
density at hagh fields can be achieved with these materials, then their development. might

well gain a very high priority. Not enough is known at present to evaluate this possibility.
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The use of high-strength nonmetallic composites for constraining large, cold magnet
structures and dewars offers the possibility of great improvements in both total mass and
refrigeration requirements, since the strength-to-weight ratio is large, as is the strength-
to-thermal conductivity ratio. A&also, the fact that rapidly-changing magnetic fields do not
cause eddy current heating in the celd structure will further reduce the refrigeration needs
in pulsed systems.

v The problem of the cause of training of superconducting magnets should be solved soon.
This effect manifests itself as a repeated quenching of the magnet at -higher and higher
fields when it is first energized. It is not usually a prcblem with simple solenoids bhut
always is with more complex magnets. It probably results fxom wire motion within the winding
or, less likely, from motion of the superconducting filaments w;thin the wire.

A comment is needed-regarding the possibility of a high-temperature superconductor.
Several, predominantly organic, 'systems have been suggested as possibly superconducting at
near rocm temperature and a lot of basic physics money has gone into investigating them. IE
seems Righly unlikely that any such system will be found which could be put into commercial
pfodhction within the forseeable future. There is, however, the strong possibility of de-~

veloping superconductors, such as Hb.Ge, to the point where they will ke able to maintain

3
high fields at liquid hydrogen temperatures {v 20 X). Use of such, as vet undeveloped,
materials would greatly improve the economics of the magnet systems, but would not greatly

alter their complexity.

II.3.5. Other Consideratiocns

There are several prbblems related to space applications of large magngts that are
unigque. Again, none appear to be really serious, but they are deserving of special mention.

The effects on humans of magneti¢ fields of an intensity other than that found on the
earth's surface are not known. This is true both for high-field intensities and for fields
near to zZero. A certain amount of work has already been done by NASA, DoD and by 501entié£s
in the USSR. Arbitrary field limits have been set for human exposure. The overall conclu-
sion at present seems to be that no serious long term effects occur at any field. However,
there is enough disturbing information from experiments on mice and lower life forms, that
more definitive research is probably needed. One concern often expressed is that a signifi~
cant fraction of the population may be sensitive to magnetic £i¢lds, but no one from that
population "has ever been tested or even accidentally exposed. The situation was reviewed
recently in some detail by Brechna (18%75). ®

The effect of stray magnetic fields bn the. spacecraft instrumentation and guidance

.

systems is also a major concern. ' Some examples from NASA (Golden, 1975): unshielded photo
tubes are affected at ~ 30 uT, ferrit% cores at 0.01 T; relays and solenoids stick at

0.3-0.5 T. At present, the maximum allowable stray field is proposed to be v 0.0l T for
spacecraft. Passive shielding of relatively high~field magnets to this level is possible but
may involve large amounts of material. Active shielding by appropriately-placed small super-

conducting coils is probably a better alternative at higher fieids..
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Another field interaction of concern is that between an on-board magnet and the plané—
tary and solar magnetic fields, This interaction could turn the ship into the woxld's largest
compass -— an undesirable situation in general. An unshielded coil of ~ 0.7 m ID x 0.1 m
long oferating at 7 T max field has been caiculated to be subject to a torgue of v 70 Nm in
earth oxrbit (Pope, Smoot, Smith and Tayloxr, 1975). They claim that this must be reduced to
v 0.07 tm in order to be acceptable. In their design a second shielding coil is used to null
out the stray fields. ,

The near Zero-g environment of space allows the liquid helium most often used as a
coolant to behave in ways which might not be anticipated. BAny small g-force created by
rotation of the ship will, of course, move the liguid arocund and that has created some prob-
“lems in situations where the liguid enters the fill tube. The IRAS (InfraRed Astronomical
Satellite)systeﬁ will use a santered nickel porous plug to resolve this problem. A more
exotic effect involves the magnetic forces on the liquid helium. Helium is diamagnetic and
is thus subject to forces in a field gradient which tend to move it away from the high-field
region. For the magnet just described, these forces can be as high as that produced by 1/3
of the acceleration of gravity. Proper cryostat desilgn, the use of supercritical or super-
fluid helium and a (heavy) sponge orx wick system are all possible soclutions depending on how
sericus the problem really is. ) ;

II.4.0 PROPOSALS FOR SPACE APPLICATIONS OF SUPERCONDUCTING MAGNETS

Over the last fifteen vears, a great many proposals have been brought forth outlining
the potential for use of high magnetic fields over a broad spectrum of aercspace applica-
tions. Most of the proposals were good, and the technology of mé;net systems was steadily
advancing. But the dollars for advanced space applifations were declining, and many of the
ideas faded into obscurity. Here we collect most of these and give a brief description of
the magnet system thought to be regquired. We cannot assess the feasibility or the desairability

of the proposed use, but we can, and will, make some evaluation of the magnet: technology

réquired. It seems clear that superconductors are the only way to produce fields of reason- -
able magnitude over, even modest-sized volumes in a space environment. Conventional magnets
and their associated power supplies are just too heavf and too large. Unfortunately, even
superconducting magnets can be quite heavy and, perhaps, that explains their relative lack of
use to date. Clearly, in our present space program, the high magnetic fields may be de-
sirable, but we have done without them. Whether or not the stage will be reached where this
is no longer true is a topic far outside our field of competence, It is a gquestion fer the
NASA long-range planners.

Unless stated otherwise, the gppllcations described relate to spacecraft exélusively.
In a few instances the major interest is for military aircraft applications, and these will
be so0 noted. Of course, a system suitable for aircraft use might well f£ind application in
space with only minor modifications. Some systems, such as fusion xeactors, large active
shields and magnets foxr ore separatibn are quite plausible for applications in space coloni-
zation schemes proposed for the far future. These are also mentioned briefly.

In order to put the proper perspective on this topic, we have included in Appendix II.B

a discussion of all of the actual instances that we know where a superconducting magnet has
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left the ground (we exclude several rather dramatic laboratory accidents where the departure
was unintentional). There are only a few such cases and, if we insist on actuwal space flight
(as opposed to rockets and balloons) they are nearly nonexistent.
I1.4.1, Cosmie Ray Analysils

Beveral magnets of this type are described in the appendices. WMagnetic spectrometers

are accurate, easy to calibrate and provide the means of measuring the sign of the charge of
the particles. Furthermore, they allow a relatively high maximum detectable rigidity

(v 100 GeV), but their resolution decreases with increasing energy, and they tend to have
limited geometry factors. Good statistics require long flights, and flight times from seven
days to one year havé been proposed for magnet systems.

The magnets needed can be constructed now. The problems associated with long-term
storage of liquid helium and its use in a weightless enviromnment are presently being solved
in conjunction with other space applications of the cryogen. Problems of making the coil
configuration so as to cancel the dipole interaction with the earth's field and to protect
other field-sensitive instrumentation on the satellite are mot insurmountable and have
already been considered in some detail in the designs already described.

There are competing detection techniques which are being continually improved and, at
present, it looks like the major application for‘the magnets will be on orbital experiments
of relatively short duration, say to v 30 days, in later Spacelab flights. Several groups

are presently considering designs for Shuttle/Spacelab flights.

IT.4.2, Shielding of Spacecraft
The possibility of shielding spaceciaft crews from charged particle radiation by large

superconducting magnets wag investigated in detail a decade or more age. The concept seemed
to offer promise for shielding large volumes to quite high particle emergies with relatively
low weight. The designs varied from a simple circular coil’creating a dipole field to a
convoluted torus which had no field extermal or internal to the-magnet. The former system,
while simple in concept could guard against basically monodirectional radiation and would
subject the crew and instruménts to magnetic fields on the order of 0.1 T. Calculation of
expected accumulated dose and other considerations showed the magnet systems to be attractive
for very long manned flights or for very large vehicles, but not so much for the shorter
flights in small ships. This was especially true at the time because superconductors were
very expensive and the stabilization and structural material required by the technology made
the systems quite heavy. An early NASA study showed that a 30 m3 volume could be adequately
(but see below) protected by a 4 T magnet of v 50-100 MJ stored energy and concluded that the
production of such magnets was within existing capabilities although lighter structure and
more reliable refrigeration were much to be desired, A larger wvolume, 144 m3, could be
protected from protons with energy < 1 BeV by a system wéighing 150 tons. Most of this is
st;ucture. The recent study on space settlements also considered (and rejected) active
shielding for the habitat, arriving at a magnet weight of 10,000 tons for a 0.5 GeV/nucleon
cutoff. That study (Johnson and Holbrow, 1977) brought out the fact that secondary produc-—

tion of charged particles in the magnet structure by the (unshielded) primary flux above
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2 GeV/nucleon would require additiomal mass shielding anyway. They concluded, quite rightly,
that an active shileld with a cutoff of 15 GeV would involve unacceptable amounts of structure
to hold the magnet together.

The only shielding magnet ever built was constructed at Lockheed. It was a circular
magnet of 1.8 m 1.4, with a 0.1 T central field (1.5 T at the winding). This magnet would
protect a volume of severaf cubic meters from particles with energies of ~ 100 MeV. The
entire system had a mass of 85 kg, including the cooling system, and could operate for 5-10
days.

In the future it seems to us that this concept might be reconsidered for certain types
of flighgs or for space stations. Advances in materials, both superconducting and structural,
and in magnet reliability might change the economies of the situation in particular cases.

The very large magnets being produced in the fusion energy program will go a long way toward
demonstrating modern construction techniques and relisbility of large cooling systems.

An entirely different concept of shielding was once proposed which would trap an elec-
tron cloud around a space station by means of relatively low field (0.2 T) magnets and use
the resulting electrostatic repulsion to shield the station. Apparently the concept did not

prove to be viable.

11.4.3. Energy Storage

Storing energy in the field of large superconducting magnets offers a number of advan-
tages over more conventional techniques, such as capacitors and batteries. The first is a
significant weight reductdion; tﬁe low voltage, high current storage mode is also often an
advantage, as is the .ability to handle rapid discharges and high repetition rates.

The possible applications for inductive energy storage range from high field, small (10-
100 kJ) pulsed coils for plasma guns, masers and laser sygtems, through larger (1-10 MJ),
more slowly pulsed coils for plasma heating to the enormous coils storing 106-—1.08 MJ, which
have been proposed for electric utility peak shaving systems. Any or all of these applica—
tions are quite reasonable for space systems., Furthermore, the economics of competing stor-
age methods are not the same in space (it dis hard te store energy by pumping water uphill for
instance), and many of the magnetic systems look very attractivé; A case in point is the use
of a warm reinforcement system in which a very large storage magnet Is buried in the ground
s0 that the magnetic stresses can be taken up by the bedrock. This system on earth is cal-
culated to be marginally competitive with other emergy storage schemes (Powell, 1974), but
only at wery large sizes. In applications on other plamnets or the moon, the reduced insula-
tion and, thus, refrigeration requirements might make such a system very practical.

Smaller energy storage magnets, charged before launch from, say, a Shuttle vehicle seem
to be extremely practical systems for long-term energy storage for ummanned interplanetary
flights (fuel cells seem the more likely alternative for manned flights). They obviously
become more efficient as it gets colder, and their specific weight is quite low and decreases
rapidly with stored energy in the 0-100 MJ range. The vacuum environment simplifies the
insulation problems greatly. Also, because of limited, interest in the past, very little has
really been done to minimize the specific weight of superconducting energy storage devices.

New superconductors and structural materials make a significant reduction seem quite feasible.
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The type of magnet deserves some comment. The most efficient design, and the easiest to
build is a simple solenoid, but this device has a large associated dipole field, which may be
undesirable in itself and/or may lead to high losses due to inductive heating of neaxrby
metallic parts when operating in a pulsed mode. A toroidal configuration is the more desir-
able magnetically but significantly more of a structural problem.

Existing magnets are described in Appendix II.A, but a few comments are in order here.
Pulsed 100. kJ magnets have been made. Pulsed coil tests show that high rates of field change
(104 T/s) are possible, high coil voltages (10's of kV) can be handled as can pulse rates
around 5 pps. DC magnets now store as much as 800 MJ, and these are bubble-chamber magnets
not optimized for storage. Existing magnets, again not optimized for storage, have specific
weights as low as 200 kg/MJ (for the winding plus structure at the 10 MJ level). Studies of
optimum geometries indicate that specific weight values of windings alone could be as low as
3 kg/MJ at the 1000 MJ level for solenoids and 7 kg/MJ fox toxcidal coils. Increasing the
stored energy to 106 MJ drops these numbers by about anotheE faetor of five (note that dyna-
mite has 0.24 kg/MJ, but its use in a controlled enerpy-release mode suffers from some tech-
nical problems). Of course; the magnet structure begins to represent nearly the whole mass
at these higher values of stored energy, and when this is taken into account the specific
weight tends to be n 10 kg/MT for the high energy systems. Optimizing the coil for energy
storage with minimum mass involves a number of complex trade-offs, but in general a large
winding, thin compared to its radius, and with a relatively low central field is best.
Simple solenoids have a lower specific mass than other configurations. It may well be that
an actively or passively shielded simple solenoid still has a mass advantage over a toroid.
For comparison to the above figures, long-life capacitor storage systems have a specilfic
weight in excess of 1000 kg/MJ. Alsc capacitors store energy with a density of about
0.4 MJ!m? while in high field magnet systems, this is closer té 30 MJ/mB. Battery systems
have a specific weight of about 12 kg/MJ and an energy density of ~ 100 MJ}mB. On a pure
weight basis, magnets and batteries are comparable. H&wéver, the rate of energy removal is
restricted, as is the number of charge—discharge cycles, and the systems are both expensive
and temperature sensitive.

One very serious problem with large energy storage coils is that of switching, particu-
larly where fast pulse times are required. Various superconducting switches have been in-
vestigated. The state-of-the-art is a discharge of about 1 MJ in 100 ms or 300 kJ in 2 ms.
There is quite a bit of research on this subject because of the possible spplicaticns in
laser energy storage and in fusion devices. It is not a twxivial problem.

Specific proposed space applications for energy-storage magnets have been very few in
the literature. One is the proposal by Olson (1974) to use a relatively large magnet to
create an artificial miniature magnetosphere in space using either an injected plasma
(Shuttle experiment) or the solar wind itself for higher orbits. This '"minimag" experiment
would allow studies of magnetospheres on a scale cleser to reality than the existing labora-
rory experiments. It would also give information on the forces exerted on the earth by the
solar wind. WNo description is given of the magnet required, but the implication is that a
2 m simple coil with a relatively high field of about 9 T at the winding would be adequate.
Experiments would have to be performed far enough from the earth to avoid interaction with
the earth's field which would tend to orient the experimental magnet —— and anything attached

to it, like the experimenter.
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Another application might come in recovering energy produced by decelleration of the
mass driver system described below, which is proposed as a means of sending material mined on

1

the moon to a processing center in orbit.

11.4.4. Energy Conversion — Motors and Generators

Superconductors offer significant size and weight advantages in wvarious types of rota-
ting machinery. In terrestrial applications these advantages are overshadowed by economic
considerations and concerns for very long term (30 yr) reliability, which tles the whole
problem up with the uncertainties associated with long-term operation of 4 K refrigeration
systems. It seems quite reasonable that many of these concerns would not be as crucial in
space applications while the reduced mass and size would be quite desirable. In spite of the
concerns expressed above, superconducting motors have been built and operated. They are
described in Appendix IT-A.

The state-of-the-art of superconducting machinery for aerospace applications is not as
dismal as it is in many other applications of superconductors. This is nearly entirely due
to the Air Force program on airborne machinery, The program is relatively small, but the
fact that it has vemained in operation over the last several years has allowed the considera-
tion and introduction of modern materials techmology. The situation haé been reviewed re—
cently {(Oberly, 1977) -and was one of the topics of-an earlier comprehensive evaluation by an
AGARD panel meeting (Fuhs, 1972).

Both dc and ac machinery have been Investigated. The dc machines operate at high cux-
rent levels and require ferromagnetic return paths for the flux. They are relatively easy to
build becguse the supercondvcting windings are statiomary. The potential for space appli~
cations would probably be limited to rather specific "industrial™ operationms such as pro-
viding power for aluminum ore processing, etec. Superconducting ac machinery, on the other
hand, appears to be promising for a variety of inflight uses. The type most investigated
uses a rotating superconducting field winding inside a statiomary armature with a normal
copper winding. The high fields available with superconductors allow removal of tle ferxzo-—
magnetic core of the field.windings and the armature teeth. The machines are lighter and
smaller than conventional ones with the same power rating. A comparison (on paper) by West—
inghouse of two 1200 MVA (central power station, big!) generators showed reduction in weight
of more than 75% and a lemgth reduction of nearly 50% for the superconducting machine. The
specific weight was 0.53 kg/kVA for the conventional machine and 0.12 kg/kVA for the super-—
conducting one. We have neglected all associated cooling and refrigeration equipment.

Present aircraft alternators run from about 10-500 kVA with a specific weight of
v 0,2 kg/kVA at the high end and with significant reductions.in this value expected as new
materials, such as high-strength composites, become available., In this power range, super-
conductors do not seem to be competitive, even if stored liquid helium is used instead of a
refrigerator. The specific weights required (for a 6 hr Elight for a 50 kVA generator) are
calculated to be 0.28 kg/kVA with stored liquid and 0.33 kg/kVA with a refrigerator. Refrig-

erator weight is assumed to be & 100 kg/watt of refrigeration.
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For the power range above 1 MVA, superconducting devices appear to offer significant
advantages over comventional designs, although the ever-present uncertainties regarding the
additional weight required for reliable refrigeration still exist. The Air Force feels that
specific weights for the machinery alone of v 0.05 kg/kVA are possible for alternators in the
50 MVA class.

A superconducting generator has been under development for the Air Force for about six
years. It represents the state—of-the-art for airborne systems. The machine is a 5 MVA,

400 Hz, 1200 rpm, 4—pole generator. ILts specific weight is ~ 0.09 kg/kVA.

A 1 MVA dc superconducting generator with a 5000 V output has been proposed for use with
a small nuclear power plant to provide electropropulsion for deep space missions {Cooper and
Kubns, 1966). '

The potential for electrical conversion machines in space seems good. A large amount of
materials research and engineering design work is needed if this potential is to be realized.

Other energy conversion. systems using superconducting magnets have been proposed involv;
ing the use of thermal energy to cycle superconductors or helium in and out of the supercon-
ducting/superfluid state which would result in motion of flux provided by a superconducting
magnet which would then be transformed to electrical emergy. At present none of these com-
cepts appears practical on a large scale.

The transmission of electrical energy by superconducting power lines has received a
great deal of attention in recemt years. The concepts appear workable for both ac and de
transmission but the economics on thé earth do not look good except at power levels beyond
any current demand. Refrigeration is a major problem for these extended systems. Space
applications appear unlikely, since long distance power transmission by solid conductors is

not one of the primary problems.

11.4.5. Enerpy Genmeratiom ,

Power generation in space is already a reality with nuclear power plants perhaps as
large as 100 kW (estimated for the ill-fated Cosmos 354 reactor, which fell in Ganada early
in 1978) actually in orbit. The objection to fission plants in space are similar to those
here on earth. Any alternatives should be investigated. Two such options are thermonuclear
fusion and magnetohydrodynamic (MHD) power generation. The first of these is still in the
physics experiment stage, but thg experiments are begimming to reach the sizes predicted for
power plants. MHD power generation is a techmnology now in use. Both systems require super-
conducting magnets for economical operation even on eart@. Both systems seem very promising
for space applications.

The physics of fusion devices seems to require very large magnet confinement systems for
a net energy output and, thus, these power plants would seem to be feasible only forx very
large space habitats or planetary installatioms. Most of the energy from reactors using the
most reasonable fuel (deuterium—tritium) is in the kinetic energy of neutrons which must be
slowed down in a "blanket” in order to recover the energy. Conventional thermal-electrie
conversion plants are then necessary. If more advanced fuel cycles become practical, the
energy will reside in charged particles and direct conversion migﬁt be possible. The size
and shape ond maximum field of the magnets is not yet known. Some terrestrial systems for

large experiments are described inm Appendix II.A.
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In MHD power systems, a wvery hot (2000° C) ionized gas flows at high velocity between
the poles of a magnet which deflects the charged particles to collection plates on opposite
sides of the channel, resulting in a current output from these electrodes. The source of the
gas 1s termed a combustor and in most cases it is much like a rocket. The power output is
proportional to the volume of the channel and the square of the applied field. By using
superconducting magnets optimized for light weight, MHD has the potential of having the
smallest specific weight of any power generation system, predicted to be ~ 0.1 kg/kVA at the
10-100 MW level, ’

Large superconducting magnets for terrestrial MHD systems have been built and are de-
scribed in Appendix IT.A, but these have used cryostatically stabilized superconductors with
copper—to—superconductor ratios of as much as 20:1, resulting In very heavy magnet systems
{2000 kg/MJ stored energy at the 10 MJ level for the NASA-Lewis system). This high specific
weight can be reduced only by operating with less stabilization of the superconductor (Cu:Se
ratios ~ 2-3) which, in turn, makes the magnet subject to training and sensitive to quenching
by mechanical shock. Oberly (1977) states the situatioﬁ very well: "The vision of a super-
conducting magnet in the confined space of an aircraft undergoing training quenches with more
than 1000 % of ligquid helium vented in a couple of hours would not inspire pilot confidence.”
The problem of designing large, dynamically-—stabilized superconducting magnetg is by no means
trivial, and it is a matter of the greatest importance for all the magnet applications
described in this repoxt. Stability problems have plagued the few lightwelght magnets which
have been built. A contributing factor to this lack of success is that the magnet canmot be
a simple solenold but must be a rather complex saddle-shaped coil {(race track coils can be
used but they require double the mass and volume of conductor, structure and dewar) and
complex coils are much more subject to training than are solenoids. Nevertheless the Air
Force has recently proposed a flyable design with 3.88 MJ of stored energy which will have a
specific weight of 335 kg/MJ: The magnet is 68% conductor, 22% structure and 10% dewar.

Note that, even in the best cases, these magnets have much higher spécific welghts than those
used for energy storage, indicative of the severe penalty paid for using noncircular coils.

Most of the preceding discussion has application to what are called "open—cycle" MHD
systems. Some closed eycle systems using very high temperature fluids heated by fission
reactors have been proposed. They apparently pose too great a danger for ﬁse on earth, but
it has Eeen suggested that they be placed in a synchromous orbit and the generated power

beamed to earth by microwaves.

11.4.6. Levitated Transport

Magnetically levitated vehicles capable of carrying passengers have already been oper-
ated on earth, They offer the potential of speeds well beyond 300 km/hr which is apparently
the limit for wheel-and-axle vehicles. This concept of guided electromagnetic flight would
seem to have great potential for use in transportation systems associated with pianetary
settlements. It has, in fact, been quite extensively studied as a means of launching ore
from the moon -- the mass driver system. More about that Shortlf. '

Levitation is possible using conventional eiectromagnets or, even, permanent magnets and

ferromagnetic materials. This "attractive" system requires a small gap (v 1 cm) between the
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levitated vehicle and the track and is inherently unstable. Both of these considerations
tend to limit the usefulness of this systenm to low speeds. The repulsive system, and several
other similar suspensions, rely on the repulsion between a large superconducting magnet on
board the ;ehicle and a conducting track to provide levitation. Large gaps (v 10 cm) are
possible and the system is compatible with various desirable propulsion systems. These
propulsion systems are essentially linear motoxs. The linear synchronous motor, which in-
volves a complex electrically=-active track is the one most heard about today, but linear
induction motor schemes have been proposed and, 1f all else fails, one can always mount a
jet engine on the wvehiecle. 1In all cases, mathematical models are highly developed, and test
vehicles of various shapes and sizes have been run. The problems seem to primarily havé to
do with feedback control of various unwanted modes of motion of the vehiecle. They are not
trivial, particularly if the vehicle is to transport humans.

The only detailed study of levitated systems for space applications has been made by the
Nationmal Magnet Lab at MIT on the mass driver system. It is deseribed in the Space Settle-
ments Study (Johnson and Holbrow, 1977) and in several other papers. Its purpose is to
semicontinuously launch small gquantities of ore, mined on the moon, from the surface to a
catcher in space, where it is loaded onto larger vehicles for transport to the space colony.
The proposed system will launch 10 kg of compacted lunar material at a time from a vehicle
aptly called a bucket. This involves acceleration to 30 g. One to five launches will be
made each second. Each bucket will have relatively small superconducting magnets operating
at v 3 T, and be driven by a linear synchronous motor system. Problems of stability and
aiming are quite challenging, but not insurmountable.

The mass driver concept has alsoc been proposed for use as a reaction engine for sending
material from one orbit to a higher one, making it an effective upper stage for, say, trans-
port from a Shuttle vehicle to geosynchronous orbit (0'Neill, 1977). The drive is accom-
plished by accelerating and launching very small masses (v 14 g) at the rate of 5 per second.
The economics of the system as presgented by the author make it seem most attractive. Further—

more, the magnet coil technology appears well within present day capabilities.

IT.4.7. Propulsion
There is no real competition for the existing rocket éystems for attaining earth orbit.

However, these high-thrust systems are not the most desirable for interplanetary travel.
Very lomg travel times are mecessary. The low-thrust rocket systems, on the other hand,
offer the possibility of reasonable transit times to all but the most distant planets. These
systems have very low thrust, but provide it continuously, and thus they cause the ship to |
travel in complex, but relatively straight trajectories. High thrust system propulsion
results in trajectoxies which are portions of conic sections. A number of different gsystems
have been proposed for low thrust engines: MHD, or plasma, engines have been used by both
the USA and the USSR. Basically they make use of the forcees produced by a plasma current
interacting with a magnetic field to accelerate a plasma created by an electrical discharge
in a diverging magnetic field; electric engines use a plasma also, but accelerate the ioms by
strong electric fields applied to grids. Thermonuclear rocket concepts use unidirectional

leakage of a reacting plasma out of its magnetie confinement, usually with a parallel hydrogen
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gas stream into whicﬁ the enormous energies of the fusion particles are diffused. Laser
drive systems have been proposed in which the plasma is created and driven by a high-~power
laser and, in a different approach, a system has been proposed in which lasers mounted on
asteroids are aimed at spacecraft with "sails" to capture the energy. All systems except the
very last require relatively high magnetic fields over large volumes, and all serious pro-
posals have assumed the use of superconducting magnets, since specific weight is the con-
trolling factor in transit time. The round trip time to Mars for a 10 kg/kW (ratio of total
vehicle mass to engine power) one stage system is 450 days, while a 1 kg/kW system makes the
trip in 150 days. The magnet problems for all of these types of systems have been discussed
above. Again, the desire for very lightweight magnets leads to a need for superconductors
with high current density capabilities and strong lightweight structures. Many of these
systems are described by Moeckel (1969) with a speéial emphasis on tﬁe thermonuelear fusion
rockets. These, of course, suffer from the.same problems as the power plants discussed
earlier -— no one yet knows if controlled fusion is possible.

The various engines which use nonreacting plasmas all require magnetic confinement,
since the hot plasma should not be allowed to interact with material walls. 1In addition, the
pulsed plasma acceleration devices require large energy pulses, usually‘proposed to come from
condenser banks of high specific weight (500 kg/MJ}. It has been proposed.that a similar
short term (on the order of milliseconds only) energy storage system might be possible with a
"plasma condenser" since a plasma rotating in a constant magnetic £ield behaves like a di-
electric of high dielectric constant. Peschka and Carpetis (1966) have designed several such

systems on paper whikh, store ~ 2 kJ using a 1 T field generated by high current density ¥b,Sn

superconductor and having a specific weight of ~ 10 kg/MJ. The magnets do not appear to bz
complicated, but the entire system concept may have not proven itself, since nothing more has
been heard .about it.

One severe shortcoming of all these pulsed plasma systems should be noted. They axe
extremely noisy electrically and, thus, are not well loved by the instrumentation people.

A different_plasma system is the proposed ion scoop which would use a spaceship-borne
magnet to create a field to channel charged particles from the solar wind or interstellar
space into an electric engine system. The magnet would have to produce a dipole £field in
0% 1y ar 10%
quantities of ions., Tt has been caleulated (Matloff and Fennelly, 1974) that this could be

excess of the galactic field (v~ 1 km from the ship in order to gather usable

accomplished by a scoop 0.8 km in diameter and 0.4 km long carrving a sheet of supercurreni
11

of ~ 10 A, flowing in a thin laver (< 10—4 cm) of Nb3Sn. Vo serdious consideration has been
given to the structural problems involved,- but this may well take the prize for the largest
magnet' system yet proposed.

Let's move back a little closer to reality for our last topic here. It was proposed in
the early 1960's that a superconducting magnet might be wound around a rocket exhaust port in
order to use the axial field to pull the exhaust gases away from the wall and, thus, effec—
tively reduce the thermal transfer to the wall. An experiment was performed by the Navy
using a relatively small model with a 1.5 T superconducting magnet. The thermal transfer was
unaffected and the field seemed to interfere with the dgnition characteristics and the dy-
namics of the exhaust gases. A larger field (5.3 T), produced by a cryogenically cooled

normal magnet, was tried. It worked the same way (end of project).
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II.4.8. Re-Entry
The hot, high~conductivity plasma created upon entry of a hypersonic spacecraft into a

planetary atmosphere can potentially be used as the working substance of an MHD braking
system. In such a system the flux could be conceivably caused to at least partially break

. away. from the body, causing a decrease in the heating. The .energy would be transfexred to
the superconducting magnet on the spacecraff, resulting in increased current in the magnet.
Since superconducting magnets can create fields over a large region, the effective braking
area may be quite large. Furthermore, the braking action would tend to start significantly
further out from the planet than is presently the case. Theoretical investigations and a
very few laboratory studies have been carried out, but ne conclusions as to the actual desir-

ability of employing such a system were reached.
IX.5.0. SUMMARY AND CONCLUSIONS

Large superconducting magnets are definitely feasible for use in a varlety of space
applications. Very high fields and current densities are achievable with relatively low
weight magnets, although few development efforts to date have stressed the weight considera-
tion. The magnets can store and deliver large amounts of energy with a high density and low
gpecific weight when compared with other systems. Advanced techniques of power production,
such as MHD and fusién, will rely heavily on superconducting magnets. These energy sources
are particularly well suited to space use.

The technology of superconducting magnets for terrestrial applications is still advanc-
ing rapidly, and one can assume that significant improvements will continue to be made in
superconducting materials and coil design. These developments are being driven by the high-
energy physics community, the Department of Energy, the Military and others. ‘The concern for
weight, which is clearly important for space applications, does not presently represent a
major concern for magnet designers. Modern composite technology, properly applied to magnet
structural components, could make impressive reductions in the specifie weight of large
magnets. This is one clear objective which might be considerad by NASA for development
PrOgrams. .

The less likely developments, such as the discovery of a high-field superconductor with
a transition temperature above, say, 80 k, should also be kept in mind, since such a material
could greatly alter many of the designs for space stations and colonies. This possibility
appears remote at the present, and thus extensive development work in this direction would
likely not be cost-effective. A second type of materials effort might be comsidered. 1In
Section IT.3.4. we mentioned a number of ultra-high-field superconductors which have been
discovered in recent years. The development of any of these into practical composite con-—
ductors could have a significant impact on magnet characteristics (field, weight, size,
ete.). Commercial interests will probably not pursue this development witﬁ their own re-
sources since the price tag may be 106 dollars or more. The precise value of improvement in
magnet performance should probably be assessed carefully before such an investment is con-

sidered. Such an assessment is beyond the scope of this study.
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It is difficult from our perspective to place priorities on projects in the space pro-
gram, but some casual observations mafhbe in order. Elementary particle physicists may be
near the limit of dollar expenditures for highér energy accelerators. To obtain information
at substantially higher energies may well require long-term exposure to primary cosmic rays
outside the earth's atmosphere. TFor particles of this energy, superconducting magnets would
appear to be essential compoments of analysis systems. Thus, we might expect increasing,
interest in the physics community for the long-term flight of large superconducting magnets.

& second application which might deserve further study is energy storage (see Section
17.4.3.). Earth-bound systems have been built and tested with good results, but little work
has been directed toward the. question of specific weight. Present information indicates that
extremely good weilght—to-energy ratios are achievable, but further study of the subject is
suggested. The reduction of weight through use of composite strfuctural materials, as indi-
cated above, would be valuable.

Finally, we suggest that the scientific community at large be made aware that high-
field magnet systems of modest size are perfectly reasonable pieces of equipment to usé for
experiments in Spacelab. We suspect that many interesting experiments in organic chemistry,
biology and physiology could be done with such magnets in space. We don't mean to slight
Physics and materials science, but most researchers in those fields are probably well aware

of the potential for high-field experiments.
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- III.1.0. INTRODUCTION

Although this chapter deals with several low-frequency instruments and devices, most of
the discussion relates to SQUID magnetometers and gradiometers, since these are perceived as
the instruments with the greatest potential for applications in space. Presently, the pre-
ponderance of opinion seems to be that conventional magnetometers are adequate for méasure—
ments in space, so that use of superconducting instruments is mot justified. However, it
might be pointed out that tem years ago, exactly the same view prevailed with respect to
terrestrial geomagnetic measurements, yet today SQUID magnetometers are used to advantage by
several groups for precisely this purpose (see, for exzample, papers by W.D. Stanley and
others in Flynn and Zimmerman, 1978). It is fairly safe to predict that similar developments
will occur in space measurements, that as the analysis and understanding of the available
data improve, needs will arise for more advanced instrumenf%. Also, it is not just that
SQUID magnetometers can perform unique functions because of superior linearity, sensitivity,
and frequency response, but they can do less-demanding jobs better than conventional imstru—
ments as well, (For an operatiomal comparison of superconducting and conventional magnetom—
eters, see Zimmerman and Campbell, 1975).

SQUID's are made in two forms (Fig. IIT-1). One form comprises a single Josephson
junction in a superconducting loop, inductively coupled tc a radio-frequency resonant circuilt
and bias oscillator-amplifier system which, in effect, measures the SQUID impedance (see
Zimmerman, Thiene, and Harding, 1970, or Zimmerman and Campbell, 1975). The latter reference
contains a qualitative description more suitable for non-specialists. This form is usually
referred to as the rf-biased SQUID, or simply "rf SQUID", .

The other form comprises two junctions in a superconducting loop. The loop is directly
comected to a bias source and amplifier cirecuit, so the dec properties of the SQUID cam be
measured. Although the measurement can be made with either dc or low to medium~frequency ac
bias, this device is referred to as the "dc SQUID" (Clarke, Goubau, and Ketchen, 1976).

G TG PRSI BLATE WY R

o ?_3,:‘.":1";2
DC BIAS
SOURCE
DC
OF BIAS AMPLTFIER
SOURCE
RF
AMPLEFIER )
- Y sosesson
RESONANT JUNCTIONS
"RF SQUID” TANK CIRCUIT
npC SQUID™

Figure IIL-1. Schematic representation of rf and de SQUID's with bias and signal

amplifier connections.
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The dc and the rf SQUID's have essentially identical applicatioms, at least in low-
frequency sensing, and their ultimate sensitivities are compaxable (Clarke, 1976)}. Except
for those made by Clarke and his colleagues {Clarke, et al., 1976), nearly all SQUID's in use-
at this time are »f SQUID's. The reason for this is that the single Josephson junction has
been more reliable and easier to make. However, great progress in junction manufacturing
techniques. has occcurzed -in recent years, -so de SQUID's -may be more w1dely accepted in--the-
future. Instruments incorporating rf SQUID's have been commercially avallable from several
companies for several years. In this report we refer primarily to the ©f SQUID, but the dc
SQUID could equally well be used in every case.

A SQUID is basically sensitive to magnetic flux, as described below and in the references
given above, and can be used directly as a magnetometer. By the addition of appropriate
coupling ecoils, it can be adapted to warious related functions such as galvanometer, wolt-
meter, ammetey, current comparator, de amplifier, VLF antenna, first— and second-derivative
magnetic gradiometers, susceptometer, magnetic resonance spectrometer, and others.

In all but one or two characteristics, SQﬁID's equal or greatly surpass the performance
of all other types of low-frequency magnetic sensors. They are superior in sensitivity,
frequency response, range, and linearity; and they are competitive in cost, portability,
reliability, and mechanical simplicity. Their main disadvantage, in addition to the require-
ment foxr a stable 1ow—temperature cryostat, is that their operation is disturbed by fast
transients and strong high-frequency signals, so they must be more carefully shielded against
these digturbances than other types of sensors.

SQUID's are in a state of advanced and continuing development. Their potential impor-
tance to technology is indicated by an international conferemce on the subject held two years
ago, the proceedings of which are available as a book (Hahlbohm and Liibbig, 1977).

There are a number of other low-frequency superconducting devices of potential use in
some experiments. Superconductivity can provide essentlally perfect ac and dc magnetic

12 T) enclosures. The zero resistivity of

shielding, as well as almost zero-field (v 10
superconductors is useful for current and flux transformers, and' these are commoply used in
conjunction with SQUID's, both for coupling to magnetic fields and thedir spatial derivgtives
as noted above, and for impedance-matching to voltage and current SOUrces.

A unique device which utilizes flux flow to provide transformer action (meaning transfer
of power between primary and secondary) at zerc frequency and above is called a '"de trans-
former." It will be discussed only briefly, since it has not reached the point of practical
applicatiocn.

There are several relatively recent and rich sources of‘information on low-frequency
superconducting and cryogenic technology, some of which are referred to in this chapter and
which deserve special emphasis, namely: the report on the Stanford relativity experiment
(Everitt, 1977), the book on SQUID's (Hahlbohm and Liibbig, 1977), the Proceedings of the
Cryocoolef Applications Conference (Zimmerman and Flymn, 1978), the Proceedings of the Navy

Summer Study on Superconductive Electronics (Silver, 1976), and the Proceedings of the Con—

ference on Future Trends in Superconductive Electronics (Deaver, 1978).

30



ITI.2.0. THE SQUID: MAGNETIC FIELD MEASUREMENTS

III.2,1l. §SQUID Magnetometers and Gradiometers

A SQUID is a superconducting gquantum interference device whose essentaal topology is
that of a ring or a loop. Its output varies periodically with the magnetic field B applied

perpendicular to the plane of the SQUID loop {Fig. III-2).

Zero-Field Peak

RESPONSE

[ o

Figure III-2 Response of a SQUID to magnetic field B. The periodicity Bo 1s
egual to the flux guantum ¢o multiplied by the effective area of

the SQUID loop.
-

The response 1s a vector function; ihere is no response to field components parallel to'plane
of the loop. Note that the zero-field peak 1s exactly like all the others; it has no special
distinguashing feature. The effectaive loop size of a typical. SQUID is several mm2 in aréa. ’
The flux pericdicity is a fundamental constant ¢0 = h/2e = 2.07 x 10—'15 W. Thus, the field
periodicaty Bo indicated in Fig. III-2 is typically a few tenths of a nanotesla (a "gamma" is
egqual to a nanotesla). )
2 SQUID may be used as the sensing element of z magnetemeter, but for flexabality in

different applications, it is more common to shield the SQUID and to couple it to the field

by an auxiliary passive superconducting loop known as a £flux transformer (Fig. III-3).

SQUID

L5/Shield

B

Figure III-3. Schematic representation of a shielded SQUID coupled to the field B
through a flux transformer. Bias and amplifier circuit is not shown.
The SQUID is shown hexe symboligally as a circle with a small cross
representing the junction. The entire transformer, including the.

sensing loop is superconducting.
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The flux transformer consists of a coupling loop in the SQUID comnected by a two-wire
line to an external sensing loop to which the field B is applied. The sensing loop can be
tailored for any desired orientation and field periodicity. The flux-transformer concept is
also very useful for neasuring field gradients. A pair of identical sensing loops connected
in series opposition (Fig. ILi-4) will feed a signal to the SQUID propoxtional to a component
of the gradient (ABx/Ax, ABx!Ay, ete.). ’

—ty———

To SQUID h’:‘@ -
Bx B‘x”mx@

¥igure 1I1I-4. TFlux-transformer sensing loops in series opposition to measure

magnetic—field gradient, ABx/Ay.

The oscillatory nature of the SQUID response vs magnetic field, B, lends itself naturally
to digital recording. An algebraic or "up-down" counter on the SQUID output will give digital
readings of B in units of Bo. Through the use of a flux transformer, the unit Bo can be set
at any specific value in an enormous range, at least from 10-11 T.to 0.1 T or higher. A B,
smaller than 10—11 T may require an impractically large sensing loop. Such extremes may be
impractical for another reason also, namely that the maximum reliable counting rate fmax of
the system imposes a limit on the size of B, relative to the time rate of change of signal
dB/dt which the instrument is required to handle, that is: %?-%% must be less than fmax’ or
B ” %%meax' °

Digital operation of a SQUID only allows readout to within one unit of Bo, which might
be, for example, 1 nT. Analog output is achieved by operating the SQUID in a phase~locked
loop (Fig. III-5), in which a low—frequency reference signal with a peak-to-peak f£lux ampli-
tude of ~ ¢0 is applied to the SQUID. The synchronously-detected respomse is then applied to
the SQUID through a feedback resistor, to lock the de flux in the SQUID onto one particular
peak (or valley, depending on the raference phase) of the response pattern of Fig. ITI-2).

The voltage across the feedback resistor constitutes the analog output, since the feedback
current in this system is precisely proportional to the applied field B. The limiting sen-
sitivity that is ordinarily achieved with analog operation is ].OH3 to ll'J_4 Bol/ﬁ;, so that if
Bo is 0.1 nT, one might be able to detect.field changes as low as 10"14 T with a 1 Hz band-
width.

There is no reason, of course, why the analog ocutput cannot be digitized through the use
of a conventicnal A/D coﬁverter, but as noted above, the SQUID is itself a digital device in
units of Bo' Most practical systems, thergfore, use this natural digital feature for large

field changes and the analog phase-locked loop for small field changes. .
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Figure ITT-5. Block diagram of complete single-component magnetometer, with

digital readout and analog output.

A way of digitizing the signal is to arrabge for the phase-locked locp to break lock for
a field change greater than BO and to reset itself onto the adjacent peak of the response

pattern (Fig. III-2). This discontinuity in the analog output (Fig. 1IT-5) can be used to

trigger the up-down counter. Figure ITI-6 shows a hypothetical case where the field B has

g
-A-\‘ -

LIMITS OF
ANALOG
QuTPUT

ANALOG OUTPUT

TIME .

Figure III-6 Hypothetical output vs time of an analog magnetometer, with

dovnward and upward resets at the analog-output limits.
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increased for a certain length of time, resulting in a downward reset, and then decreased for
a time, resylting in an upward reset. The magnitude of each reset is of course precisely Bo’
which serves as a standard unit to calibrate the record. An example of an actuyal record with
many such resets is given by Zimmerman and Campbell (1975).

An operational comparison of a SQUIP magnetometer with several types of conventional
magnetometers for geomagnetic measurements was conducted by Zimmerman and Campbell (1975).
They-coucluded-éhat~the only instrument -with co&parable sensitivity- is a- large-sized induc-
tion loop {(with an integrator), but the frequency response of the latter is quite inferior,
since it must be tuned for particular ranges of frequency.

Since B0 for a particular SQUID is a highly reproducible unit, it has been suggested
that a SQUID is a convenient secondary standard for calibration of other instruments. In
fact, Bo for thin~film cylindrical SQUID's can be calculated from the geometry to about a
part in 104, but for a primary standard this is not as good as the magnetic resonance instru-
ments can achieve.

Gradiometers are useful for detection and mapping of magnetic anomalies at short fb
moderate ranges. Present terrestrial applications are detection and tracking of military
targets such as submarines, and biomagnetic measurements such as mapping magnetic fields of
the human heart and brain. The military application is still im the stage of preliminary
development. Measurements on the heart (magneto-cardiography) have reached the stage of
being considered for routine clinical use at several universities, notably MIT (David Cohen),
Stanford (William Fairbank), Vanderbilt (John Wikswo), and Helsinki Technical University
T. Katila).

The most advanced development of gradiometers for magnetic detection and tracking has
been done at the Naval Coastal Systems Laboratory (Wynn, et al., 1975). Instrument noise
level achieved is about 10_13 T/m at frequencies in the neighborhood of 1 Hz, with pickup
loops a few cm diameter, 30 cm apart.

The general characteristic of gradiometers which makes them useful for these applica-
tions is that they are insensitive to the temporal fluctuations of large uniform ambient
fields such as the earth's field. This permits sensitive mapping of short-range anomalies,
as described above, without interference from,fluctuating long-range sources. A supercon-
ducting gradiometer was used at NASA Ames Laboratory to map the field due to remanent magne-

tization of spacecraft on the ground (E. Iufer, private communication).

I11.2.1.1. Present State-of-the-Art
Here we summarize the approximate quantitative capabilities of present SQUID

instruments. '

1. Range: SQUID's can measure, or be used in, ambient fields approaching the eritical:
field of the superconducting material, which for niobium is greater than 0.1 T, or 1000‘
times the maximum earth field. There may be some drift and hysteresis problems at such
high fields, but since this seems outside the scope of this report, we will not pursue
the matter. In a word, for space applications SQUID's are not limited by their dynamic

range.
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Sensitivity: The inherent instrumental noise level of present laboratory systems has
been reported (J. Clarke, 1977} to be 10728 J/dz, corresponding to field sensitivities
of the order of 10 1% T/V/Hz, frequency-independent above 0.1 Hz or so, with "1/f" noise
below that frequency. SQUID systems used for blomagnetlc measurements have demonstrated
operating sensitivities in the range of 1 to 3 x 10 T/ﬁf- {Cohen, 1975; Williamson,
Kaufman and Bremmer, 1977; Zimmerman, 1977). TFor gradiometers the figure is about
1073 1/m (Clark, 1977).

To put these figures in the context of the real world, the steady field at the
earth's surface is v 5 x 10—5 T, with fluctuations, depending primiarily on solar

7 ~10

activity, of ~ 10 ' T at frequencies below 0.001 Hz, and v 10 T or less at fre-

quencies approaching 1 Hz. The ac field of the human heart, measured close to the chest
wall,-is of the order of lohll T, and the so-called alpha rhythm of the brain produces
an ac field near the back of the head of ~ lO_l2 T or less, If the earth could be re-

presented as a simple dipole, the magnetic gradient at the surface would be ~ 10_11 T/m.

Linearitys SQUID instruments are inherently linear. Non-linear effects, of the order
of a part pér million, have been seen (R. Clark, private communication) which were
aseribed to ferromagnetic impurities in the asgociated mounting structures, electronics,
and so on. Presymably, such non-linearities should be nc worse than for other types of
instruments. Similar effects were seen when superconducting thin films were used in the
construction of the SQUID's. With pure or nearly-pure bulk niobium, as is widely used
for SQUID's and flux transformers, the inherent linearity may be of the order of a part
in 107 for B up to 0.1 T.

Digital Counting Rate and Slew Rate: As described above, there is a maximum rate of
change of B that a SQUID instrument can cope with. In the "natural" digital mode,
inherent noise limitations permit counting up to the order of 105 ¢0 per second, so if
Bo for.a particular system is lCl—9 T, the system could marginally handle 10"4 T per
second, This rate of change of field corresponds roughly to what would be seen by a
magnetometer loop mounted transverse Lo the spin axis of a satellite rotating im the
earth's field at 0.1 revolutions per second. In the analog mode of operation, the
ability of the phase-locked loop to hold on a particular peak of the response pattern
(Fig. ITI-2) is limited in exactly the same way. That is, a simple feedback loop with a
6 dB-per—octave gain eurve (a broad-band amplifier with an integrator) cam handle a
rate-~of-change of input field (slew rate) of the order of 105 ¢o per second. However,
in present laboratory and commercial systems the gain curve has been tailored to_have
more than 6 dB per octave rolloff at low frequencies, which permits handling consider-—
ably gfeater slew rates, approaching 106 @0 per second, for low-frequency input signals.
The restriction to low-frequencies is not too significant since most applications of

SQUID magnetometers are fo measurements at low frequencies, dec to a few kHz.

Frequency Response: Present phase-locked loops generally incorporate reference oscil-—
lators at 100 kHz or less, and the upper frequency limit of the SQUID, operated in this
mode, is about half that value. Any rf signal with a field amplitude the order of B0 or
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larger will make the system inoperative, since it will average a complete cycle (or
more) of the response pattern of Fig. ITI-2. 8SQUID's are irherently sensitive to the
entire radio spectrum up to 1012 Hz. Therefore, SQUID's for use in or near the earth
must be enclosed in an rf shield. For best reliability, such shields are often of such
thickness that the cutoff frequenc§ is just above the highest frequency at whicl the
system is to be used. A cylindrical room-temperature aluminum shield 10 cm diameter and
1 mm thick has a cutoff frequency of ;bout 140 -Hz. The rf shield can also be put inside
the cryogtat around the SQUID or around the SQUID and flux transformer. Johmson flux
noise prdduced by the shield will be seen by the SQUID and may limit the sensitivity,
particularly if the cutoff frequency is low (a thick-walled shield), but this would not

be a significant operational limitation in most applications.

Power Requirements: Bias power requirement of a SQUID is less than 10_10 W. The asso-

/
clated electronics (xf oscillator and amplifier, reference oscillator, phase-locked
detector, video amplifier, etc.) requires from one to several watts in typical systems.
An up-down counter might require a comparable amount of power. However, there is no

inherent reasen why these systems should not be designed to operate on much lower power.

Drift: Few applications of SQUID's have required measurements at de or very low fre-
quencies, so that drift has not been a problem, and there is not mmeh “typical’ data to
quote. Large drifts (and hysteresis as noted above) have been seen when thin-film

4 T, but this was eliminated by the use of

SQUID's were operated in field changes of 10
bulk niobium. Drift can result from several effects associated with temperature in-
stability, such as thermal emf's and other uncompensated effects in the phase-locked
loop circuit, and wvariation of SQUID parameters with temperature. The most important
SQUID parameter, Bo (Fig. II1T-2), might change with temperature, but only by an ex-—
ceedingly small amount, of the order of a part per million, owing to temperature de-

pendence of the (Londom) penetration depth.

Absolute-Value Measurements: The periodic response of Fig, III-Z contains mo clue as to
the abseolute value of Bo, and SQUID's are not ordinarily used for absolute—value mea-
surements. Nevertheless, there are in principle several ways the absolute value can be
determined. The most .direet is to rotate the instrﬁment about an axis perpendicular to
the SQUID pickup-loop axis, so that the peak-to-peak change of field is 2B. Another way
would be to slide a movable superconducting shield over the pickup loop to provide a
near zero—field reference. A third way would be to incorporate into the instrument a
relatively insensitive auxiliary SQUID {(ox set of SQUID's) with a value of BD suffi-
ciently large that the zero-field peak of the response is unambiguously determined from
the approximately known characteristics of the field being measured. Suc@ cascading may
be limited to 2 orders of magnitude per SQUID. The zero-field peak of the auxiliary
SQUID can be used to locate the zero-field peak of the primary highly-sensitive SQUID.
The zero-field peak could also be located by the use of a simple flux-gate or rotating
induction loop magnetometer. The use of an auxiliary SQUID may have other merits,
however, in terms of following fast field changes and transients which the primary SQUID

}ockron system cannot handle.
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9. Refrigeration Requirements: SQUID's are generally operated in liquid helium cryostats
at temperatures in the neighborhood of 4 K. The inherent refrigeration power required
for a SQUID and its electrical leads can be made negligible, so the total refrigeration
power is essentially that used by the cryostat itself. Helium evaporation rates vary
from less than one liter per day for cryostats holding a few liters, to 1.8 liters per
day for a 180-liter SQULD cryostat (> 100 days between refills) built for the Naval
Regearch Laboratory (Davis and Nisenoff, 1977). The latter would be of interest in
connection with possible experiments in space. More to the point are the extensive
analyses and experiments at Stanford (Final Report on NASA Grant 05-020-019) for the
well-known relativity experiment, which envisions an 800-1iter cryostat in space with a
one—-year operating time, and a similar Eryostat for the Infrared Astronomy Satellite
(TRAS). ’

An alternative to liquid helium is the use of a closed-cycle cryocooier to cool the
SQUID and flux transformer. A cryocooler might be relatively éSmpact compared to a six—
month or one~year liquid-helium cryostat, but it would add éignificantly to the power
required by the whole system. In any case, a space-qualified cryocooler suitable for
operating a SQUID probably will not be available for several years.

I11.2.1.2, Ultimate Potential Performonce

‘ Increasing the bias frequenecy of an rf SQUID can give gignificant improvements in in-
herent sensitivity, maximum counting and slew rates, and in frequéﬁcy response. Very high
frequency blas systems have been demonstrated in the laboratory, but are not available com—
mercially. It is probable that a factor of ten or more increase in these parameters can be
achieved, a sensitivity to field of 10_15 T/Jﬁ; for example. Using a large-area flux trans-—
former sensing loop might provide another factor of ten improvement in £ield semsitivity, but
possible problems from noise generated by the cryostat and other parts of the system have not

been investigated at levels below 10_14 T.

In the case of gradiometers the sensitivity is proportional to the distance of separa-
tion of the pickup loops as well as to the loop dimensions. Within the limits of practical
cryostat sizes, present gradiometers are limited by the inherent SQUID sensitivity. The
usefulness of gradiometers for magnetic anomaly detection, biomagnetic measurements, and
other applications would be greatly enhanced by improved SQUID sensitivity.

The sensitivity of SQUID magnetometers is more thanladequate for most applications, and
current efforts are directed primarily toward improving other characteristics such as operat-
ing convenience, portability, immunity from transients and rf interference, and slew Trate.
I171.2.1.3. Projected Development Rate

Most of the performance characteristics of SQUID's are more than adequate for terres-
trial and space applications. The stimulus for increased sensitivity éomes primarily from
the Naval Coastal Systems Laboratory gradiometer development and from a few laboratories
(Cohen, 1975; Williamson, et al., 1977; and Zimmerman, 1977) using SQUID's to measure braim
fields. In view of this, it may be five to ten years before near-ultimate SQUID sensitivity

is routinely realized.
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I1I.2.2. Applications to Magnetic Measurements in Space

Magnetic field measurements are of practical and academic interest in many ways. The
prime classical example is the use of a compass needle for navigation on the earth's surfaée,
and it is not entirely inconceivable to suppose that the magnetic field in space or in the
vicinity of other planets might also be used as a navigational aid. Magnetic measurements
are currently vitally important in geophysical research (e.g., sea—floor spreading and plate
tectonics), in mineral prospecting, and in geothermal prospectding.

Magnetic surveys for geophysics and for mineral prospecting are carried out on the
surface, from the air, and recently by satellite. Measurements of éhe temporal varilations of
the magnetic ?ield at the earth's surface, together with electrxic field measurements, permit
a calculation of the conductivity of the upper layers of the planetary crust, which in turn
is related to the sub-surface temperature. The estimate of crustal temperature obtained ih
this way is of interest in connection with locating geothermal energy sources (see W.D.
Stanley, 1978).

A magnetic sensor satellite (MAGSAT) is scheduled for‘operation in the near future
(Langel, 1978). The advantage of satellite surveying is that an enormous amount of data on
spatial variations can be obtained over the entire planet in a relatively short time. This
First MAGSAT mission will not include a SQUID magnetometer. Assuming success in this mission
one might want to consider the inclusion of a SQUID in similar future programs. The superior
sengitivity of the SQUID could well reduce the averaging time which is necessary to accumulate
a magnetic map of adequate resolution. However, magnEt;p micropulsations rather than SQUID
sensitivity would in most cases determine the amount of averaging required to map the finer
details of the geomagnetic field. More importantly, the frequency response of the SQUID’
could offer an interesting means of studying the interactions between magnetic micropulsa—
tions and the ionosphere. A correlation (in time) of micropulsations measured in space and
at the earth's surface provides all the information needed to determine the temporal varia-
tions of the current sheath within the ionosphere. The SQUID would provide the best possible
respolution of such time-varying fields. )

It is dnteresting to consider the magnetic field gradients generated by objects on earth
and sensed at a satellite orbit. The magnetic gradient of the earth, considered as a simple
dipole, is n 10-11 T/m at the earths surgace. Natural and man-made inhomogeneties (ore
bodies, steel stiuctures, etec.) produce a broad spectrum of magnetie anomalies with much
larger local gradients. SQUID gradiometers are useful for mapping of such anomalies. A
gradiometer, jn effect, discriminates against interference from distant fluctuating sources,
since the field and the field gradient of a dipole source vary as 1/p® and 1/p*, respectively,
where p is the distance, from the source. We might digress for a moment to note that second-
derivative gradiometers, whose response varies as l/p5, are currently seen as the best instru-
ment for cardiography and other biomagnetic studies, which are more 6r less the ultimate in
"local" magnetic mapping. On the other hand, gradiometers will be of somewhat limited gtiiity
for mapping terrestrial surface anomalies from orbit.. For example, a highly-permeable body
(like soft dron) 100 m in diameter in the earth's field would produce an anomaly of ~ ]_0_14 T
(field) and ~ J.Oh‘l9 T/m (gradient) at an altitude of 200 km. The latter number 1s far below

the sensitivity of any present or projected gradiometer. If the body were much larger (1like
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1000 m diameter) or strongly magnetized (Iike 0.1 T), then it still would not be detected by
"a gradiometer at 200 km, but it would be well within the detection sensitivity of a SQUID
magnetometer. The latter would probably be limited by interference from more distant sources
such as solar wind fluctuations and their interactions with the magnetosphere. In oxder to
discriminate against such interference, it would be worth considering two (or more) magnetom-
eters in a pair (or more) of gsatellites separated by 100 km or so — in effect, a very long
baseline, highly sensitive grédiometer (see Fig. III-7). With present SQUID magnetometers, a
gradient sensitivity of the order of 10_19 T/m YHz would be realized with 100 km separation.
Presumably, best signal-to-noise ratio for detection of anomalies on the earth's surface
would be achieved when the magnetometer separation is of the same order as their altitude,
e.g., 200 km. )

Satellite  Satellite
A B

Figure III-7. Suggested system for magnetie survey of the earth. Magnerometers are
located in each of the two satellites. The system acts as a very long
baseline gradiometer, thus discriminating against Interference from

distant sources.

The magﬂétic field in space is a fundamentally significant factor in determining the
trajectories of charged particles from the sun and from outer space. For example, the re-
latlively modest magnetic field of the earth acts as a shield against the potentially damaging
bombardment by cosmic rays, and it has been suggested that the extinetion of species like the
dinosaurs might have been associated with a reduction of the earth's field, allowing a
lethal dose of cosmic rays.

Except in the vicinity of the.planets, the magnetic field is that of the sun. This
field is locked intc a plasma of charged particles, primarily protons and electrons, emanat-—
ing from the sun, generally known as the solar wind. Since there are almost no collisions in
the rarified plasma constituting the solar wind, the magnetic field pattern imposed on the
plasma at the source (i.e., the sun) is locked into it, and plasma and field pattern toéether
flow out from the sun at an average speed of about 400 kn/s. One might, for example, find
current vortices imbedded in the solar wind which would be observable as magnetic.field
pulses measured by a stationary instrument. Although the particles do not collide, elements
of the plasma can interact through the electremagnetic field, and so can dissipaie éhergy and

relax toward thermal equilibrium.
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The rotation of the sun causes an instantaneous picture of a field line to be an Archi-
medes spiral, like the pattern of water droplets from a'rotating lawn sprinkler. The field
lines are further modified by fluctuations and turbulence at the source. A qualitative
picture of these effects, from a review paper by Smith and Sonett (1976), is shown in
Fig. IIT-8. It demeonstrates the complex nature of the solar field, its intimate interaction

with the solar wind, and the effect on charged particles from outer space (cosmic rays).

;.

WIND ® SOLAR
PROTON
EARTH

Figure III~-8. Hypothetical instantaneous picture of two representative field lines.

The path of a high-energy proton spiraling around a field line is
indicated, and also the paths of charged particles (cosmic rays) from

outer space (from Smith and Sonett).

In the neighborhood of planets and their satellites a variety of complex magnetic effects
are seen, depending upon whether or not the body has an ionosphere and whether or not it has
an intrinsic magnetic field. The case of an intrinsic field with no ionosphere is exempli-
fied by Mercury, where the solar wind compresses the field pattern on the windward side and
draws it out into a tail on the leeward sidé. Conversely, the intrinsic field deflects the
solar wind arouqd the planet and prevents the plasma from impinging directly on it. Venus
has an ionosphere but no (or very small) magnetic field. The solar wind and solar magnetic
field therefore impinge directly on, and are deflected by, the ionosphere, and so the
planet is enveloped much more closely by the solar wind than it would be if it had a large
intrinsic magnetic field. The intrinsic field of the planet Earth deflects the solar wind at
distances of the order of 10 earth radii. ‘This interaction and interactions with the iona-
sphere of solar particles leaking through the magnetosphere result in a.varieqy of bizarre
phenomena, aurorae, radio interference, magnetic storms, and electrojet currents. &hese
effects have been and will continue to be, intensively studied for both practical and
academic reasons. The moon has neither an atmosphere nor an overail magnetic moment, al-

though it does have a complex pattern of local magnetization, so its effect on the solar wind

v
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and cosmic particles is simply to intercept them and create a shadow on the downstream side.
Fluctuations of the solar magnetlc field carried along with the plasma induce eddy currents
in the moon. Measurements of the eddy-current contribution to the field near the moon have
been used to infer the electrical conductivity, and from this the température profile, inside
the moon, in the same way that matural magnetic field fluctuations at the surface of the
earth are used in geothermal prospecting {see abowe).

These examples show that magnetic field measurements are crucial to the experimental
study of the physics of the solar system. One can predict that this will continue to be the
case in the forseeable future, and that by this means various phenomena will ultimately be
better understood. Some examples are the origins and variations ofigﬁnspots, with their
associated intense magnetic fields, the origin or lack of planetary magnetic fields, and in
the case of the earth, the frequent reversals of magnetic field during recent (v 10 million
years) geologic history, amd the interaction of the solar plasma and field with the more
rarified interstellar medium.

According to aumbers quoted by Allen (1973), there are less than 105 e.lectrqns/cm3
(p 2653) in dinterstellar gpace (near the galactic plane), and the magnetic field is of the
order of 1 nT (p 269). These values are somewhat smaller than the corresponding numbers for
the solar plasma and magnetic field at the earth's orbit. However, if the latter vary in-—
versely as the square of the solar distance, then they should become comparable to the former
somewhere within the orbits of the outer planets. The dynamic pressure of the solar wind -
pushes the interstellar medium out to greater distances, however, so a study of imteraction
may be somewhat beyond the capability of present space probes (Mason, 1978; Smith, et al.,
19753.

S8ince the plasma constituting the solar wind is a nearly perfect conmductor, spatial’
variations of magnetic field take place ovér a characteristic minimal distance, the analog of

the London penetration depth in a superconductor, namely

1/2
ao [m)M?1 ‘
nuo e

-

where m, n and e are respectively the mass, number density, and charge of the particles. For
5x 106 electrons per cubic nmeter, d is about 2 1/2 km. The solar-wind speed being the order
¢f 400 km means that the characteristic time for field changes is of the order of 0.01 s.
However, spatial field variations of the order of 10 aT cannot take place over such short
distances as this would require electron velocities in the current sheet greater than the
velocity of light.

According to Sonett (1978) the characteristic distances for magnetic field change are
%—105 km in interplanetary space and v 103 km at the "bow shock" wave where the solar wind
begins to interact with the earth's magnetic field. In either case, the field changes are of
the order of 10 nT, corresponding to current sheets of the order of 10_2 A/m or current
densities j of 10_10 A/m2 and 10—8 %jmz respectively. Assuming a plasma density n of 5 x 106
electrons/m; leads to drift velocities of
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*
. 2 . -
V = j/ne & 107 m/sec for interplanetary space,
and v lﬂ4 m/sec in the bow shock.

14 T/m respectively.

The gradients represented by the above numbers are 10_16 T/m and 10
For a wind velocity of 400 km.sec the time derivatives are 4 x 10'—11 T/sec and 4 = 10_4 T/sec.
Belcher and Davis (1971) refer to Alfvén waves in the solar wind with wavelengths as short as
103 km and amplitudes of several nT, indicating gradients of the order .of 10_14’T/m. These
gradients are well below the measurement capability of any existing or projected gradiometer.
However, the solar plasma could in principle sustain much greater magnetic gradients. With
5x 106 electrons/m3 moving at opne-tenth the speed of light, the gradient would be about
3 x 10_10 T/m. This is within the range of present gradiometers, which might therefore‘be
useful for studying local anomalies of high current density in the solar wind or planetary

ionospheres. . -
ITI.3.0. GALVANOMETERS, VOLTAGE AND CURRENT SENSORS, AND WIDE-BAND AMPLIFIERS

éQUID's are used in many laboratories as Jow-impedance galvanometers or galvancmeter
amplifiers. kn example which might be pertinent to space application is the use of a SQUID
to amplify the output of a thermoelectric element or a bolometer for measuring absolute
radiation levels or small temperature changes. A common application is the use of a SQUID as
a null detector in a cryogenic potentiometer for measuring resistivity of highly-pure metal
specimens.

The wvoltage or current Sensitiv?ty of a SQUID galvanometer is a function of the induc-

-28 o
order of 10 J/Hz (see Section on SQUID magnetometers), then the current semsitivity is
derived from 1/2 L., i _ 2
_a _2 in min '

10 ¥ H to 10 ~ H, although this can be extended either way through the use of an auxiliary
superconducting current transformer. This gives a range of current sensitivities imin from

a 10710 A7viEz to 10713

resistance, and the voltage sensitivity cannot be defined ir the usual way. If the input

tance L.n of the input coil. TIf the SQUID can detect a magnetic field energy Emi of the

N 10—28 J/Hz. The praectical range of values for Lin is perhaps

A/YHz, The input coil is assumed to be superconducting, so it has no

¢ail is comnected to a signal source whose internal resistance is Rs, then the minimum de-

tectable source voltage Emi is iminRs’ and the response is exponential with a time constant

n
Lians' If it is required that the circuit respond with a time constant of 1 second, for
example, then the range of values for R_ and for Em' » given a range of 10-8 H to 10_2 H

2 g and 1018 V//Hz to 10~ V//Hz, respectively.

for L, , is 10—-8 @ to 10
in
Thermal noise in a single loop circuit, such as a source resistance RS connected to an
input coil L, at temperature T, is given by 1/2 kBT, where kB is Boltzmann's contant
~23"% ~23 6
(1.4 X 10 J/E). At 4 K, thermal energy is 5 x 10 J, which is 10" times greater than
the minimum energy the SQUID can detect. Therefore the above numbers for Lmin and Emin are
academic in the sense that in many practical cases the predominant circuit noise is thermal
noise -in the source itself. The effective noise temperature (by the usual definition) of a
SQUID galvanometer is of the order of 1 uK. By measuring the thermal noise power from a

resistance RS’ a SQUID can be used as an accurate absolute thermometer from less than a
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millikelvin up to a temperature at which the resistor melts or otherwise changes its proper-
ties. _This application was originally suggested and reduced to practice by Kamper, in a
version where the source resistance R.S was built into the SQUID itself (Kamper, Siegwarth,
Radebaugh and Zimmerman, 1971).

If flat response from dc to high frequency is required, then the time constant Lin/Rs
must be reduced accordingly. The SQUID noise' energy EminAf is proportional to the input
circuit bandwidth Af = RSIZHLin and the noise temperature is Tn = EminAf/kB. For example, a
bandwidth of de to 100 MHz would give Tn ~v 10 K, which is still a rather low noise tempera-
ture. Such wideband amplification is somewhat outside the context of low-frequency sensors,
but it illustrates the versatility of SQUID's, and also the point mentioned elsewhere that
strong high—-frequency signals may interfere with SQUID operation unless rf shielding is
provided. The possibility of using SQUID's for uhf and vhf amplification was discussed by
Zinmerman and Sullivan, (1977).

I1T.4.0. MAGNETIC SHIELDING

An enclosure with superconducting walls a millimeter or so thick provides essentially
perfect shielding against changes of external ac and dc magnetic (and electric) fields.
Also, since magnetic flux can only penetrate a superconductor in integral multiples of the
flux quantum ¢O, it is theoretically possible, by cooling such an enclosure in sufficiently
low field, that one may end up with absolute zero field inside the enclosure. The technical
obstacles are formidable, however, and zero field has not been experimentally realized in
large (5 0.1 m inside dimensions) enclosures. Trapped residual fields lower than 10_11 T
have been achieved at Stanford, with rather sophisticated techniques (Everitt, 1977).

Very low residual field is essential for highly precise superconducting gyroscopes, as
used in the Stanford experiments, and possibly for other applications such as inertial
guidance, force-free satellites, and gravitational wave experiments.

The perfect sﬁielding property of superconducting enclosures (as distinct from the
possibility of zero or very low residual field) is routinely used in SQUID susceptometers and
other laboratory instruments to eliminate externally generated magnetic interference. The
-degree of shielding that is realized depends entirely upon the size and shape of the access
ports. Geometry of the access ports is perhaps the only subtle aspect of the design of
superconducting shields. Arbitrary geometries are probably best analyzed numerically or
empirically. TFor a cylindrical shield with open ends, an externally applied field drops by

about a factor of 30 per shield diameter, inside the shield.
III.5.0. DC TRANSFORMER

The superconducting de transformer was invented by I. Giaever (1968). This is a thin-
film device in which flux-vortex flow in a primary film induces a mearly idemtical pattern of
vortex flow in a secondary film which overlays the primary. By this mechanism de or ac
power is transmitted from the primary to the secondary, and impedance transformations can be

effected by making the films multi-layered. Being a thin-film device, the dc transformer is
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adaptable to microcircuit fabrication. Buggested uses include impedance matching to low
impedance devices such as superconducting bolometers and other infrared sensors, and the like.
Such applications have not yet been demonstrated, however. s

Significant advances iﬁ fabrication have beem made by J. Ekin (1977), who has developed
thin films with low flux-pinning forces, to improve the efficiency of the transformer.

Shot noise, analogous to shot noise in vacuum tubes and transistors, is produced by the
vortex flow in the de transformer. Although some measurements of vortex shot noise have been
made on single f£ilms, its effect on the ultimate performance of the de transformer in low-
noise circuits has not been analyzed or measured. Such measurements must be made in order to
establish the potential usefulness of the de transformer.

Work on the de transformer is continuing at NBS/Boulder Laboratories, and there is

considerable literature 'on the pertinent properties (iL.e., flux flow) of thin films.
117.6.0. SUMMARY AND CONCLUSIONS

The SQUID performance surpasses that of all other magnetic sensors in sensttivity, fre-
quency response, range and linearity. The SQUID is moderate in cost, reliable and portable.
Its use (or non~use) in the space program will ceTrtainly be determined by the performance
requirements for particular missions. If the low—temperature enviromment must be added to an
otherwise non—cryogenic mission, then the superior performance needs.will have to be justi-
fied. However, we believe that it is reasonable to assume that, as one collects more in-
formation on magnetic fields im space, the need (and desire) for better temporal and spatial
resolution will provide this justification.

The results £rom the impending flight of MAGSAT should be enlightening. Will conven—
tional magnetometers provide sufficient detail for the location of magnetic anomalies (per-
haps ore bodies)? Detailed study of MAGSAT records should indicate whether increased
sensitivity might reveal significant mew information.

We suggest that SQUID instruments, both magnetometers and gradiometers would be of wvalue
in studies of the dynamics of interplanetary and planetary fields. Such instruments could
reveal details concerning local anomalies of high current density in the solar wind or varia-
tions in the ionospheric currents of the planets, particularly the earth (see Sectiom III.2.2.)

The SQUID as a 19w—frequency amplifier may offer certain advantages for amplification of
transducer signals. For example, one may need to provide gain immediately following a sensi-
tive cryogenic bolométer (see Chapter V). The SQUID is an excellent low-noise amplifier,
especially for low impedance sources (such as some bolometers) and provides ample gain in the
cryogen with sub-microwatt dissipation. This last fact could affect the lifetime of cryo-
genic missions, where the heat Jload om the cryogenic environment must be kept to a minimum.

The SQUID is in a quite advanced stage of development and only needs space qualification
of compomnents to be considered for -space missions. This would seem to be a straight-
forward process, since commercial SQUID systems are already rugged and reliable. The device

sits waiting for a space application which demands its performance.
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IV.1.0. INTRODUCTION

, Superconducting electronics coffers remarkable new capabllities for both ground-based and
space applications. Tn fact it appears that it will be possible in 10 to .20 years to con-
struct a satellite computer having the computing power of today's most powerful ground based
computers. This techmology also will make possible new imstruments capable of exdmining

=12 &) ‘time scale.

phenomena occurring om a pilcosecond (10

Superconducting electronics uniquely offers a variety of properties which make these
revolutionary advances exciting, In computer language the technology consists of a fast
active element (the Josephson junction), an active element with remarkably low dissipation,
and essentially lossless transmission lines which c¢can be terminated by matched loads to
minimize reflections and achieve the fastest response. In the language of instrumentation,
superconducting electronics offers ultra-low-noise, high speed of response and immense
bandwidth. )

These advantages, when éompared with conventional electronics, are the result of some
fundamental physical laws and not due to lack of development of conventional electronics. In
faet superconducting electronics has achieved these advantages in the infancy of its develop-
ment, while semiconductor electronics is a most mature technology. TFor applications requiring
the ultimate in performance, there appears to be no presently known competitor to supercon-
ducting electroﬁics, although, of course, some new technology.may appear in the future.

Because the technology is so new we begin by discussing fundamental considerations which
appear to suggest that cryogenic technology be‘usqd for future digital devices. Secondly we
show how the active element in superconducting electronics (the Josephson junction) works and
discuss the technology for fabricating the devices. Finally we review the characteristics of,
published circuits, and project the capabilities of future superconducting computers amnd

instruments.

Iv.1.1. Difficult?es with Present Digital Technol&éy

Serious difficulties are being encountered in achiéving substantial’ further increase in
computer speed. Because bf the finite speed of light, the maximum dimension of a processor
may be not bigger than say half the distance an electromagnetic signal can travel in ome
machine cycle time. The Cray~l is apparently now the fastest available computer, having a
cyéle time of 50 ns.* Its processor and one million 64-bit words of memory are crammed into
only 1.7 m3. Its maximum dimensicn, measured in terms of the time required for Llight to
travérse it, is 5 x 10_9 s. Within that sbace are dissipated 115 kW. It is a remarkable
engineering feat to remove thaq heat. ) ’

In order to conmstruct a future 1 ns computer, the diameter should be no more than about
5 cm (2 in.),** having a volume of 6.5 x 10> m> (65 cm>

). As will be shown later, it is

likely that such a computer, constructed“g;Fh the same technology as the Cray-1, would in

% TWithin some repetitive calculations the Cray-1 can seem to have a cycle time of 12.5 ns.
#*% The velocity of propagation is assumed to be reduced by a factor of 3 from that of free

space because of the reduced velocity within microstriplines in the machine.
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fact dissipate more heat than the Cray.rThus the task of cooling such a computer would be
still more difficult than with the Cray, perhaps impossible.

"

v.1l.2. Fundamental Principles Governing Digital Logic Devices

The fundamental principles which demonstrate the advantages of superconducting elec-—
tronies have been well discussed by Keyes (1969, 1970, 1975, 1977). Indeed, his papers are
required reading for those wishing to thoroughly investigate the subject. ’

Keyes begins by pointing out that the power dissipated by any device is described by
V2/Z, where V is some average voltage across the device and Z is its impedance. He then
develops the values of V and Z using the following arguments.

In a computer, a signal must progress through a large number of active devices and
transmission lines. If only a small amount of noise is added to the signal at each stage,

the signal will rapidly become lost in the noise. Thus each stage of a computer standardizes

the signal as illustrated in Fig. IV-1. As can be seen, variations of the fnput signal are

ouUTPUT

INPUT

Figure. IV-1. Tllustration of the non-linearity required of each active element in a
digital system. Because a wide range of imputs give either a low- or
high-level output, noise at the output is reduced. The output is said

to be standardized.

moderated by the non-linear responses; that is, small amounts of noise at the input are
suppressed at the output. To achieve such standardization, a non-linear device must be used.
To achieve a non-linear respomse the input voltage must be greater tham kT/e. If V << kT/e,
then the motions of tﬁe charge carriers in the device would be affected little in comparison
with their thermally-induced motions, and a linear response would result. For the sake of
simplicity we will assume that V > 10 kT/e.

The impedance of the device is obtained by noting that all computers or instruments must
eventyally' communicate with the outside world at impedance levels of the order of that of
free space. The %atter has an impedance of ZD = 377 Q. For the most efficient power trans—
fer, the device impedance must not be too far from Zo. Thus, for our order of magnitude -
argument, we use Z; for the impedance of the device. Therefore, remembering that we have

assumed that V > 10 kT/e, the minimum power dissipation is -
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P> (20 kD)2 . {Iv-1)
The minimum dissipation varies as T2 having a value of 1.66 x .10_4 W for T = 300 K and
2.95 x 10 S wat 7 = 4 K. ‘

+ A further consideration shows that disEipation will increase with increasing speed of
response. When a device changes state, the voltage acxoss it changes. To develop this volt-
age, energy 1/2 CIV’2 must be added. The capacitance C is that of the device. HNow when the
device is returned to its original state, the energy is dissipated. Thus the minimum dis—

sipation for a device which is charged and discharged every T seconds is
P = CV2/2T . (IV~-2)

Hence if a cycle time T is required, then the clear goals of technology are to reduce the
temperature and the capacitance. Capacitance is largely determined by device dimensions. In
turn, these are determined by the method of lithography used to produce the device. Thus,
technologies do not differ too much in capacitance. Tﬁerefore whenever it becomes difficult
to remove excess heat, the clear advantage will go to the technology which provides the
lowest heat dissipation. As demonstrated above, this might be best accomplished with a low
temperature technology.

A ugeful way of characterizing the dissipation in a logic gate is through the product of
its powexr dissipation and logic delay time. The result is roughly the energy dissipated in
a switching process. Fig. IV-2 shows a plot of delay time as a function of dissipation for
a variety of semiconductor and superconductor devices. The diagonal lines represent a
constant Pt product. It can be seen that superconductor devices have a large advantage

(1000 ~ 10,000 better PrT product).

Iv.1.3. Josephson Iogic Gate

Many of the difficulties with conventional digital logic are overcome by superconducting
loglc: The active device in superconducting logic, the Joseghson logic gate, is féﬁmed from
one or more Josephson junctions. A Josephson junction is formed by two superconducting
electrodes, separated by a than insulating layer only a few tens of angstroms thick. To
achieve its remarkable properties, the junction must be cooled to a low temperature (v 4 Kﬂ
so that the junction electrodes are supercqnduéting. Junctions have been used in two con-
figurations to form Josephson logic gates.

The' first i1s simply a single Josephson junction having insulated control wires over it,
as shown in Fig. IV-3. As is discussed in Appendix IV-A, it is the magnetic field produced
by a current flowing through the contreol wire which causes the juhction to change state.

The second type of Jusephson logic gate is called a Superconducting QUantum Interference
Device, or SQUID. It is composed of twq, three, or more small Josephson junctions. A three-

junction device is shown in Fig. Iv-4, Connected in parallel, these junctions are small
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Figure IV-2. Delay time as a function of power dissipation for a variety of eléctronic
technologies. The product of delay and dissipation gives roughly the
energy required for one switching operation. The diagonal lines are for
equal energies. Josephson devices are seen to be as fast as any other
technology, but to produce 1000 to 10,000 times less energy. The energy
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Figure IV-3. TIllustration of a thin £ilm, Josephson junction. Two control lines

. are shown above, and insulated from, the junction. .
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Nb Ground Plane‘
(M1)

Figure IV-4. Quantum interference Josephson gate composed of three junctions in
parallel. The labels Mn refer to different layers of metallization.
Two control lines are shown at the left. They are not drawn across
the top of the device so as to reveal junction structure. I, is a

control current, and Ig is the bias current for the gate.

enough that the magnetic field produced by the control wire does not affect them directly.
Instead, the switching dis induced by the field passing through the loops of superconductors
connecting the junctions, This typ? of device is more sensitive to magnetiec Fields than is
the single junction, and is therefore a better candidate for miniaturizarion. It is ex-
pected to be the dominant type of device in the future, although most published work to date
concerns the single junction.

IV.1.4. Advantages of Superconducting Technology

IV.1.4.1. Device Speed
The intrinsic response time, Ig, of a Josephson junciion is determined by the super-—

conducting energy gap, 2AO, by the relatiom,
. 2g =‘n/2ﬂo . (Iv-3)

For lead, which has an energy gap of 2.5 x 10—3eV, 2g = 0.27 ps.

A more serious limitation is due to the intrinsic capacitance C in a device consisting
of two plamar electrodes separated by an exceptionally thin insulating layer. An RC time
constant, where R s the junc&ion normal state resistance, detérmines the response time of
the device. Although data on this time constant is scarce for realistic alloys from which
junctions are made, R can be estimated from information in a patent for an alloy of Pb with
6.5% In. The capacitance C can be spproximated from a variety of papers. The resulting
dependence of RC on the current density jc and the barrier thickness is shown in Fig. IV-5.
The figure is probably correct to half an order of magnitude. Reliable junctions have been

3 A/cmz. This corresponds to

Tgbricated with eritical current densities up to at least 2 x 10
RC/zg = 13. Thus, for superconducting lead, RC = 3.5 ps, an extremely low value when com-
pared to conventional elqctronic devices.
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It may be possible to fabricate reliable devices having much higher critical current
densities, making it possible to achieve the intrinsic device response time. However, as is
usual, other parameters will also serve to make it very difficult to achieve this performance

in a circuit. )

IV.1.4.2. Dissipation

That Josephson junctions offer dramatically lower dissipation ;han semiconductor devices
has been discu$sed in Section IV.1.2. It should be noted here, however, that low dissipation
is probably a more significant advantage than high speed. We note that in Fig. IV-2, the
Transferred Electron Device (TED).exhibits similar }esponse time compared to a Josephson

junction.

IV.1l.4.3. Superconducting Transmission Lines

Although the superconduéting tachnology offers a remarkably fast, low-dissipation active
element, there remains another very significant advantage over semiconductor technology —-—
lossless, low dispersion mierostrip transmission lines.

In a very fast integrated circuit it is Important that high speed signals be propagated
throughout each chip, and from chip to e¢hip, faithfully. Thus, waveguide-like structures are
required. In thin-film technology & convenient structure is the microstrip line. This line
is composed of a conducting ground plane, covered by an insulator, with a narrow line of
conductor on the top. When used properly, this strhcture will, propagate signals with little
loss or dispersion. We will demonstrate, however, that such a line is not satisfactory when
miniaturized for use in a small integrated circuit.

Microsfrip lines are often fabricated in larger sizes using printed circuit technology.
We illustrate the characteristics of such a line in Fig., IV-6. The line is assumed to be
0.6%9 cm wide on a 0.16 cm thick printed eircuit board which has a dielectric constant of 3.
The line has an impedance of 50 . The conductors are assuimed té be 0.0075 cm thick., We
show in the figure tpe attenumation ¢ per unit length and the phase velocity v,. The attenua-
tion is shown to rise with frequency to & maximum of about 10"3 dB/mm at'lOll Hz., This
should be quite acceptable for common-sized PC boards. The phase veloelty is seen to be the
same for all high-frequency compoments, but to drop off for low frequencies. It is important
for all frequency components to travel at the same velocity so that waveforms such as pulses
are not distorted as they propagate down the line. The low frequency drop-off can be under-
stood in terms of the ratio of the electromagnetic skin depth § to the dielectrie thickaness
8. The skin depth is given by § = /5755;5-50 that it becomes smaller with increasing fre-
quency. At high frequencies when 8 << 5 the field is confined within the lossless dielectric
and there is negligible dispersion. That is, all frequency components in this range travel
with the same welocity v¢. However, as § becomes larger than S, the field pattern changes
with frequency and the dispersion becomes substantial, as reflected by the change in \thb with
frequency. Examining the graph, it can be seen that signals having a fundamental frequency
component of about 105 Hz or greater can be faithfully propagated by this example line.

When we consider a miniaturized line, however, normal state lines work very poorly if

indeed they can be said to work at all. Consider the example in Fig. IV-~7a for a 2 pm-widé
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Figure IV-6. Phase velocity v¢ and attenuation o of a room-temperature copper strip-

line onh a printed circuit board. Dimensions are given in the,text.

56



Normal-Thin Film
2u Wide
62

afdb/mm)

(a)
0.8 10%
" Superconducting-Thin Film
2 1 Wide
6
0.6/
sk =
3 £
P . =3
s 0.4 =
,
0.2 [~ [
(b)
o L 1 ! | r F
10° 108 1010 1012 1018

. FREQUENCY

Figure IV-7. Phase velocity v¢ and attenuation o for normal and superconducting thin-

film striplines. (a) is for a room—temperature copper line and (b) is

for a superconducting line. Each has impedance 6 . Details are- given
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line, above an insulator such as Si0 having a dielectric constant of 5 and a thicknesé of
712 . The line has a limiting impedance of about 6 at frequencies above the range of the
graph, a convenient value for superconducting circuits (although this is a normal state
line). The conductors are copper, having a resistivity of 1.6 x lO-6 fcm and thickness of
1000 2. As can be seen from the figure, the attenuation exceeds 1 dB/mm for freguencies
above 109 Hz. ZEven more detrimental to its performance, perhaps, is the significant dis-

persion revealed by v, over the entire range of frequencies shown. Thus, we conclude that

¢
decreases in width and height of normal state lines, which are required for them to be used
in dense circuitry, render them essentially useless as waveguide structures.

however, superconducting lines of the same size make lossless and dispersionless wave-

guides up to rather high frequencies. In Fig. IV-7b, we show o and v, for a superconducting

¢
lead alloy line above an oxidized niobium ground plane. The dielectric Nb205 has a dielectric
constant of 29 and a thickness of 740 . The line shows negligible dispersion up to a fre-
11

quency of about 3 x 10 Hz-l The attenuation is satisfactory for propagation within a chip
up to about 3 x 1010 Hz and for propagation between chips up to sbout 5 x 109 Hz.

Further reduction in attenuation is possible by using wider lines which have thicker
dielectrics. Wider lines, used for major tramsmission lines only, would not seriously de-
grade the circuit density. Wider lines would be particularly useful for connections between
chips.

Thus the superconducting transmission line provides significant advantages for computers
and instruments at very high speeds. It also permits the use of one more technique as we see

below.

IV.1.4.4. Maiched Terminating Resistors

Whén superconducting transmission lines are used, the low loss permits them to be ter-
minated by a matched load. Thus, reflections from the ends of the 1ine§ are substantially
reduced. Such reflections might interfere with the devices sending the signal, or at least
reduce the effective rise time of the signal to that time which is required for the reflec-
tions to die off. WNormal state lines cammot be properly terminated because of the large

distributed losses in the lines themselves.

IV.1.5, Fabrication of Superconducting Integrated Circuits

For several years published deseriptions of methods for fabrieating reliable Josephson
juncticns have been available. Only recently, however, has this technology moved beyond the’
IBM Research Laboratories. The technology not only includes processes for fabricating lead
alloy junctions (Pb-Au-In), but also resistors (AuInZ), and microstrip lines. Furthermore,
special designs for packages which permit fast signals to move on and off a chip have
appeared in the patent literature.

Tittle is available in the published literature about the yield or reproducibility of
the processes. However, it has been revealed that junctions can suxrvive the‘order of 300
thermal :cyeles to liquid helium temperature and back to room temperature. Another report
shows that they change resistance irreversibly when stored at room temperature. The

changes amount to tens of percent per month. However, storage in the freezing compartment of

58



an ordinary refrigerator inhibits changes for periods of many months. Substantial improve—
ments over these capabilities are expected to have been developed already but not published.
Further progress should continue in the future. ) *

What appear to be large-scale efforts to construct a superconducting computer at IBM
suggest that whatever the detaileé success of fabrication technology, it is sufficient for
simultaﬁeous operation of multitudes of these devices.

Further details on fabrication technology are given in Appendix IV-B.

IV.1.6. Superconducting Circuits Already Achieved

A variety of logic and memory functions have already been achieved in superconducting

integrated circuitry. Published results are shown in Table IV-1L.

TABLE IV-1

SUPERCONDUCTING CIRCUITS ALREADY ACHIEVED

Type Response  Dissipation Number Linewidth References
Time ' Junctions
(ps) (um)
Single 38 0.1 pW 1 1 Jutzi, et al. (1973)
Junetion
NDRO* 80 3 2 Broom, et al. (1975)
NDRO* 600 3 50 Zappe (1975)
NDRO* 95 2 Jutzi (1976)
SFQ* 50 1 25 Zappe (1974} .
SFQ* 100 1 3 Gueret, et al, (1977}
Logic 165 1 50 Henkels (1974)
Logic 170 28 W 1 25 Herrell (1974b)
Logic 235 40 oW 3 3 Zappe {1975)
Logic 60 17 wi 3 5 Baechtold, et al. (1975)
Logic 42120 iuw 3 2.5 Klein, Herrell (1978)
Adder 500 7 25 Herrell (1974a)
(1 bit)
Multiplier 27000 35 uW x 45 45 25 Herrell (1973)
(4 bit)
Memory 5000 322 13 Henkels (1978)
(64 bit) )
Shift 6200 20 uW x 8 8 25 Yao, Herrell (1975)
A/D 16000 20 25 Klein (1976)

¥NDRO - nondestructive readout memory
SFQ - single flux quantum memory, destructive readout

# . - these units could form the basis for a random access memory

59



It should be noted for all of the devices having linewidths of 25 um or more that no
attempt has been made to achieve maximum speed. Several results do show, however, that delay
times under 100 ps are possible, when linewidths not much bigger than 5 um are used.

It is difficult to project the rapidity with which delay times will be further reduced.
Several points should be noted, however:

1. Reductions in delay time will accompany further reduction in linewidth.

2. Reductions in linewidth, as in semiconductor technology, belgw about 2 pm can be

achieved using electron beam lithography. '

3. Because superconducting circuits made using optical lithography already offer so

much improvement over semiconductor cirvcuits there may be little driving foree for

further reductions in delay time and size for some time.

1v.2.0. THE SUPERCONDUCTING COMPUTER

IV.2.1. Description of a Hypothetical Superconducting Computer

The most compelling reasonr for constructing a computer out of Josephson tunneling logic
is.that by taking advantage of its low dissipation, more compact, higher-speed computers can
be constructed., We assume that it will eventually be possible to construct a computer having
a cycle time of 1 ns or less. We consider the implications of this speed om the size, dissipa-~
tion and memory density required in such 2 machine. The arguments given are very general.
fo be made more specific, a particular machine would have to be designed for a particular
function. 1In space for example, one might choose to minimize dissipation at the expense of

speed, versatility, or memory capacity. On the ground, dissipation will be a minor problem.

IV.2.1.1. Cycle Time

To attempt to justify the assumption that a 1L ns machine can be built, we simply mnote
that 100 ps simple logic devices have been constructed. In a typical computer a signal imst
propagate through 8 to 10 logic levels during one machine cycle. Thus 8 to 10 times 100 ps
gives about 1 ns. A second, and seemingly frivolous, argument is based on the folklore that
a cryogenic device can supplant a room temperature one only if it does something otherwise
impossible or improves the performance of the room temperature device by a factor of ten. We
note that a cycle time of 1 ns is roughly a factor of fifty better performance than the
Cray-l (the fastest computer constructed to date).

Given the intrinsic response time of less than 1 ps for a Josephson junction, it is
conceivable that computers having cycle times in the range of 10 to 100 ps may cone day be
built. However, an improvement in Speed of one to two orders of magnitude will provide so
mich more computing power than today's machines that pressures for faster machines may not

develop until after 1 ns machines have substantially penetrated the market.
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1v.2.1.2. Density

It is simple to show that the required density in such a machine is well within the -
present state—of-the-art. We assume the computer 1s contained within.a sphere of diameter
5 cm. This hypothetical computer is illustrated schematically in Fig. IV-8. If we consider
the total machine volume of 65 cm3 to be one-tenth processor and the remainder memory we can
ask for the density required im each.

Let us assume the processor has the same number of circuits as an IBM 370/168 which is
2 x 105. Thus a denéity of 3100 circuits/cm3 ig requiréd. If we further assume that the
integrated circuits are on 0.25 ma~thick substrates (a common value for present silicon
wafers) and that these substrates are spaced by 0.25 mm, we find 20 layers/em. In addition
we assume that packaging limitations decrease the available space by a factor of 10. Thus

4

we require only 1600 circuits/cm2 or an area per circuit of 6.2 x 10~ cm?. One would expect

2 , . ) .
4 ¢ so this requirement is not restrictive. The

each circuit to occupy no more than 10
spacing between the wafers is sufficient for the coolant (liquid helium) flow.

In the case of the memory, the requirements are slightly move stringent. Let us assume
the memory contains one million words, each having 100 bits, or a memory of 108 bits. Using
the same wafer and spacing as before, and assuming that 90 percent of the area is for control
circuitry, one rvequires a density of 86,000 bits/cmz, or an area per- bit of 1100 umz. Since
a memory device with non-destructive readout has already been reported having an area of
900 umz, the requirements for memory demsity can be assumed not to be a restriction,

In fact a recent U.S. Patent suggests the possibility of constructing a memory cell
having an area of only about 10 umz. Such a device would be fabricated undoubtedly using
. electron-beam lithography. Allowing a factor of ten for decoding circuitry and packaging,
our 108 bits could be contained within 5 cmg, a package 1.8 cm on a side. Heat removal could

be more difficult with this exceedingly high density.

IV.2.1.3. Power Consumption

Tt is the low dissipation of superconducting electronics which makes possible the high
density computer described abowve. Of particular significance is that superconducting memory
requires no stand-by power, the information being stored in the form of circulating super-—
currents. In these order-of-magnitude arguments, we shall assume that heat removal from the
memory can be neglected. ) |

Heat removal from the processor is also encouraging. We consider our hypothetical
computer to be constructed of the most-recently published logic. A single tumnel junction,
when in the voltage state, carries a current of order 1 mA and a voltage about equal to the
gap voltage of 2.5 mV. Thus it dissipates a few uW. SQUID logic devices having a dissipa-
tion of about 1 pW have been reporéed. We assume for simplieity that each "circuit" in our
computer contains ten gates, giving 10 pW for each eircuit. Multiplying by the 2 x 105
circuits in this machine and 0.5 because we assume no more than half the processor gates are
operating at & given time, we artive at a net dissipation of 1 W, exceedingly small when
compared with conventional machines. However, this heat must be removed at 4 K using am

approximately 300 K work input. Carnot efficiency multiplies these powers by a factor of

approximately 75. Furthermore, it is thought that refrigerator inefficiency and heat leaks
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can be accounted for by amother factor of ten. Thus the dissipation at-room temperature
would be about 760 W, still much smailer than conventional machines, such as the 115,000 W
dissipation of the Cray-1.

It therefore appears quite likely that a superconducting computer having the processing
capability and memory of today's most powerful machines would dissipéte sufficiéntly low
power to be flown in space. Its extreme speed alsc makes it a strong candidate for replacing

many ground-based computers.

v.2.2. Applications of a Superconducting Computer

As with most computers, the range of applications of a superconducting computer is quite
broad. However, because the superconducting computer offers such a major advance in comput-—
ing speed, it may make possible applications which are more than just evolutionary.

One can think of this range of applications as divided into three areas, each being more
removed from present applications than the preceding.

Applications of the first kind consist of usual applications of computers for logging
data, data reduction and analysis, etec., but with substantial increases in speed. Furthexr-
-more, decreases in dissipation may make computing in space more widespread.

Applications ¢f the second kind rely on the increased computiné speed and larger memories
which are possible din a superconducting computer. For example, weather modeling and fore;
casting may become much more timely and accurate given the capabilities' of a superconducting
computer.

Applications of the third kind are those in which & computer pefforms revolutionary new
tasks made possible by inecreased speed and memory. One must ask when consideripg what these
applications might be: What are the implications on artificial intelligence-like tasks of
such 2 powerful computer? Can one, without waiting for theoretical developments, perform
tasks by brute force? TWhat tasks, which were previohsly impossible, could be performed in
real time? Could one send such a computer on an interplanetary voyage, trusting it to ana-
‘lyze data and only selectively return it to earth? Would such a computer reduce the need for
man in space? Nevex before has it been possible to conceive of sending such a powerful
machine, which requires so little power, into space. The implications of these machines

could be profound indeed!

Iv.2.3. The Present State—of-the-Art

The list of achieved superconducting circuits in Table IV-1 gives some suggestion of the
present state of supercon&ucting computer development. All of the papers listed are a result
of a massive program at the IBM Thomas Watson Research Center in Yorktown Heights, New York,
and to a lesser extent at the IBM Zurich Research Laboratories. A great deal of extremely
high-quality research has resulted from this program. Furthermore, it appears that this
program is directed toward producing a prototype superconducting computef as soon as pos-—
sible, say, within five years. Personnel at IBM will not, however, discuss the aims of their
program. We do know from personal contact that the program is large enough to involve
separate groups with various responsibilities such as materials development, circult design,
packaping, and lithography. We guess that it may involwve 100 professional scientists and

engineers.
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IV.2.4, Ultimate Achievable Performance
The 1-ns computer described previously probably does not represent the ultimate achiev-

able from this techmology. Given the 0,27 ps response time of a single junctiom, it is
conceivable that a computer having a cycle time below 100 ps is possible. Supporting this
possibility is the fact that even a l-ns machine doeg not tax the density acheivable from the
technology. However, it should be noted that while very fast integrated circuits have been
-developed, there exists no published work on packaging thiése éircuits in such a way as to

maintain speed in a whole assembly of the circuits,

IV.2.5. Projected Development Rate

It is possible that a prototype superconducting computer will be demonstrated within
five years. Such a projection is difficult to make since almost all of the work is closely
guarded by IBM. However, within ten years, a commercial superconducting computer may be
available, IBM staff have mentioned in public that this technology may be cost competitive
in mediun scale computers, as well as providing revolutionary new capability in large com—
puters. Perhaps mid-range computers will be where IBM's principal thrust will in fact be,
since they have historically left the supercomputer field to other companies.

It should also be eﬁphasized that this technology is much more difficult than previous
computer techmologies. The higher speed of response now requires attention, which was mot
required in the past,.to all interconnections which must be properly matched microstrip lines
with proper termimating resistors. Furthermore, packaging must be done much more carefully
with similar attention to intercomnections. These factors may seriously interfexe with the
present distribution system of electronicg components. That is, it may be much more diffi-
cult for one company to make a superconducting integrated circuit for sale to ancther company
which assembles these circuits into a computer. The ecircuit manufacturer might necessarily
produce a much larger, more integrated pilece of hardw;re. Because of the more detailed
engineering required, these factors may work to the disadvantage of small companies.

Because a superconducting computer produces such small dissipation, it is a natural
candidate for deployment in space. Of eourse, the eircuitry would have to be made space-
worthy. However, a much bigger task is the construction of a suitable lightweight, reliable
refrigerator. (Refrigerators will not be a problem on the ground, as it is possible to
achieve reliability using serveral, and weight is no problem.) The reader is directed to the
Introduction (Chapter I} and Appendix I-A for a discussion of small refrigerators and of
passive cooling.

Iv.3.0. SUPERCONDUCTING INSTRUMENTS

The needs for very fast measurements in military devices and the potential arrival of
very fast computers both require new fast measurement capabilities. That Josephson tunneling
logic is a compelling candidate for this new class of instruments is suggested by its known
high speed and low dissipation, by its past successes in this field (some Josephson instru~
ments are now available commercially), and by the development of technology for making re-

liable thin-film Josephson junctions. The following is a brief review of past and present
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applications of Josephson devices, many of these applications having originated or having
been perfected at the National Bureau of Standards.

In the past, Josephson junction-based instruments have been characterized as containing
a single Josephson junction. Typically, this junction was a point contact {(like a cat's
whisker diode), or possibly a tiny constriction in a thin film. The use of one junction,
rather than more, was largely because photolithographic techniques had not beemn applied to
Josephsoq devices.

The single Josephsen junction was typically incorported into a loop of superconducting
material to form a Superconducting QUantun Interference Device (SQUID, see Chapter TII}. A
SQUID is capable of detecting very small magnetic fields, of order 1074 T(lO_10 oersted) .
Most of the Josephson junction-based instruments now in use incorporate this device. SQUED
devices are available commercially from at least five companies.

When used directly to detect magnetic fields, or their gradients, SQUID devices are used
for magnetic anomaly detectionm (such as submarines), for magnetocardiography (a non-body-
contact method of measuring human heart performance), magnetoencephalography (magnetic brain
waves), geophysical measurements and prospecting. Additional uses of SQUID's are for rf
power and attentuvation standards, ultra-low temperature thermometry, and precise current
comparison. In each case the Josphson device made possible previously impossible measure-
ments, or made a substantial improvement over previous measurements. In addition, single
Josephson junctions, not used in the SQUID configuration, are used to maintain the U.S5. legal
volt, and for ultrasensitive broadband or heterodyne detection in the millimeter and far
infrared region of the electromagnetic spectrum. Single Josephson junctions have been used
for microwave and infrared harmonic generation and mixing at frequencies up to 30 THz (10 um
wavelength). ) -

The development of lithographic fabrication metheds for complex (multi-junction) super—
conducting circuits provides new opportunities for high-speed devices. Fast instruments
demand a number of characteristics from the technology from which they are formed. In many
ways they are quite similar to very fast computers.

One must consider what is "fast". An instrumént should be capable of characterizing
events on 2 time scale which is shorter tham that in which the event occurs. Of course that
means as fast as possible, because there are always events of scientifie interest which offer
remarkable speed. A more practical measure of "fast" might be a speed somewhat faster than
events occur in commonly available circuitry, such as in future computers.. Thus, instrument
,response times of the order of 1 ps would be most useful, since the fastest present instru-
ments are sampling oscilloscopes with response times of 25 ps. Supercbnducting technology
should be capablé ultimately of speeds in the 1 ps range.

A more ‘comprehensive definition of "fast" might recognize the difference in types of
measurements. For example, it might take more than a second to make an exceptionally high
accuracy measurement of voltage. However, even for a measurement of this sort, the total
time required can be reduced through the use of faster active devices.

Along with high speed is the concurrent requirement of small size. Recall that signals

propagating at the speed of light travel omly 300 pm (0.030 em) in 1 ps. If a variety of
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sensors in an -instrument are to analyze a signal at close to the same time, they must be in
close proximity to one another, The size scale is, of course, determined by the time scale.

If a variety of elements in the cireuits are located close together, their disgipation
must be sufficiently small that their operating temperature can be maintained. The heat
produced by conventional very fast devices already prevents more than a small number from
being located on the same integrated circuit chip. The need for an improved technology is
thus evidert. 7 .

If an instrument is to analyze analog signals, those signals must be accurately trans--
mitted throughout the instrument. Thus, the ﬁse of lossless, properly terminated, lines dis
of great advantage in a fast instrument.

All of these considerations are, of course, the same as those discussed earlier with
respect to computers. Thus, in the fastest imstruments the use of superconducting techmology

is compelling.

Iv.3.1. Jmportant Elements of Instruments

There are a variety of possible imstruments, but those to be discussed here make use of

two simple compoments, a current comparator and a sample-and-hold cirecuit.

Iv.2.1.1. Current Comparator )

A Josephson gate is essentially a current comparator. It is used in its simplest form'
in digital circuits where it must determine only whether a signal represents a "0" ox a "L".
However, it can also be used in an analog sense as well. If the gate is biased in the zero
voltage state, with some current flowing through it, then the gate will switch at some well-
defined current flowing through the control line over the gate. One can vary the switching
point by providing a bias current through 2 second control line over the gate. Thus, an
adjustable eurrent comparater results. It should operate as fast as any Josephson gate —
that is, ultimately in less than 1 ps. Such current comparators would be important elements
in many of the devices below or they might be the fundamental element in a fast trigger

circuit.

Iv.3.1.2. Sample-and-Hold

-Sample—and-hold circuits are conventionally used to sample a voltage in a very short
time, and maintain it (as in the form of a charge on a capacitor) until it can be charac-
terizeé by a slower device. A sample—and-hold circuit may alse be useful in a supercon-
ducting instrument for the same purpose. Alternately, some superconducting instruments may
operate in such a short time that a sample-and-hold circuit will not.be necessary. One
possible kind of superconducting sample-and-hold device would simply store a current in a
supéreconducting persistent current loop. The current would be switched in and out of the
loop using a Josephson junction in the loop. The product of the eritical current I0 of the
junction and the inductance L of the loop would have to be sufficiently large, however, since
the maximum flux in the loop LI0 is quantized in wnits of ¢0 = 2.07 x 10_15 Wb/mz, the super-
conducting £lux quantum. The flux quantum would have to be smaller than the resolution

desired from the sample—and-hold edreuit. The speed of'response of such a simple circuit
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would be determined by the time required for the Josephson junction to go from the normal

state to the superconducting state where the flux would be trapped. Times as shoxrt as 1 ps
might be achieved.

IV.3.1.3. Logic Circuite
One may also use logic in an instrument. A counter, for example, must perform logical

operations. Such elements of an instrument might be quite similar to those im superconduct-—

ing computers. 3

Iv.3.2. A Few Possible Josephson Instruments

IV.3.2.1. Sampling Device -- Analog

Unpublished reports of sampling devices suggest that such .instruments have already been
constructed having a time regolution of a few ps. Such sampling devices are constyxucted from
current comparators of the type described above. Such devices provide the best means for

characterizing fast repetitive signals.

IV.3.2.2. Fasit Counters

It should be possible to construct fast counters using superconducting technology. The
speed of response would be determined by the speed of the circuitry for the least significant
bit. More significant bits would change state more slowly and would therefore not be as
important. Careful engineering of this portion of the circuit for the least significant bit
might bring the response time down to a few picoseconds, corresponding to a counting rate of
order 500 GHz. ZExamples of the use of such fast counting rates might be in high accuracy

clocks or in detecting.particles at very high flux.

1V.3.2.3. A/D Converters

In conventional electronics the fastest, and seldom used, analog—to-digital converters
are of the parallel type. That is, the converter contains one current (or voltage) com-
parator for every possible level of the input analog signal. Thus, a 4-bit converter might
have 16 comparators (15 comparators if ome level is considered as a fixed reference). Sub-
sequent circuitry then condenses the 16 bits of level information into a 4-bit binary wérd.

A similar design in superconducting technology would undoubtedly also provide the highest
possible speed. The sampling rate would probably be determined by the time required to store
the digitized signal in preparation for the next one. Sampling rates as high as 10 to

100} GHz might be achiqved.

A/D conversion is subject to the limitation that one cannot digitize a signal which is
changing faster than the time resolution of the converter. Sample-and-hold circuits are used
to maintain a signal until it can be digitized. The aperture time tap of a sample—and-hold
circuit may determine the fastest signal which can be digitized. It seems unlikely in super-
conducting technology that a sample-and-hold civcuit could operate in less than the intrinsic
response time for a Josephson junction: h/2A = 0.27 ps for lead. During this period the
signal is allowed to change only by less than one part in 2" for am n-bit comverter. -

Assuming a sine wave at frequency f, one finds
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f = [vzn t ] .
max ap

The maximum sampling frequency fmax is plotted in Fig. IV-% as a function of the number of
bits of acecuracy. It is readily seen that a reduction in the aperture time of the sample-
and-hold circuit dramatically increases fmax' Thus achieving the minimum aperture time re-—
presents a high priority task if extremely high-speed A/D converters are to be realized. A
long range goal might be to reduce tap below a few ps. ‘

Applications of very fast A/D converters might include communications (where digital
filtering or image processing is used), data acquisition (conversion of rapidly varying

signals to digital form), and very broadband radars.

Iv.3.3. Digital Instruments for Real-Time Signal Processing

Given a high-speed digital technolegy, it becomes possible to conceive of real-time
applications of computational technigques which previously were dome off-line, or which could
be applied onrly to very slow signals. One such example involves Fourier analysis of signals,
Such signals might pass through a superconducting A/D converter of the type diécussad above,
and then be digitally analyzed using a special-purpose fast Fourier transform processor
designed to perform these calculations at the highest possible speed. Such an FFT processor

could engender a variety of instruments, including fast digital f£ilters.

IV.3.3.1. Agile Digital Filtering

Digital filtering is an extremely useful concept, applicable to areas such as communi--
cations and noise reduction. Filtering can be done with rapid change in frequency, line-
shape, etc., possibly contrelled by the incoming signal. One application of this type of

filter might be in the interpretation of frequency coded signals.

IV.3.3.2. Multi-Channel Spectrum Analyzer )

Superconducting digital techmology would emable the construction of an analyzer which
has higher speed than those using conventional techmology. Such analyzers are already being
worked on, using conventional technology in the Search for Extraterrestrial Intelligence
(SETI). Such a device could also be coupled with processing, possibly using speclal purpose
circuits to examine the data in real time, thus reducing the quantity of data which must be

stored or transmitted.

IV.3.4. Pregent State—-of-the-~Art

There already exists a wvariety of superconducting instruments. The great majority of
them involve point contact or ecat's whisker type Josephson junctions. Some superconducting
instrumentation has been built using integrated cirecuitry in conjunction with the development
of a supercenducting computer. For example, analog sampling has been donme with a response
time of perhaps a few picoseconds —-— close to ten times better than with conventional instru—
ments, Ultimate achievable performance for some instruments has been briefly discussed along

with the instrument descriptions (Section IV.3.0.)
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69



IV.3.5. Projected Deployment Rate

-

The superconducting computér is the dominant force in the development of the technology.,
Prograﬁs for imstrumentation deé?lopment are few, and thedir sizes are small. However, sub-~
stantial funding, which would bging other institutions into the field, would speed their
introduction. For example, a sfiall Navy-funded program now exists at the National Bureau of
Standards to develop an A/D con&eéter. Much broader funding of this type is needed if the

—introduction of -these instruments. is-to. be speeded up.. - P e R

Refrigeration problems are;the principal.barrier to deployment in space. However,

small, low-dissipation instruments, combined with passive cooling and a helium reservoir,

might remain operational in space for a considerable period of time.
IV.4.0. SOURCE OF ADDITIONALT, INFORMATION

The Office of Naval Research has-contracted with International Business Machines Cor-
poration to perform a Josephson technology computer assessment. It is understood that this
assessment may result in a report divided into several parts: Anm open report, an IBM pro-
prietary report, and a report which will be distributed to only a very small number of people
outside IBM. Under terms of the.conéract, the report will be completed within one year.

IBM has offered to provide at least some of this report to WASA when it is complete.

For further information, contact Dr. W. Anacker at the address below and refer to contract
number N0Q0L4-77-C-0179.

Dr. W. Anacker

Thomas J. Watson Research Center
P.0. Box 218

Yorktown Heights,/ New York 10598

(914) 945-3000

.

It is hiéhly recommended that NWASA acquire this information. IBM has made a large

number of exceedingly high—quality contributions to the field of superconducting electronics.

Iv.5.0. SUMMARY AND CONCLUSIONS
Digital superconducting eiectronics is a newly emerging technology of significant pro-
mise which.must, however, pass the test of real-world application. The motivation for the
development of this technology is rooted in some very general and fundamental considerations
(see Section IV.1.2.). The Josephson switch is extremely faét and can potentially achieve
switching speeds of 1 ps. Its most attractive attribute is its small dissipation. The )

_ dissipation is sufficiently small to allow extremely close packaging of active elements and
thus allow dramatic reduction of intracircuit communication delays. Furthermore, the use of
superconducting striplines for this communication provides the opportunity for unparélleled

\ freedom from dispersion _and attenuatiqn of signals., )

Broad interest in the technology is expanding, but the prime driving force behind the

technology is a major commercial program to develop a superconducting computer. With some
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knowledge of the characteristics of the simple logie =lements, it is relatively easy to show
that order of magnitude (and greater) advances can be made in both speed and capacity. A
necessary result of increased speed is reduced size, and overall dissipation drops many
orders of magnitude below conventicnal computers {see Section IV.2.0.). All of these changes
(increased speed and capacity, decreased size and dissipation) are in a direction favorable
to space applications. The development of such a computer may be 10 to 20 years in the’
future, but it is not too early to consider the opportunities, perhaps revolutionmary ones,
which may appear.,

Several applications can be suggested now. The processing and compression of complex
raw data from space experiments would provide a means of conserving the limited power avail-
able for information transmission. For example, the mapping of the heavens in any frequency
region involves tremendous amounts of data. A certain amount of data filtering can be
accomplished without a large computer, but 2 really smart satellite could provide much more
intelligent selection of data. A really powerful computer in space could offer a means to
improved weather modeling and forecasting on a global scale. The combination of the acquisi-
tion and processing of weather data could simplify and speed up the mo@eling process, and
thus produce more timely and accurate forecasts.

These applications are founded on established concepts, but it is also exciting to
consider more exotic ideas (see Section IV.2.2.). Never bé%ore have we been faced with the
potential for such a large computing capability in space. Could such computers assume
intelligence~1ike roles? TIf so, would the need for some difficult manped space missions be
reduced? These are difficult questioms which have certainly been considered before, but
reconsideration might be appropriate in light of the new opportunities which are now
developing. )

Other types of fast instrumentation (Section IV.3.0.)} are made possible by this new
technology. Ultra—fast A/D converters, digital filters, counters and spectrum analyzers are
just a few of the devices which should be considered. T[Fhe applications of such instruments
are myriad. For example, improved A/D conversion could imprdve signal acquisition in the
Search for Extraterrestrial Intelligence (SETI). Coupled with a superconducting computer,
such A/D converters could perform real-time pFocessing of microwave signals in a very broad
frequency band. This type of system would essentially be an ultra-broadband digital re-
ceiver. Broader bandwidth offers larger information capacity and a valuable saéings in power
required for transmission.

A1l of these applications are highly speculative. We assume that commercial interests
will develop the computer, but that is, by no means, certain. Should NASA place a priority
on such developments, it might be wise to assess the probability of success and to provide
some partial stimulus to assure this success. The peripheral development 'of other digital
instruments will probably accompany the computer effort. No doubt, thére are instrument
developments which would be important to the space program and which would then deserve some

NASA encouragement.
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V.1.0. INTRODUCTION

Microwave and infrared de£ectors and receivers are widely used in space épplications.
These applications include ground-based communication and radioastronomy receivexrs as well as
satellite receivers. Mapping of background radiation, for example, is an important applica-
tion requiring the ultimate in receiver sensitivity. The success of alg;oposed program to
search for signals from extraterrestrial life may well depend on the séﬁéitivity of the
receivers used. In all of these cases, improved semsitivity yields benefits by making possible
greater data transmission rates, reducéd observing time or smaller antemnas.

There is a wide variety of superconducting devices currently being developed for micro-
wave and infrared detection. In many cases, these devices offer comparable or improved
performance over their conventional counterparts. However, because these devices are rela-
tively new, often unstable, and not always fully understood, few if any are currently being
used in operational receivers. It is the purpose of this chapter to review all of the
promising superconducting devices which are being developed or contemplated for use as micro-—
wave or infrared detectors.

The mosé intensive efforts toward developing superconducting microwave and infrared
detectors have been based on the Josephson effect. The characteristics which make Josephson
effect detectors attractive are (1) a very high degree of nonlinearity, (2) low temperature,
low noise operation, and (3) demonstrated frequency response to 4 X 1012 Hz. TUsed as video
detectors or miXers, Josephson junctions have achieved sensitivit%es which equal or surpass
conventional devices. In the mixing mode of operation, the reqﬁired local oscillator (LO)
power is very low and may be geperated externally or internally using the Josephson self-
oscillation, The latter case has the advantage of simplicity (no LO source regquired) but
resolution is limited by the linewidth (several hundred megehertz) of the Josephson oscil-
lation. .

The Josephson self-oscillation may also be used as a microwave source. The Linewidth of
such a source could be marrowed by coupling it to a cavity with a suffieciently high Q.
Although the power available is rather small it may be useful at frequencies above 100 GHz
where other sources are rare. Efforts are also underway to increase the power output by the
use of synchronized arrays of Josephson devices. .

A1l the Josephson detectors have some common disadvantages. They are, for the most
part, very low impedance devices ‘and are therefore difficult to couple ro radiation fields.
In order to control parasitic elements, the most successful devices have gererally been of
the point-contact variety. In their present form, these devices are probably not suffi-
ciently stable for space applications. A third problem arises from the fact that the Joseph-
son mechanism operates at very low power levels. This results in low-level saturation and a
correspondingly small dynamic range. The rapidly developing technology of thin-film Joseph-
‘son integrated circuits may provide solutions to all of these problems. For example, a
1 pm-square thin-film junction fabricatéd by electron-beam lithography with a current density
of 2000 A/cm2 should have an upper cutoff frequenc& of about 1000 GHz and a resistance of
100 Q. Series arrays of such junctions could be used fo optimize input coupling as well as

to increase the saturation level.
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Parametric amplifiers are another very promising application of the Josephson effect for
microwave and infrared receivers. Although experimental and theoretical investigations of
Josephson parametric amplifiers are relatively recent, the results are impressive. As with
the Josephson detectors, fabricating stable devices, impedance matching, and low-level
saturation remain problems.

Two other very promising superconducting detectors which are not based on the Josephson
effect are the -super—-Schottky- dicde-and the -superconducting tramsition edge bolometer.
Super-Schottky diodes have achleved record semsitivities both as wvideo detectors and mixers.
As with the Josephson mixer, the sdper—Schottky mixer requires very little LO power and ha§ a
somewhat ldwmited dynamic range. Considerable effort has been devoted to the development of
superconducting composite bolometers in which the functions of radiation absorption and
temperature measurement are separated. An aluminum f£ilm near its superconducting transition
temperature is used as the thermometer. UWhen operated at about 1 K, such devices have
achieved nearly ideal performance.

The following sections describe in more detail superconducting bolometers, super—Schottky
mixers, and Josephson sources, mixers and parametric amplifiers. The description includes
(1) the physical mechanism, {(2) theoretical limits on the ideal performance for a practically
realizable device, and (3) the current state—of-the-art for the superconducting device as '

well as its non—superconducting competitors.
V.2.0. BOLOMETERS

A bolometer is a thermal detector consisting of a radiation-abgsorbing element and a
resistance thermometer. It produces an electrical signal by changing its resistance when it
is warmed by absorbed radiation. For applications requiring the ultimate in sensitivity,
the use of bolometers is usually limited to the far-infrared region (20 ym to I mm) at fre-
quencies which are too high for heterodyne detectors and toco low for quantum effect detectors.
They are typically broadband devices with a slow response time (1 ms to 1 s). Cryogenic
bolometers, especially those made from doped germanium, are widely used as sensitive infrared
detectors. ‘

Superconducting bolometers, although not in wide use, have been extensively studied.
Before describing specific superconducting bolometers, a brief review of the fundamental
performance limits is useful (see for example, Adde and Vermet, 1977). The principal param-
eters describing a bolometer are C (joules/kelvin)} the heat capacity, G {(watts/kelvin) the
thermal conductance to an extermal heat sink and Rv (volts/watt) the voltage (or current)
responsivity. The bolometer time constant T is equal to C/G. Since the various noise con-

‘tributions are independent in a bolomgter, they can be added quadratically to yield a‘system

NEP (Noise Equivalent Poﬁer):

v.2
_ 4kTR N
=z

X 7

The first term is the Johnson noise associated with the bolometer resistance R. The second

NEP2 + 4kTE + § UskTBSAQ + (v-1)

term is thermal noise from statistical fluctuations in the bolometer temperature T. The
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third term represents the detector response to fluctuations in the background temperature
TB. oc is the detector emissivity, A its area and 2 the viewing solid angle. The fourth
term represents any additional excess noise sources in the bolometer by a noise voltage
VN(VIJEE). A high-performance bolometer must have a high responsivity to minimize terms one
and four and it should be shielded as much as possible from unwanted backgound radiation to
minimize term three. This usually involves a He-cooled mount and optics and perhaps cooled
filters to restriect the input bandwidth. G and especially C should be as small as possible
to minimize term two and at the same time achieve a reasomable response time T = C/G. Since
G can usually be made arbitrarily small, the ultimate sensitivity of a bolometer with a given
1 is determined by the heat capacity C. This ultimate sensitivity for an ideal bolometer is
given by the second term of Eq.,(V-1}, i.e., NEP = (4kT2G 1/2.

Bolometers have been built which are based on several different superconducting proper—
ties. The transition edge bolometer makes use of the rapid variation in resistance of a thin
film at its superconducting transition edge. The recent discovery of the importance of a
good thermal contact between the film and.its substrate has led to major improvements in the
performance of this device (Clarke and Hsiang, 1975a). The SNS bolometer is based on the
temperature dependence of the critical current in a superconducteor-normal metal-supercon-—
ductor (SNS) junction (Clarke, et al., 1574). The extremely low impedance of SNS junctions
(v 10—6 ) necessitates the use of a SQUID (Superconducting QUantum Interference Device)
amplifier. A third device, known as the SIN bolometer (Clarke, Hoffer and Richards, 1974),
makes use of the temperature-dependent quasiparticle tunneling current through a supercén—
ductor-insulator-normal metal junction which is biased at a voltage below the superconducting
energy gap. The construction of all three types of bolometers is similar to that shown for

the transition edge bolometer in Fig., V-1.
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Figure V-1. Typical atructure for a composite bolometer (after Clarke, et azl., 1978).
Radiation abgorbed inm the bismuth film heats the sapphire substrate
causing a change in the resistance of the aluminum supegconducting
transition edge thermometer.

77



This device consists of a thin|sapphire substrate with an optically absorbing bismuth coating
on one side. On the other side are an electrical heater for calibration purposes and an
aluminum f£film which acts as the thermometer. Electrical leads and mechanical support are
provided by four indium-coated nylon threads. Temperature stabilization of the mount

(v 10"6 K/vHz) at the frequency of operation is provided by a combination of active control
and a massive heat sink., TFlectrical NEP is determined by measuring the response to electrical
heat dissipated in the bismuth heater, Since, in practice, the bismuth f£ilm will absorb only
about half of the incident radiation, the reported electrical NEP's for these devices are
about half of Wﬁat could be expected for radiation detection.

Table V=1 shows the performance which has been achieved with rhe various types of
bolometers. The listed performances are all based on a negligible noise contribution from
background radiation. Except in applications with very low backgound radiation, any of these
bolometers would be background-noise limited. Thus, the use of superconducting bolometers is
justified only in applications with very low background radiation. The transition-edge
bolometer has a superior performance to the SNS and SIN devices. Since it is easier to
construct and can be-use& with a conventional FET dmplifier, it is the preferred device at

the present time.
TABLE V~1

BOLOMETER PERFORMANCE

Bolometer NEP Theoreti.cala G T Op. References

Iype NEP Temp .

W/ VHZ) W/ Vaz) (W/K) (s) (K)
sI® 2.5 x 107%° Clarke, et al. (1978)
SNS 5x 10 1.1 x 107 1078 3 1.5  clarke, et al. (1974)
gszzs' 10 25x10F 5k 1078 0.13 1.5  Clarke, et al. (1975)
Ge 7x102  s2x10P 2y 107? 0.0003 4.2  Coron, et al. (1975)
gﬁgﬁraﬂs‘ 1.7 10 1.3x10F 2x10°8 0,08 1.27 Clarke, et al. (1978)
Ga:Ge 5x10°  2.2x10 % 6 x :Lo'8 0.025 1.2 Nishioka, et al. {1978)
In:SbiGe 6 x 10 0 3.4%x100 1.7 x10®  0.006 0.35 Nishioka, et al. (1978)
1/2

a The theoretical limit “is NEPth = (4k12G)

b Mo results are reported for operating SIN bolometers

The last three entries of Table V-1 show that there has been considerable progress
recently. Bolometers with very nearly ideal NEP's have been built using both superconducting

and non-superconducting thermometers. Further advances depend almost execlusively on the
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ability to build devices with smaller and smaller heat capacities. Thus, superconductivity
does not offer the promise of any breakihrough in bolometer performanee. It does offer,
however, a very simple, sensitive and low thermal mass thermometer which can be used with the

new composite bolometers.
V.3.0. SUPER-SCHOETKY DIODES

Diodes in the four forms: semiconductor-normal metal (Schottky diode), semiconductor-
superconduc ot (super—échottky), gsuperconductor-insulator—normal metal (SIN) and supercon—
ductor*insulator—Supercopductor (Josephson junction or JJ) have all been fabricated. Each of
these devices has a nonlinear I-V characteristic and therefore can be used as a high-fre-
quency mixer or detector. In addition to normal electron tunneling, the Josephson devices
have a pair—-tunneling current_which greatly complicates their operation. One of the effects
of the pair current is'to up-convert low frequency fluctuations to the signal or i.f. fre-
quencies, thus adding noise to the mixer output. The use of JJ'g as mixers is treated in
Section V.4.2. of this repore. | ’

The presence of the superconducting energy gap gives the SIN and super-Schottky diodes a
much higher degree of nonlinearity than the conventional Schottky diode. The SIN device,
however, relies on electron tunneling through a very thin oxide barrier. This thin barrier
gives rise to a large capacitance which makes impedance matching at high frequencies very
difficult. The super—Schottky diode has a much lower and wider barrier and therefore can
achieve the same current density with a much smaller capacitance. This property, together
with its high degree of nonlinearity, makes the super—Schottky diode a very promising mixer
element. Experimental results so far support this conclusion.

Super-Schottky diodes (Vermon, et al., 1977) consist of am array of 5 um diameter Pb
dots electroplated onto heavily doped p-type GaAs. Electrical contact is made by a blunted
whisker which touches at the edge of two or more dots. As a result of the high doping level,
conduction is primarily by electron tunneling, and for voltages less than the superconducting
energy gap, the I-V characteristic is highly nonlinear. )

The I-V characteristic of either a conventional Schottky or a super—Schottky diode can
be approximated by

I-Te (5V) (v-2)

The parameter S is a measure of the nonlinearity and is therefore of central importance in
determining the sensitivity of the diode as either a video detector or mixer. At 1 K,
S = 300 for a comventional Schottky, and § = 10,000 for a super—échottky diode. Tf the same
conversion logs could be obtained, this implies a 40:1 imprdvement in sensitivity for the
super—Schottky diode.

Figure V-2 is a curve of th;‘iétgiﬁéic conversion loss.of a super—Schottky diode re-
sulting from the frequency conversion process. The absicca is eA/kT where A is the super-
conducting energy gap and e is the charge of an electron. For a Pb super-Schottky diode at

1 K, this intrinsic loss is 4 dB. IYn practice, additional losses are contributed by the
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didode capacitance and serles spreading resistance. At X-band this parasitic loss is pre-

dicted to be about 3 dB.
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Figure V-2, Intrinsic conversion loss of a super-Schottky diode as a function

of thé ratio of the energy gap eA to the thermal energy kT (after
Vernon, et al., 1977). 1In practice parasitic losses often con-

siderably increase this loss,

Experiments at 9 GHz and 1.1 K have yielded a single sideband mixer noise temperature
T =6 K and a conversion loss LS = 7 dB. This is the lowest microwave mixer noise tempera-
ture.yet-reported. For receiver applications, the noise temperature of the super-Schottky
mixer is comparable to parametric and maser amplifiers, while its bandwidth is considerably
greater. The saturation level of the super-Schottky diode can be estimated to be about
Ps = PLO = 10_8 W. This corresponds to a dynamic range of less than 105 fox .= 6 K and
B=1CHz. This relative%y small dynamic range may limit the usefulness of super-Schottky
mixers in some applications.

The parasitic loss of these devices increases as w2 and therefore pPresents a very
serious problem for higher—frequency operation. Efforts to reduce the spreading resistance
by increased doping of the GaAs have not yet been successful because of the onset of an
additional leakage current. Progress may be made by using a parallel array of smaller diodes
and by the use of other semiconductors in which higher conductivities can be achieved. -

The use of a semiconducting barrier Between two superconductors (Schyfter, et al., 1977)
may be an attractive alternative to the present super-Schottky designs. This device has the
strong nonlinearity resulting from the superconducting energy g4p, the low capacitance .
Ccharacteristic of a thick barrier device, and no loss from spreading resistance. Although
such devices have been fabricated, no serious effort has yet been made to develop them as
mixers. .

Cuxrent and projected performance of super-Schottky mixers (Silver and Hartwick, 1977)
are plotted on Fig. V-3.. If the projected performance at higher frequencies is achieved, the
suiper-Schottky diode may be the 5est mixer available. The exceedingly low local oscillator

requirements (10"_8 W) will also be an important advantage at the higher frequencies.
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Figure V-3. Theoretical and achieved mixer noise temperatures as a function

of frequency.

V.4.0. JOSEPHSON DEVICES

Josephson junctions are highly nonlinear low-noise devices. The origin of the non-—

linearity can be seen from the two familiar Josephson equations for an ideal junction:

) = Icsinc]) (V-3)
and
ﬂ =1 2—e- - —1

where 2§-= 483 MHz/uV. Equations (V-3) and V-4) show that a very small vpltage across the
junction leads to a rapidly oscillating current through the device. This property can be
exploited for high-frequency generation,\mixing, detection, and parametric amplification.
Excluding parasitic effects, the inherent cutoff frequency of Josephson devices is a function

of the superconductors used and is given in Table V-2.
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TABLE V-2

PROPERTIES OF A FEW SUPERCONDUCTORS

v

Material Transition Energy Cutoff
. Temperature |, .. . Gap - Frequency. £ - -
. (X) (mV) (GHz)
Sn . 3.7 ) 1.15 440
Pb 7.2 2.4 910
Nb 9.2 2.8 1060
NbM 16 4.8 1800
Nb,Sn i8 5.4 2100
NbGe 21 6.4 2400

At frequencies above . the Josephson effects die out rather slowly (1/f). It may
therefore be possible to use Josephson devices at frequencies as high as 10 fc. For example,
harmonic mixing has been demonstrated at frequencies up to 4000 GHz (v 4 fc) using & Nb point

contact junction (McDbnald, et al., 1974).

V.4.1. Josephson Oscillator Sources

Equations (V-3) and (V-4) show that, if a constant voltage V is applied across a junc-
tion, the current will oscillate at a frequency 2eV/h. This suggests the use of a Jésephson
junction as a high-frequency generator. In practice, very low power and large Jinewidth make
it quite difficult to utilize this high-frequency oscillator. Counsider, for example, a
typical 1 Q Josephson junction de-biased to produce a 50 GHz output (v 100 uV). The maximum
power which can be coupled out of such a device is on the order of V2/8R.= 10‘_.9 W. Turther-
more, Johnson and shot noise in the junction lead to voltage fluctuations which broaden the
Llinewidth of the oscillation. At 4 K this broadening is on the order of 1 GHz for a L @
junction. Both the available power and coherence can be improved by coupling the junction to
a high-Q cavity. Output powers of 10"10 W with a linewidth of 4 MHz have been observed for
this configuration (Dayem and Grimes, 1966). Future heterodyne receivers using Josephson or
super-Schottky mixers with very low local oscillator requirements may be able to utilize a
Josephson source as the local oscillator. This-potential is greatest at very high fre—
quencies where conventional sources are rare. Such a2 receiver design has been proposed.
~(Silver, 1975) but not yet demonstrated.

Arrays of Josephson junctions in close proximity have been observed to oscil%g;: co—

herently (Palmer and Mercereau, 1975). Carefully designed arrays in a very high-(Q structure
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offer the promise of producing significant narrow band power. Work in this direction is
currently being pursued with electron beam lithography, and the Tresults are encouraging

(Sandell, et al., 1978).

V.4.2. Jogephson Mixers for Heterodvne Receivers

The most commonly used figure of merit for heterodyne receivers is their single sideband

System noise temperature
Togs = 14 [TI-I +T e/ “] : (v-5)

Li igs the input loss, TM is the mixer noise temperature, Ti £

the i.f. amplifier and n is the mixer conversion efficiency. TFor moderate conversion

is the noise temperature of

efficiency (n > 0.2), it is usually possible to reduce Ti.f. so that the system noise is
principally determined by TM. If the background noise TB < TM’ the rate at which information
can be received is inversely proportional to the system mnoise temperature. Thus it ig clearly
desirable to achieve the lowest possible ?M' X
The large cutoff frequency and low operating temperature of Josephson mixers make them
attractive as a front—end component for low noise mm—wave recelvers. Josephson mixers can
operate with an external local oscillator or in a mode where a single junction acts as both

local oscillator and mixer (internal 1O). Both of these cases will be considered.

V.4.2.1. dJosephson Miger with Internmal Local Oseillator

If a Josephson junctibn is biagsed at a voltage Vs and a signal frequency fS is apblied,
the junction will generate all of the frequencies nfO + mfs where fo =2 eVo/h. Thus, if the
bias is precisely set to V_ = (h/2e)/(fS + fi.f.)’ the juncgion will act as both mixer and
local oscillator, i.e., the signal to be detected at fS mixes with the self-oscillation fo
to produce an output at fi.f.' Thus, the local oscillator is tuned by adjusting the dc bias
and a separate local oscillator is not needed. At submillimeter and far-infrared wavelengths
the availability of an internal local oseillator easily tuned over 2 wide frequency range is
a considerable advantage.

The theoretically obtainable noise temperature for Josephson mixers with either an
external or internal local oscillator is roughly equivalent (see Fig. V-3). However, in
mixers utilizing the internal LO, the large linewidth of the self-oscillation requires that
the i.£f. be broadband and makes the mixer unsuitable for detecting narrow band (e.g., com—
munication) signals. Its use will probably be limited to applications needing only moderhte
frequency selectivity such as radio astronomy and infrared spectroscopy.

Reducing the 1.0 linewidth by resomant techniques is not practical because the junction
must also couple effectively at the signal frequency. However, since the Josephson'linawidth
Afo is proportiomal to the impedance at the junction squared (Af0 n RZ), 1t may be possible
to reduce the linewidth by commecting a low impedance shunt across. the junction. Such a
shunt will short out the low frequency f£luctuations which broaden fo but it must have suf-
ficient inductance sco as not to short out the i.f. frequency. Satisfying beth of these

conditions may prove to be difficult.
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The results which have been achieved with internal 1O Josephson mixers are shown in
Table V-3 and on Fig. (V-3). At the present time these results fall well short of the
theoretical predictions. This is probably because the broadband nature of the internal local
oscillator severely 1limits the usefulness of the device. As a consequence development efforts.
have been minimal.

V.4.2.2. Josephson Mimer with External Local Oseillator
If both a local oscillator (fLO) and a signal (fs) are applied to a Josephson junction,

all of the frequencies ff__ - mfs - nfO are generated (f0 is the Josephson frequency). The

frequencies for which n =L8 are not subject to the line-broadening characteristic of fo.
Thus, the addition of an external local osciliator solwves the line~broadening problem in-
herent to the Josephson internal LO mixer. )

The operation of the Josephson mixer with an external 10 is entirely different than that
of conventional mixers and can be understood with reference to Fig. V-4 as follows: The
application of local osciliator power (PLO) to the junction produces a series of constant
voltage steps in the I-V curve. These steps are separated in voltage by multiples of hfLOIZe
and their amplitude is a function of the applied power. When a signal at fS is applied, the

effect is roughly equivalent to an amplitude modulation of P

1o 2t the difference frequency

fi £.° For signal frequencies fs < fc {see Table V-2) the conversion efficiency can be greater
than one and becauge of the high order of the monlinearity, efficient harmonic mixing is
possible.
LY
I -
A
Y1 f
OQutput
- Constant Voltage
Steps
e -~ Bias Level
>V
Figure V-4. The I-V curve of a2 Josephson mixer with externally applied lecal

oscillator power. Application of signal power causes the curve to
vary between the solid and dashed lines at the difference fre-
quency (fi.f.)'
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TABLE V-3

MIXER PERFORMANCE

Type Frequency ©5SB Noise Conversion Operating References
Temp. Tm Loss Temperature
{GHz) 4:9) (dB) (&)
JJ
Internal LO 40 — 260 6000 Avakian, et al. (1975)
JJ
External LO 36 54 Gain of 1.3 4B 1.4 Taur, et. al. (1974)
95 93 20 Kanter (1974)
115 140 2.4 1.8 Taur and Kerr (1978)
130 180 5 4.2 Claassen & Richards (1978)
300 220 9.5 4.0 Edrich, et al. (1977)
450 500 11 4.2 Blaney, et al. (1978)
Super Schottky 9 6 7 1.1 Vernon, et al. (1977)
Cooled Schottky 15 186 6 18 Weinreb and Kerr (1973)
33 1%6 5.8 i5 Weinreb and Kexrr (1973)
100 300 5.8 77 Kerr (1575)
Uncooled Schottky 15 437 5.4 300 Weinreb and Kerr (1973)
85 420 4.6 300 . Kerr (1975)
115 500 5.5 300 Kerr (1975)
Vazactor Down 115 275 N9 Weinreb (1978)
Converter
Celu 30,000 5000 300 Teich (1969)
Photoconducktor :
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Considerable axper;mental and <theoretical effort has been devoted to the study of this
type of Josephson mixer (Claassen and Richards, 1978). At low frequencies, fS << fc (the
cutoff frequency), the theoretical value of Tm has been found to be approximately 40 T where
T is the effective junction temperature. This effective temperature may differ from the bath
temperature because of junction heating. The reasons for the excess noise are complex and
are related to the fact that the junction self-oscillation can convert low~frequency fluc=
tuations inte the gignal and i.£. bands. At fweguencies £ g_fo, the noise temperaturs
increases as f2. This behavior, assuming & typical Nb junction, is plotted in Fig. V-3.

Because of their low capacitance and mearly ideal non-hysteretic I-V curves, point
contact junctions have been used almost exclusively in Josephson mixing experiments. ¥Most of
these devices are adjusted during the experiment to achieve the desired I-V curve. Th¥s mode
of operation is clearly impractical for‘iny field~usable or satellite-based receiver. Some
very recent work with a permanently adjusted point contact has shown that it is possible to
fabricate mixer junctions which are moderately immune to vibration %nd can be thermally
eycled many times (Taur and Kerr, 1978). The mixer configuration used with this permanent-
point contact is shown in Fig, V-5. The contact is made between a Nb wire and foil attached
to metallized substrates which are glued to a third base substrate as shown in Fig. V-5(a).
Choke patterns on the substrates reflect a proper reactive impedance for optimum coupling to
the junction. The junction assembly is placed across a reduced height waveguide mount. This
particular device has achieved a single sideband mixer noise temperature of 140 K at 115 GHz.
This and other similar results with Josephson mixers are tabulated in Table V-3 and shown as
the square points on Fig. V-3. Generally, the experimental results are within a factor of
two of the predicted performance for Josephson mixers. In the frequency range 30 to 300 GHz
their performance is the best reported to date., Although noise temperature is perhaps the
most important figure of merit for a mm~wave mixer, other parameters which must be considered
are conversion loss, instantaneous bandwidth, saturation and LO power requirements. Conver-
sion loss for Josephson mixers is at least comparable to that for conventional mixers and in
at least one case (Taur, et al., 1974), conversion gain has been reported. LO power require-
ments are exceedingly low (v 10-9 W). However, since mixers begin to saturate when the
signal power is comparable to L0 power, Josephson mixers have a low saturation lewel. This
also implies a relatively small dynamic range. The instantaneous bandwidth of Josephson
m?xers is in principal very large. However, if the mixer is exposed te a warm background, it
is often necessary to restrict the dnput bandwidth to avoid saturation from the background.
The use of resonant circuits to improve the signal coupling will alsc restriet the bandwidth.

As in the case of Josephson sources, the fabrication of arrays of thin-film junctions
" offers improved performance. Although the noise temperatures cannot, in prineipal, be
lowered with arrays, improvements in impedance matching, bandwidth and saturation level

should be possible.

.
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Pigure V-5. Configuration for a permanently adjusted, cyclable Josephson

mixer (after Taur and Kerr, 1978).
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V.5.0. NON-SUPERCONDUCTING MIXERS

Because of thelr rellablility and ease of operatlon, Schottky diodes are uged almost
exclusively in current microwave and millimeter wave receivers. The performance of both
cooled and uncooled Schottky mixers is shown in Fig. V-3 and is clearly not as good as the
Josephson devices. However, the results for Schottky mixers represent measurements for
operational receivers while the Josephson data are mostly laboratory meaSurements.'

The recent development of high-frequency (19 - 25 GHz) very low-noise (6 K) maser ampli-
fiers at the Jet Propulsicn Laboratory (JPL) has made practical the use of a Schottky varac-
tor as a frequency down converter (mixer). Although varactors can have a very low noise

temperature, their conversion loss is about fslf For typiecal i.f. frequencies, ‘this

i.f.”
conversion loss is unacceptable. However, when used with the JPL maser as an i.f. amplifier,
varactor down converters have achieved a system noise temperature comparable to the Josephson
devices (Weinreb, 1978). Furthermore, their theoretically obtainable performance exceeds

that of the Josephson mixers {see Fig. V-3).
V.6.0. JOSEPHSON PARAMETRIC AMPLIFIERS

A Josephson junction can be operated at zero bias so that it behaves as a noglinear
by
inductor for currents less than the critical current. The nature of the nonlinear inductance

S

can be seen by rewrlting the Josephson equations as follows:

d
vV = I [LJ(I)I]

(v-6)

An ideal Josephson junction is thus a nonlinear inductor with a characteristic inductance LJ
at zero bilas. Josephson parametric amplifiers based on this mode of operation have recelved
the most thoroﬁgh experimental and theoretical study and have become known as SUPARAMPS
(Supercondﬁcting Unbiased PARametric AMPlifier).

These amplifiers have the advantagqs of simple construction, very low pump power re—
quirements and wide instantaneous bandwidth. Wide bandwidth relative to comventional paramps
is possible because the self-coupling reactance in the SUPARAMP is small and there is no need
to resonate it out (Feldman, Parrish and Chiao, 1975). The principal disadvantage of the
SUPARAMP is its low output saturation level. '

Figure V-6 shows the configuration for a typical reflection type SUPARAMP. Operating as ¢
a three—photon device, one pump photon decays into a signal photon and an idler photon giving
fp = fs + fi' A moxe success?ul mode of operation uses two pump photons to produce one
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Figure V-6. {(a) Microwave configuration for a reflection-type SUPARAMP and
(b) the detail of the microstrip circuitry (after Feldman,
et al,, 1975). '
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signal photon and one idler photon, 2£P = fs + £ The success of this four photon doubly

degenerate device depends on the faet that the uiﬁiased Josephson junction fs symmetric to a
physical inversion. The high degree of nonlinearity of the Josephson junction normally
creates a large number. of active idler frequencies which dissipate the signal power. High
gain requires that these parasitic frequencies be suppressed. The uniqdé symmetry of the
four—-photon device causes parasitic currents at frequencies £fp + mfp to vanish when 2 + m
is an even integer. -The stripline stub at X/12 is used to short 'out currents for £ + m =3
so that the lowest frequencies at which loss occurs are on the order of 5 fp. For reasons
which will become clear shortly, Fig. V-6b dindicates a series array of Josephson elements
rather than a single device. The theory of the SUPARAMP is well developed and predicts that
depletion of pump photons by the amplification process leads to saturation at an imput
temperature .

r -5/

T =14 Wy b orzr

sat GHz

where N is the number of series—connected junctiomns, ez

peak gain and F is a function of the coupling. For typical values N=1, v

is the frequency in GHz, Pp is the
CHz 33, PP = 100
(20 dB gain) and F = 1, the saturation temperature is Tsat = (.14 K. Achieving a practical
saturation temperature therefore requires a large number of series—comnected junctions.

Since Josephson junctions typically have a resistance on the order of 1 ©, the use of a
series array also simplifies the impedance matching problem.

Saturation in the SUPARAMP is most appropriately characterized by a maximum output
brightness temperature (Feldman, 1977). This output temperature cannot be exceeded regard-.
less of the input temperature. Although this saturation is a severe limitation at present it
‘may be less of a problem in space applications where background temperatures are ysually low.
The development of SUPARAMPS with larger ICR proﬁucts and perhaps the use of rectangular _
arrays should substantially increase the achieved saturation levels. A summary of recently
reported results with Josephson paramps is given in Table V-4. The last three entries show
state-of-the—art results for conventional paramps and masers. It is fairly clear that at the

present time the SUPARAMP does not offer any significant advantage over more conventional

devices.
V.7.0. SUMMARY AND CONCLUSIONS

It ig probably fair to state that, in general, superconducting microwave and infraved
detectors demonstrate no overwhelming advantages over convemtional devices. In particular
instances the pexformance of the suberconducting detector represents the state-of-the-art,
but never by.a wide margin. For superconducting detectors, the magnitude of development
efforts has been only modest, at best, and that situation will likely prevail for the near
future. )

The space applications of these detectors would probably center on radio and infrared
agtronomy and on communications, areas where the best possible noise performance is desired.

Low noise performance almost certainly requires liquid helium temperatures for amy type of
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TABLE V-4

PARAMETRIC AMPLIFIER PERFORMANCE

- SUPARAMP — 30 tumnel junctions in series (Wahlsten, et. al., 1977)
10 GHz operating frequency ’
12 MHz bandwidth
24 dB gain
10~8 W pump
1.7 x 106 K maximsm output brightnéss temperature
SUﬁABAMP — 80 or 160 series miecrobridges (Chiaoc and Parrish, 1976)
33 GHz operating frequency
3.4 GHz bandwidth
15 dB gain .
20 £ 10 K SUPARAMP DSB noise temperature
220 X DSB system noise -temperature

SUPARAMP — Single point contact (Taur and Richards, 1977)
’ 36 QHz operating frequency

50 MHz bandwidth

11 4B gain

50 K noise temperature

Cooled (18 K) varactor paramp (Edrieh, 1977)
47 GHz operating frequency
300 MHz bandwidth
22 dB gain
100 K system noise temperature

50 K noise contribution from paramp

Uncooled varactor paramp (Okean, DeGruyl and NWg, 1976)
15 GlHz operating frequency
500 MHz bandwidth
25 mi{ pump power

75 K system noise temperature

JPL maser amplifier
' 19 - 25 GHz
50 - 230 MHz bandwidth

6 £ 2 K system noise temperature
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detector, and Indeed, the planned IRAS program suppoxts this contention. Thus, the environ-
ment for superconductivity will usually exist for any low nolse missions, and superconduéting
detéctors will be able to compete on an almost equal footing witﬁ thedir noh—superconducting
counterparts.

Begides the need for further improvements of performance, there is a need for develop-
ment. of more stable.and long=lived .devices.. Point..contacts.may never be-.adequate for space
flight, and even the present thin-film devices suffer failures. This situation may improve
as the lithographic thin-film technology, generated by &igital electronic development (see
Chapter 1V), becomes more widespread. Particular importance should be attached to the appli-—
cation of electron—beam lithography to the fabrication of high-frequency detectors. Photo-
lithography, while useful in some cases, will probably not provide the very small dimensions
required for high frequency work. While thin—film devices should, in principle, work as well
ag the polnt coﬁtacts, developmental effort will be required to demonstrate this.

There are several conclusions to be drawn from a study of Fig. V-3. TFirst, the super-
Schottky dicde warramnts further development. The big‘questions involve the suppression of
parasitic losses and extension of work to higher frequencies. The Josephson mixer is clearly
ahead of the conventional Schottky diodes_and the varactor down converter, but the predictions
for an improved varactor down converter are‘better than the theoretical Josephson limit. The
questions here are clearly unsettled, and more work should be dome on both devices.

The SUPARAMP, while not up to the performance levels of some non—super;onducting devices,
has certain attractive features. Prime among these are the wide bandwidth, low pump power
requirement and very simple construction. Even with the very modest effort on development of
the SUPARAME, performance is quite respectable {see Table V-4) and further improvements are
expected. The low pump power required'of this device may be a key advantage for extended
space missions where heat load in the cryogenic enviromment is of vital concern. This
advantage also holds for the Josephson mixer. ‘

Apparently, the key gquestion in further bolometer development centers around the re-
duction of heat capacity. The selection of thermometer, superconducting or not, is primarily
a question of convenience and simpliecity. The superconducting transition-edge thermometer
: fairs well in this respect. -

To summarize then, superconducting detectors, while offering significant advantages
(both real and potential), do not appear to be a panacea for all high-frequency instruments.
However, the full story is mot yet told. A& lot depends on how closely the superconducting
and non-superconducting devices approach theoretical performance levels. Presently there
appears to be no really strong incentive for large increases in developmental funding levels.
The major questions should be settled during the next decade at present spending levels.
However, should some of the superconducting devices (particularly the junction devices) gain
clear advantage, then it would seem essential to stimulate work directed toward thin-film
(lithog;aphic) realizations of the devices, in order to saﬁﬁsfy the stability requirements

demanded by space £light.
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¥I.1.0. INTRODUCTION

0f all the known forces of nature, “gravity might be called: the first-born, but the least
well understood. It has been sald that if we knew as much about electricity as we now kaow
about gravity we wouldn't yet have the electric light bulb- The reason for ocur relative lack
of knowledge is that gravitational forces are so very much smaller than the others. Isaac
Newton developed his theory of gravity based upon earlier observations of planetary motion.
This theory held up remarkably well until the early 1900's when Einstein developed. his theory
of general relativity, largely on philosophical ground§. This theory was verified to a
certain extent within just a few years in three ﬁays, and thereafter because it was con~
sidered such a profoundly beautiful theory, it was not much questioned until about the early
1960's. It was at about this time that it became clear that space technology would allow
more tests of general relativity than people had ever imagined before. This realization
provided a great stimulus for cexitical thinking about Einstein's theory and for the invention
of many new theories of grévity. .

An example of an alternate theory is Dirac's "large-number hypothesis," which is itself
philosophically grounded. This theory has among its consequences that the gravitational

}constant G in fact should decrease with time. Now in general relativity G is a constant;’
therefore if a test were to show that G is decreasing, this would have profound implications,
bearing on the age of the universe and its evolution. 8o, in the scientific community, it is
now considered to be very important to make very good tests of the theory of general rela-
tivity to see whether in fact it is correct. Some tests have already been carried out to
rather great precision, and others are im progress or in the proposal stage. Those for which
superconductivity is making or cam make a contribution are discussed in the following sec-
tions. To repeat, it i; the advent of space technology that has made possible these new
tests of gravitation theories, and it is clear that the new results will come in the main
from space exploration and instrumentation.

The superceonducting cévity stabilized oscillator is a key instruﬁent for the test of
gravitational theories. The importance of this device is such as to warrant separate cover—
age in the following chapter. However, for cohesiveness, khe discussion of tests of gravi-
tational theories (Section VI.3.0. in this chaptex) will cover such applicatioms. Cross
referencing will be used to tie these two chapters.together.

The measurement of the time-variation of the local gravitational field at the surface of
a planet is also of considerable interest. Such measurements provide useful information
about the planet interior as well as the planet's interactions with other objects in'space
(moons, planets, ete.). Superconductivity already plays a useful role for such measurements
on earth (especially for long-term variations) and deployment of such instrumentation on the
moon or other planets would provide interesting information.

Because of their relation to gravity, inertial guidance and gyéoscope guidance are dis-—
cussed Iin this chapter. While serious propesals for the application of superconductivity to

such guidance have not yet been made, the needs for improved autonomous navigation in the
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VI.2.0. INSTRUMENTATION

VI.2.1.  Accelerometers

Stricecly speaking, an accelerometer measures accelerations. However at the present time
the term accelerometer is also used for those instruments which are capable of detecting very
small displacements, such as the displacements of the ends of the large cylindrical antennas
used in the detection of gravitatidnal tadiation (see S@ction VI.3.1.).

Accelaration measurements per se are made by sensing the force necessary to keep a proof
mass in place with respect to the accelerating frame, using Newtou's second law to calculate
the acceleration frem the known mass and the measured force. The force is often a spring or
a string under tension or some manifestation of electromagnetic or electrostatirc forces. The
conventional foree rebalance accelerometers are electo-mechanical devices, and are typically
designed for a given range of acceleration. We shall not further describe these conventional
accelerometers except to point out the existence of a recently-developed low-g accelerometer
which has the acronvm MESA. This accelerometer was specifically developed for.sensing small
accelerations on space craft and will be tested and calibrated in Space Lab II. The measure-
ment of acceleration in the MESA is accomplished by sensing the motion of the proof mass,
which is a berylium cylinder, with respect to the instrument case., Electrostatic forces are
generated to oppose the motion of the cylinder in a direction to restore it to its null or
zero input position.

It seems clear that a superconductive analog of MESA could be designed and used profit-
ably in special situations. Any vehicle with cryogenics on board might well use supercomn-—
ductive rather than electrostatic positioning and sensing. For example, the proof mass might
be a hollow superconducting sphere. Superconducting ceils might be used for generating the
magneiic force for positioning the sphere, and a SQUID magnetometer might be used for sensing
the position of this sphere. As noted below, the projected performance of a SQUID for such
position sensing is expected to be excellent.

Many types of superconducting accelerometers, used as displacement sensors, have been
proposed. Basically, they are all the same. That is, they use a pendulum which swings
within some type of electrical system, thereby changing the properties of that electrical
system, and that change.is detected. There are both resonant and non-resonant types of
accelerometers.

Perhaps the best-known superconducting accelerometer (at the moment) is the one devel-
oped at Stanford University (Paik, 1976) specifically for the purpose of detecting gravita-
tional waves in conjunction with large eylindrical antennas. This instrument has been under
development for several years. At 3 mK, which is the temperature at which the entire system
is hoped eventually to operate, this accelerometer is projected to detect (ideally) a motion
between the ends of the cylinder of 3 x 10-20 m in a 1 Hz bandwidth. A superconducting
niobium diaphram oscillates between two coils which are themselves made of superconducting
material and carry a persistent current. The oscillating diaphram modulates tﬁe inductance
of these coils, thereby changing the current. This current change in turn is detected by a
SQUID magnetometer. This particular acceleromete; is designed to resonate at the, resonance

frequency of the cylinder, about 1 kHz.
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Another type of accelerometer which has been proposed has been called a £lux gradient
accelerometer (Hoffman, Douglass, Gram and Tam, 1976). It consists of a pair of cylindrical
magnets in an opposing field configuration mounted rigidly to the end of the cylinder and
hence vibrating with the cylinder. - A pendulum with coils mounted on it hangs between the two
magnets. ‘The magnetic flux through the coils changes as the pendulum moves relative to the
magnets, and this induces a voltage. A SQUID can be used to measure the flux change if the
coils are superconducting. The projected sensitivity 1s 9 x :I.O_:20 m for a 1 Hz bandwidth.

A preliminary version has been built but the device is not nearly as well developed as the
tunable diaphram device mentioned previously. .

Bnother accelerometer has heen proposed in which a superconducting mass is supported by
a superconducting magnetic field which is rigad with the case. An acceleration causes an
inductance change which is detected, for example, by a SQUID. A variation of this, which
will offer a more rapad response time, consists of tunang the support carcuit for the super-—
conducting mass at a high resonsance frequency, for example, 30 MHz. The voltage across the
tuned circuit is measured and fed back to hold the mass at a constant position, The accelera-
tion is proportional to the feedback current. This proposal might offer sensitivity to
motions of 10 7 m at 1000 Hz.

Yet another idea for a superconducting accelerometer is based upon the use of super-
conducting re—entrané cavities. In this design (no publications yet), which has been con-
structed in a preliminary version, the cavity is mounted rigidly to the end of the bar whose
motion is to be detected. The superconducting cavity is driven at its resonance by an
oscillator (about 600 MHz). To the rear end of the cavity is mounted a small mass in the
shape of a c¢ylinder. The mechanical rxesonant frequency of the rear wall with its mass is
about 10 Hz, much smaller than the approximate 1000 Hz resonant freguency of the large
antenna cylinder, When the antenna vibrates, the relative motion between it and the small
cylinder within the cavity changes the resonant frequency of the cavaty, which change is
detected by conventional techniques. However, this idea has been found to be inadeguate
because of the instabilities in the osecillatoxr. These instabalities change the resconance )
curve so that the motional effect is obscured. An improvement on this concept is to use a
second identlcal re-entrant cavity back-to-back with the first, fed by the same oscillator.
If the signals from the two cavities are subtracted, the oscillator instabilites are elimi-
nated to first order, but it 1s found that they are not eliminated entirely. Unambiguous
gravitatiional wave detection with this system i1s still not possible. One needs a still
better oscillator and the developers of this type of accelerometer say that this idea will
not be successful until an oscillator with the capabilities of the superconducting cavaty
stabilized osclllator (Capter VII) has been developed.

A variant of this adea 1s to replace the two cylinders which are mounted back-to-back
at the rears of the two re-entrant cavities, by a single cylinder which is levitated mag=-
netically, This cylinder will'be hollow with a hole in the sade. Through the hole is fed a
wire making a loop in the interror of the cylinder, levatating it. This cvlinder passes
through openings in the ends of the two superconducting cavities and is thus, foxr all prac-
tical purposes, freely suspended, and should offer greater sensitivity. But as in the pre-

ceding case, a more stable oscillator is needed for successful operation.
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Finally, we shall mention a non-rescnant accelerometer which has been called a single-
axis superconducting accelerometer {(Fairbank, et al., 1974). In this design a straight
superconducting wire caryxying a current passes through a horizontal niobium spool, levitating
it. The accelerometer case is attached to the end of the antenna and moves with it. The
spool remains fixed in space. A superconducting inductance is mounted on the case and its
inductance is modulated because of the relative motion of the case and the spool. The in-
ductance can be made part of a refonant circuit so that the resonant frequency changes with
the motion of the bar. A prototype model has been bq}lt with a Q of greater than 104 for
the varied inductance, enabling measurements of deflections of the order of :LO_17 m at 2 K.
This 1s one of the older proposals. We have not heard of any recent extension of 1t and
believe development on it has stopped.

For comparison with the above displacement sensitivities, the strain gauges used by
Weber in the initial gravitational wave detection experiments could detect displacements of

the oxdex of_lO—16 m.

VI.2.2. Gravimeters

A gravimeter is an instrument in which the gravitational force acting on a mass is
balanced by an elastic restoring force. Gravimeters may be ¢alled seismometers, but by
convention the term 1is reserved for the measurement of pericds greater than about 100 s. All
the gravimeters using a mechanical spring for the elastic restoring force tend to creep under
stress. This creep normally gives rise to irregular drafts. The best mechanical room tem-—
perature gravimeters are the 1a Coste gravimeters. These have drifts of about 10_8 g per
day, which makes them unsatisfactory for measurements of phenomena whose variation 15 less
than this. The fortnightly earth tides provide one example for which the La Coste gravim-
eters are inadeguate. These motions are now being measured routinely by superconducting
gravimetexs.

In the late 1960's a superconducting gravimeter was developed by two groups using essen-
t1ally the same design (Goodkind aﬂd Warburton, 1975 and Tuman, 1974)}. In this instrument a
hellow nibbium sphere which acts as a perfect diamagnetic body 1s supported by\the extremely
stable magnetic fields and gradients produced by the persistent currents in a set of super-
conducting coils. As long as the magnetic field is smaller than the critical field.of the
superconducting elements of the instrument, the magnetic restoring forces do not give rise to
magnetic creep of measurable magnitude. The instruments are believed to be entirely free of
magnetic creep because of the cylindrically symmetric construction which is all of aluminum
and maintained at laguid helium temperature. In the superconducting gravimeters the signal
drift 1s less than 10_9 g pe£ day; better than 10Hll g per day 2s theoretically possible but
not yet achieved.

A number of superconducting gravimeters are now being deployed throughout the U.S. in an
earth-tide measurement program. These gravimeters use capacitave sensing of the position of
the superconducting sphexe. Other similar gravimeters, however use a mofg sensitive SQUID
readout system. '

The superconducting gravimeters developed to date are also more sensitive than the best
La Coste mechanical gravimeters at frequencies lower than a few cycles per hour. At two
cycles per month, for example, a superconducting gravimeter is 100 - 1000 times more

sensitive.
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In addition to the earth-tide measurement program, the superconducting gravimeters have
been used to search for gravitational effects not céntained in general relativity, speci-
fically, evidence for a preferred reference frame and a possible varilation of the gravita-
tional constant. TUpper limits were placed on the possible values of these effects. Alseo, as
we will mention in Section VI.3.0., a superconducting gravimeter has been used in an effort
to detect the influence of gravitational radiation on the earth's vibrational behavior.
Another area of potential use lies in earthquake prediction. The so-called dilatancy theory
predicts surface rises as high as 1 m per month in some cases (Goodkind and Warburtom, 1975),
which would correspond to a change in g of about 3 x 11_0'-7 g per month. Because of the great
stability of the superconducting instrument it is apparent that it could be very useful here.

A La Coste gravimeter was placed on the moon in the Apello 17 expedition. The primary
purpose of that experiment was an attempt to detect gravitational radiation by looking at the
moon's vibrations. However, the gravimeter did not function properly. The La Coste gravim-
eters are very sophisticated and complicated mechanical devices having springs, levers, and
hinges. Since a superconducting gravimeter is an inherently simpler instfument, it might be
appropriate to consider its use in future studies of the moon and planets.

Further development of superconducting gravimeter design is proceeding very slowly at
present, if at all. At the moment, the groups are primarily interested in using their pre-
sent instruments to make physical measurements. However, it is apparent'that renewed devel—
opment effort could be worthwhile since the sensitivities of the present instruments are some

two orders of magnitude less than their theoretical sensitivities.

VI.2.3. Superconducting Bearings

There are very many applications in space where frictionless rotational or translatory
motion of a shaft or cylinder would be useful. Examples include the chopping wheels used
with infrared devices, servo-controlled tipping plates, rotating knife-~edge detectors, the
proposed equivalence principle concentric cylinder experiment (in space), and even an ex-—
periment on a rotating bucket of liquid helium. A particularly intriguing idea would be the
use of bearings for a dilution refrigerator in space. Earth-based dilution refrigerators
require gravity to effect the phase separation used for operation of the refrigeration
cycle. A rotating cryogenic' chamber woﬁld allow the phase separation in space Lo be effected
centrifugally. ’

Efforts have recently begun on developing superconducting bearings of real techmological
utility, having small machining tolerances and high reliability. Of course several devices
described in this report use superconducting levitation and accurate position semsing, for
example the accelerometers and the gravimeters. But a systematic study of the engineering
requirements for bearing performance specifically has not been made until recently. Many
experiments (already proposed) could probably be improved and other experiments might become
possible with the availability of a properly engineered superconducting bearing. Conven-—
tional bearings encounter severe trouble at cryogenic temperatures because of lubricant

problems and heat dissipation.
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Most of the work on superconducting bearings to date has been on the translatory mode
of the bearing, and this by a single group (Worden and Everitt, 1974), so far as we know.
The work has been done in connection with an equivalence principle experiment in sgpace,
which will be discussed in Sectaon VI.3.2. In the apparatus now under development, the
levitating magnetic field for the shaft or cylinder is prévided by a series of wires wound
back and forth in a cylindrical cradle. This reverses the current direction in adjacent
wifes so that the net magnetic field at large distances 1s zero, which is important for
reducang the influence of the field in other parts of the space vehicle. The coils must be
wound to very high tolerance to operate properly, since very large variations in the normal
force can result from very small deformations in the support coil. Since the force 1is
repulsivé and decreases with the distance of the cvlinder from each point in the surface of
the cradle, the bearing is automatically self-centering and dynamically stable.

It 1s important not to confuse the type of levitation for these superconducting bear-
iﬁés with that used in superconducting generators (see Section II.4.4.) or the supercon-
ducting train. The train carries high-field superconducting magnets and runs over an alumi-
num track. At high speed the repulsive force between moving magnets and eddy currxents in
the track causes levatation; thus that bearing is inherently dissipative. The superconduct-
ing generators are being developed at MIT and several industrial companies. They substitute
a rotating superconducting maghet for the armature winding of the conventional generator.
Although such generators could use superconducting bearings, there has been dittle incentive
for this, since a trangition to rxoom temperature has to he made at some point to couple the
generator to the power source.

Superconducting bearings is an area of great potential "leverage" and has not received
significant funding to date. A few years of development would probably result in bearing
specifications of wade utility an space, The development to date has shown no insuperable
problems, but clearly there 1s a long way to go before superconducting bearing design be-—
comes standard. Included amcng the reseaxch still needed are: investigation of materials
and construction technigues (magnetic contaminants have degraded performance): fabrication
of bearings with lower eddy cFrrent dissaipation and better manufacturing tolerances; and
analysis of different possible configurations, such as thrust bearings, linear bearings,

load bearings, and bearings with stiff and loose support.

vi.2.4. Superconducting GyYroscope

Work on the superconducting gyroscope has been supported almost entirely by NASA. The
work began in about 1963, and has resulted in many conference reports and very many publi-
cations. Since the work has been so thoroughly described (Everitt, 1974; Lipa, FPairxbank
and Evefitt, 1974) we shall not give many details here but simply make a few comments for
the sake of completeness. :

This device is without question the most sophisticated of the devices -described in this
report, and its design seems to be nearing completion. BAmong the advances needed in the
state of the art of gyroscope technclogy were the following: A gyroscope with a draft lower
by a factor of at least 106 than the best conventional gyroscopes was essential. A tele-

scope to provide a directional reference to a staxr to 10_3 arc seconds without drift for a
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vear was needed. A means to sense the pointing of the spin axis of the gyroscope to the
same level of accuracy was needed (this has been accomplished by means of superconducting
loops and detectors). Magnetic shielding to remove extraneous magnetic flelds essentially
to the zeroth mapnetric gquantum state was required. A servo system for drag compensation of
the satellite to maintain the net acceleration field acting on the gyros below about 10~9 g
was required (this has been accomplished through the dévelopment of the drag~free satellite,
which has been shown to be good enough for this particular experiment). Also, a dewar for a
full year's operation at liquid helium temperature was required (this should be demonstrated
in the IRAS program).

Briefly, the superconducting gyroscope congists of the following elements: A 4-cin
diameter quartz sphere is given a superconducting niobium coating. This sphere is electro-
statically supported by an active 3-axis servo system. Changes in the spin axis direction
are detected and read cut by a SQUID and superconducting loops, which link the lines of
magnetic flux that result from the so—calléd Londoen moment of the spinning sphere. The
Marshall Space Flight Center and Stanford University are designing alternative readout
systems (Hendricks, 1975). Marshall is designing the SQUID readout system directly into the
gyroscope housing, whereas Stanford uses a superconducting loop in the housing with a SQUID
external to it. The largest remaining problem seems to be that of spin—up. At the earth's \
suxface large electrostatic forces must be used to counteract the effects of gravipy, and
this makes the testing of the spin-up of the gyroscope a very difficult one. It is possible
that some of this testing will be carried out on a space shuttle. TFinally, theoretical work
has been recently published on the torques on the sphere rotating in a magnetic field, and on

the trapped—flux spin-down tordques, and these have been found to be negligible.

VI.2.5. Inertial Guidance and Navigation Systems

Gyro-stabilized p%atforms are the heart of the -usual dnertial guidance and navigation
systems. The accuracy of such systems depends ultimately on the accuracy with which the axes
of the platforms can be maintained fixed in inertial space. Requirements at the extremes of
operation are: (1) drift-free operation over long periods of time, for example, on the
submarines in Navy usage, or on deep space satellites in the space prograﬁ; and (2) accurate
performance for brief periods of time in an envirooment of severe accelerations and vibra-
tions, as in missile or rocket systems. The drift of the present navigational gyros is now
of the order of 1 arc sec per hour(Section VI.5.0), Compare this drift with the drift of the
superconducting gyroscope under development, which is designed for less than 0.05 arc sec per
year. This comparison should be made with caution. The superconducting gryoscope will have
the advantage of operation in zero gravity. A significant portion of its advantages would
surely be lost if it were to be operated in the earth's gravitational field.

Twenty years ago, a proposal was indeed made to build a navigation system based upon a
superconﬁucting spinning ,sphere suspended in stable equilibrium by magnetic fields. Obvi-.
ously this design is qui&e similar to those that have been discussed elsevhere in ﬁhis
report, for example, the gravimeters which are now very successful instruments. Lt is
aspparent that the superconducting gyroscope already bagically developed for the general

relativity program (Section VI.Z2.4.) could also be used as a navigational gyro.
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Another type of inertial reference system based upon superconductivity was proposed
abput a dozen years ago in a patent (Clauser, 1965). In this design & microwave field is
iyjected into a spherieal superconducting caqity. Clauser argues that: this-field will main-
tain its orientation din space as the sﬁhere rotatés. A detector placed above an iris which
is initially coincident with one of the node lines of the microwave field inside the cavity
would then give a2 non-null reading when the sphere rotates. The angle necessary to bring
back--the null measures the—deviation-ﬁrom‘ihe-oniginal courge.- -A..system-of tuwo- or three such-- -
spheres, gives complete directional information. A very high-Q cavity may be needed so that
the field will not dissipate during the time of the necessary guidance. Asgide from practical
problems, we are not totally convinced that the principle is valid. The idea, which we men-
tion for completeness, apparently has not been followed up, for we have not found amything

further in the Iiterature on it, but it might be worthy of further amalysis.
VI.3,0. TESTS OF GRAVITATIONAL THEORIES

VI;3-1. Detection of Gravitational Radiaéion

Most theories of gravitation predict that gravitational waves should exist. These waves
have not yet been unambiguously detected, but hold a great deal of popular interest. Work
first seriously started in this awea in about 1960 and in the 1ate 1960's the first reports
of the possible detection of gravitational radlation were publlshed by Joseph Weber at the
University of Maryland. He uséd a large aluminum cylinder (now called a Weber antemna) to
§bsorb the gravitational radiation, and piezoelectric strain transducers to detect the re-
sulting dinternal oscillations of the cylinder. Because signals were observed fregquently,
Weber instrumented two such antennas separated by about 1000 km, and searched for coincident
signals. He reported an excess of coincident signals over chance, and ruled out other .
sources of excitatiom such as cosmic rays, seismie disturbances, or electromagnetic dis—
turbances. Weber's techniques and results touched off a world-wide effort to repeat his
experiments with various modificatiomns.

However, none of the other groups have yet reported seeing encugh coincidences tc make
them think they have seen gravitat%onal radiation., The physics community today generally
believes that what Weber saw was not gravitational radiation., There are two main reasons for
this. One can calculate the intensity of a gravitational wave which would have excited the
Weber antennas above the noise level. This intensity is several orders of magnltude higher
than that which is reasonably expected from various sources of gravitational radlatlon, for
example, the collapse of a star. The other reason, of course, is the fact that no one else
has seen excess coincident signals, using suppogedly more sensitive instruments. Neverthe—
less, the physics community almost unanimously believes that gravitatiénal radiation has to
be there, and many groups are proceeding with great vigor in constructing yet more sensitive
Weber—type antennas. .

The most important of the ideas today is that of lowering the temperature of the an-
tenna to much less than 1 K; one group has announced a'desigﬁ goal of 3 mK. We will discuss
this particular antenna in more detail because it is the one which uses syperconductivity in

several ways. Specifically, it uses a superconducting coating of niobium-titanium on the
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surface of the aluminum cylinder in order that the cylinder can be levitated by supercon-
ducting magnets. This has been successfully accomplished. A superconducting accelerometer
has also been built (see Section 51.2.1.), of such a sensitivity that the comblnation of this
neiz accelerometer, with the excellent vibration isolation provided by the magnetic levitation
and the reduction of thermal noise (proposed 3 mK temperatﬁre) suggests that this particular
antenna will ideally be some six orders of magnitude more sensitive than the original Weber
antenna. The sensitivity to relative motion of the two ends of the cylinder in an dideal case
would be about 10-20 m. This system has not yet been put into operation although various
parts of it have been tested. The cylinder has been brought to about‘é K and the supercon-
ducting accelerometer has measured the 4 K thermal noise. The apparatus is surrounded with
superconducting shielding to eliminate extraneous magnetic fields.

Although not all groups are opting for magnetic levitation, there are two principle
advantages to the magnetic support. For ome thing, the support force is almost uniform
across the length of the cylinder, so that there is no mode selection. In the mechanically
supporteé versions there necessarily have to be modes at.the support points. Secondly,

. magnetic sﬁpport provides probably the highest degree of isolation from vibrations which are
inherent in the earth. A third advantage is that a magnetically suspended cylinder is
relatively immune to heat leaks, an important consideration for a cooled cylinder.

Other designs and techniques for detecting gravitational radiation have also been
proposed. TFor example, a hollow square gr;vitational wave antenna has been ‘praposed.
Aluminum disk antennas have been built. Detection of the induced beat frequency between itwo
crossed rotating dumbells has been proposed. It has also been pointed cut that so far as the
c¢ylindrical antennas are concerned, one does not really have to have a very massive cylinder
because a higher Q value (smaller damping) than is possible withlaluminum can be achieved by
using a single crystal dielectric. With a higher Q wvalue one can get away with smaller mass.
Séfphire, for example, has been proposed for such an antenna. Lasef interferometry is yet
another technique. Here the displacement between two mirrors is measured by means of a shift
of fringes and a sensifivity of 10_15 m has been achieved. This can certainly be improved..
The laser interferometer is a non-resonant antenna, that is, broad-band, and should be capa-
ble of detecting frequencies up to more than 20 KHz. (The cylinder antennas are usually
designed to detect best at frequencies near 1 kHz.)

Ranging between "free" masses is yet another method which has been proposed for the
detection of gravitational radiation. The principal advantage of such a system is the long
baseline which is made possible by the use of electromagnetic ranging between the masses., In
fact, baselines comparable to the gravitational wavelength can be contemplated, and this ean
be many thousands of kilometers. Theory says that the antenna strain sensitivity should be
proportional to the.length of the baseline and this is why the method is attracti%e. This is
also a broad;band detection method and may be'applicable to long-period gravitational waves;

for example, from one second to days or more. One of the masses could be a satellite and the

»

other the earth. In this case, one would simply have a transponder aboard the satellite and
use Doppler ranging to the satellite from the earth. In other suggestions, one might have

“two drag-free satellites with laser ranging between them. In the former method -~ tracking a

1
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single space craft from the earth — the dominant noise currently is oscillator instability.
That is, the freqﬁency stability of the oscillator over the ranging delay time, which can be
more than ten minutes for intgrplanetary distances, is the important factor. Calculations
show that a frequency stability to ome part in 1017 would be necessary for a successful
experiment. However, mo oscillators of such stability exist at the present time. Both the
hydrogen maser clock and superconducting cavity oscillators now have frequeney stabilities
‘better than 1 part in 1015, and dévelopmént is continuing. ~ The present stability ‘of a
superconducting cavity oscillator (see Chapter VII) is still well below its theoretically
projected limit.

We now turn to a different technique for gravitational wave detection. It can be shown
theoretically that a gravitational wave sweeping over the earth, the moon or any other
spherical body will excite certain modes of oscillation. However, selsmic noise, always
present on the earth, may forever prohibit detection of gravitational wave excitation of the
earth; a vertical seismometer experiment was only able to establish an upper limit on the
radiation intensity. The moon is.comsiderably less noisy. The Apollo 17 crew placed a
mechanical gravimeter on the moon, but unfortunately it did not work properly, and no de-
finitive conclusions about gravitational wave detection could be made. Empiacement of a
superconducting gravimeter (see Section VI.2.2.) is an attractive alternative.

It is true that certain even oscillatory modes of spherical masses Wiil be able to
absorb energy from the incident gravitational wave whereas the adjacent odd modes will not
absorb energy. One group (Tuman, 1974), using a superconducting gravimeter, has observed
that the earth oscillations do in faet exhibit an asymmetry between the odd and the even
modes when they have been exéited: the even modes have higher energy content. Earthquake
mechanisms are thought to execite both types of modes rather symmétrically. Of course, there
can be mechanisms, perhaps deepseated earthquakes, which would give rise to the asymmetry.
Nevertheless, it is intriguing to suppose that gravitational radiation is being absorbed.
The investigators have been able to estimate the absorption cross—section of the earth for
gravitational radiation, and from that have been able to estimate what the intensity of the
supposed radiation would be. This intensity turns out to be only an order 6f magnitude or so
less than the intensity that would have had to exist in the Weber experiments of the late
1960's and early 1970's. At presgent, however, most scientists would mot be willing to say
that gravitational rvadiation has thus been detected.

We have found no sentiment whatsoever among the investigators designing and operating
Weber antennas for putting these bars into space. They feel that the present techniques for
vibration isolation will be sufficient and that the ‘advantage of having a bar floating in
space would not offset the complications arising from having the bar essentially out of one's
control after it has left the earth. WNevertheless, there are some advantages for a bar in
space which, for the record, we will simply point cut. Of course the most obvicus is freedom
from earth noises. For example, the antenna should be completely free from seismic noises
and reasonably far away from earth-based electromagnetic interference although it is possible
that very large scale electrical storms could affect the very sensitive Instrumentation

onboard a, satellite. In space the unsupported bar would need no vibration isolation. There

/
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are no acoustic paths for a freely floating bar, except the small amount through the helium
exchange gas; but such vibrations would be very small and of high frequency — the bars of
course have a low resonant }requency. Furthermore, because the bar is unsupported there
woéld be no bending or torsional modes which could be excited if the bar had supports, thus
bonfusing the results. Supports also Induce stresses which can give rise to acoustic pro-
cesses within the bar. We should point out that there may be considerable future interest in
putting a bar in space 1f the latest generation of low-temperature antemnas now under con-
struction prove unsatigfactory in some way.

- Sources of gravitational radiation include the gravitational collapse of a star, rotating
binary s¥§rs, rotating or pulsating neutron stars, and black holes. Objects falling into a
black hole-should have a peak frequency of about 1 kHz if the object falling in is about 10
sun masses. ~In all 1ikelihood not all sources have yet been conceived.

hY

VI.3.2. Equivalence Principle

The equivalence principle states that inertial mass and gravitational mass are the same
thing, and is foundational to Einstein's theory of geperal relativity. The first modern
attempt to measure the possible inequivalence was made in 1964 and had a sensitivity of about
3 parts in 1011. A subsequent experiment pushed the inequivalence limit to 1 part im 1012.
Both experiments were earth—bound. Although it may seem that these are very sensitive
tests, there is still a great deal of interest in continuing the measurements, not only as a
check of gravitational theories, but because some scientists are now speculating that the
weak-interaction force may well violate the equivalence primciple. As is well known, the
weak-interaction force viclates parity conservation, which all other forces obey. The weak
interaction® is now believed to be consistent with the equivalenee principle at the 1% level.

Recently it has been proposed to repeat the'earth—bound test in space, with the expec~-
tation that the inequivalence limit can be pushed to better than 1 part in 101“ (Worden and
Everitt, 1974), with a theoretical limit between 1 part im lO17 and 1 part in 1018. The
basic idea is to use two different materials, as in the earth experiments, but shape them in
the form of concentrie cylinders. These will be placed in space and positioned by super-
conducting magnets. Inequivalence would result in a small relative displacement of the two
masses, which would be detected with a SQUID magnetometer (see Chapter III). There are three
advantages of doing the experiment in space. TFirst, the driving acceleration should be three
orders of magnitude larger than in the comparable earth-bound case. Second, the experiment
would be isolated from selsmic vibration, which is the limiting factor in the earth-based
experiments. Finally, random gravity gradients due to the motion of large masses near the
laboratory are practically eliminated in a satellite. To¢ achieve their most recénmt design
goal of 1 part in 1017, the investigators propose cryogenic techniques throughout. Lower
temperatures will of course result in lower thermal noige and greater sensitivity. Super-
conducting shielding will be used, and as already mentioned, superconducting magnetic re-
straints will control the position of the test masses, and a very stable and sensitive
position readout will be made by SQUID's. Another advantage of low temperature is that there
is better mechanical stability — thermal expanéion and mechanical creep are very much
smaller. The problem of levitating the cylinders is much more complicated in the earth's

gravitational field than it will be in space. Hence, the space shuttle might be used for
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testing that part of the design. (See also Section VI.2.3. on superconducting bearings for

further comments on this experiment.}

VI.3.3. Gravitational Red Shift

The equivalence principle affects electromagnetic radiation and manifests itself there

as the gravitational red shift. Two well-known investigators (see, for example, Will, 1974)
have asserted that the red shift experiment is not a strong test of general relativity,
arguing that the red shift can be deduced'from conservat?on of energy together with elemen-
tary quantum theory and the results of other equivalence principle experiments. But this
conjecture is not proven and red shift experiﬁents are still considered important. In fact,
a measurement of thé gravitational red shift to second-order in the solar potential is re-
garded by many scientists as one of the most important gravitational measurements which could
be done.

This is the reason for the interest in a close solar probe. The first-order shift at a
distance of four sun radii is 0.5 x 10_6, whereas the second—order shift is 5 x 10_13,
according to general relativity. The elapased time for a space craft to orbit half-way about
the sum, changing its direction by 180°, is sixteen hours, and the clock stability required
over this time interval is a few parts in 1015, which is about at the present limits of the
hydrogen maser clock. The relativistic theories which are challenging the general theory of
Telativity have the same first~order shift but differing second-order shifts, and a good
measurement here would be able to eliminate some of the competing theories. A clock with a
stability of 10_16 could be read down to about 1% of the second-order term. Continued re-
finement of the hydrogen maser might achieve this stability, but the frequency-stabilized
laser and the superconducting cavity oscillator also hold promise of e#fending clock stability
to the 10728 level (see Chapter VIT). ) ‘

Red shift measurements have already been made in the earth's gravitational potential.
The first of the more modern experiments was a measurement over 75 vertical feet and con-—
firmed the predicted red shift to about 1%Z. Subsequent measurements on board rockets have
reduced this to 2 x 10_4. Space flights using oscillators with great frequency stability
will make possible much greater sensitiwity. For example, the European Space Research
Organization has propesed placing a hydrogen maser clock on board a space craft in a highly
eccentric orbit around the earth. However, it is apparent that if the vehiecle hag eryogenics
on board, an imbrovéd superconducting cavity oscillator with yet greater stability might also

.

be used.

VI.3.4. Geodetic and Mass—Current Precession of a Gyroscope Spin Axis

_In 1960, Schiff pointed out that a well-constructed gyroscope placed in an orbiting
satellite about the earth, could provide two sensitive tests of the general theory of rela-
tivity. Two effects cause a precession of the gyroscope spin axis -- the éeodetic effect,
which is due to the motion of the gyroscope around the earth, and the motional or mass-
current effect, which is due to the rotation of the earth bemeath the gyroscope. The

motional effect can only be measured with a superconducting gyroscope (see Section VI.Z2.4); no
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other instrument or technique has yet-been proposed with the required sensitivity. The
gyroscope experiment will also test those theofiéﬁ’nﬁ gravitation which predict no mass—
current drag, in contra—distinctionzio'the general ‘theory of relativity.

VI.3.5. Measurements of the Gravitational Constant'G. Cavendish Experiments

In Einstein's general theory of relativity, the gravitational constant € is truly a
constant, but it is not in several competing theories, the best known of which is Dirac's
large-number-hypothesis, which predicts that G decreases in time since the matter of the
universe is receding. There are several variant theories, but all place the expected rate of
change of G close to the observed rate of the expansion of the universe, which is 5.6 = 0.7
parts in 10ll/year. Occultations of stars by the moon have been observed for some 20 years
with the use of atomic time and these observations show that if G and only G among the
fundamental constants is changing, then the relative rate of change of G is ~7.2 * 3.7 parts
in lolllyear,(Van Flandern, 1976). More recent similar analyses, however, give a larger un-
certainty, with the range of possible values for the change in G spanning zero {(Calame and
Mulholland, 1978). Laser ranging to the moon may someday be able to distinguish between
competing theories that assume some change of G, although the earth-moon tidal interactions
might complicate interpretation of the results. Radar observations of Mercury would perhaps
provide the best means for estimating the possible time variation of G over the next few
years. The placement of long-lived transponders on Mercury's surface could improve the
measurements.

The traditional Cavendish experiment measures G itself, and at the moment is accurate to
only about 3 parts in 104, with a hope- of perhaps 1 part in_105. Measurement Sf'the effects
of the wvariations gf G are much more accurate as we have seen in the sbove discussion. Those
measurements do not involve superconductivity. However, a new type of Cavendish experiment
{already in progress) does involve superconductivity and is hoped to have a precision of a
few parts in lﬂlzlyear in measuring the time rate of change of G (Van Flandern, 1976). The
idea of replacing the mechanical suspension and torsiom forces in the traditional Cavendish
experiment by magnetic suspension and torsion has been discussed informally. Whether precision
could bé significantly improved is mot known, and thus it is much too early to discuss whether
the alternative theories to gemeral relativity, which predict certain corrections to G,
may be checked through measurements of G. -

In another proposal a Cavendish apparatus would be orbited in a high eccentric orbit,
where the sun's potential can vary by as much as 1 part in 107, The earth's orbit provides
a variation of only 1 part in 1010 in the sun's potentiai. A Gavendish experiment with a
sensitivity of 1 part in 1011 would be required to detect, with 10% precision, the variations
in the local value of G predicted by several gravitational theories (due to the sun's chang-
ing Wewtonian potential along the earth's orbit). Thus the orbiting Cavendish apparatus

would not need to be nearly as sengitive as the earth-based apparatus.
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VI.4.0. GRAVITY AND ELASTIC PROPERTIES OF THE PLANETS

Measurements of the local gravitational fileld and its variations are made by seismometers
and gravimeters which detect the motion of the surface of a planet. Most knowledge of the
earth's interior has been obtained by studying the motions of the surface in the seismie
frequency range (periods of less than about 100 s). Instruments which measure longer periods
are called -gravimeters. Both instruments give several types-of“information-aboqt the planets.
For example, the normal modes are thereby elucidated and the amplitudes of the tidal motiens
can be measured. The effects of the oceans and the atmosphere of planets haviﬂg such can be
determined. Just a few years ago, it was hoped that earthquake prediction could be facitli-
tated with geismometers. Earthquake scientists have recently become more cautious about this,
however. It is possible that a network of superconducting gravimeters (see Section VI.2.2)
could be useful. Until the development of these gravimeters, it was not possible to measure
periods-of longer than about a day. The superconducting gravimeter now measures effects such
as the fortnightly earth tides (déiven by the moon) very accurately (v 1%). The theories of
gravitation might also be checked by precise measurement of these tidal periods. It has been
proposed that gravitational radiation might also be detected with use of gravimeters (see
Section VI.2,2.). )

) VI.5.0. WAVIGATION

Navigation is perhaps the oldest science, and at the present time uses very many tech-
niques. We shall mention only those having some application to space technology.

The Navy has, for many vyears, used mavigation satellites to assist its forces in deter—
mining their positions. A recently developed fuller exploitation of the received Doppler
signal has reduced error determination of position to about 40 m per knot of ship velocity.
The Department of Defense 1is very active in developing a satellite navigation system for tri-
Service capability. DOD is especially interested in four technical capabilities: (1) that"
of maintaining very accurate clocks in space over long periods of time; (2) determining and
predicting satellite orbits-to within ten feet; (3) predicting and compensating for variable
delays in the ionosphere; and (4} eliminating ambiguity or signal degradation caused by
multi-path signal transmission. )

NASA, of course, has since its inception, been heavily involved in navigation technology.
Because of its relevance to other parts of this report, wa shall mention here NASA's Orbiting
Astronomical Observatory (0AO-C, or Copernicus). This satellite, launched in 1972, used a
3-axis, precision, inertial grade gyro system. The drift rates of the gyros were observed in
orbit and remained within a band of about 16 arecsec/hour, or about 1 arcsec/hour when the
effects of known disturbances were considered. Regarding deep—space navigation, MASA's
MARK-I navigation, involving ground-based radio tracking and f£light path control, was ade-
quate to meet the needs of various lunar, Vemus, and Mars missions im the 1960's. During the
1970's, MARK-II navigation involving & combination of ground-based radio and on—board optical
measurements, but still utilizing ground—based controls was and is considered adequate for

such missions as the Viking in 1975, the Mariner, Juplter and Saturn missions of 1977, the
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‘Pioneer to Venus mission of 1978, and the Mariner to Jupiter and Uranus mission of 1979. In
the 1980's and beyond, however, reaction time becomes meore important fox many of the advanced
missions under consideration by NASA. Examples of these include precision astercid or comgt
fly-bys, probe delivery, outer plaﬁet satellite tours, and others. It is thus necessary to
develop for £he'1980's a MARK III navigation system which can use ‘on-hoard computation and
control to avord hoth signal propagation delays and certain ear?h—based delays in gdata
érocessing and decision meking during time-critical mission phases. Thus, awtonomous naviga—
tion 1s now becoming important to NASA interests.

Navigation in space depends, among othef things, upon the use’of accelerometers (see
Section VI.2.l.) and gyroscopes (see Section VI.2.4.). We have not encountered any serious
recent proposals for improving navigational procedures by introducing superconducting tech-
nigues. Nevertheless, it is appaient that should the need be felt in the future, supercon—
ductivity has a great deal to offer, both in the greatly improved sensativity in acceleration
ﬁeasuremepts and in the directional measurements offered by superconducting accelerometers
and gyroscopes. To add some perspective to the projected performance of the superconducting
gyroscope, consider the following triangulation. For the hase distance between the earth and
the moon, the error associated with a drift of (.05 arc sec per year (projected drift of

superconducting gyroscope) is less than 100 m-per vear.
VI.6.0. SUMMARY AND CONCLUSICNS

Supercenductanyg instruments may well play an important role in future experimental tests
of gravitational theories. In general, these experiments require performance which is not
yet available, and superconductivity is introduceé as a technology which might provide the
needed advances. It 1s also interestrng that some of the devices needed for the tests are
also useful for navigation (gyroscopes, accelercmeters, stable oscillators). Thu§ an‘invest—
ment in fundamental (superconductive) research could ultimately pay dividends in the form of
advanced navigational instyuments.

The gyroscope-precession experiment (see Sections VI.2.4_and VI.3.4.) constitutes an
extremely sophisticated and demanding use of superconductivity. Development is in an ad-
vanced stage and the system may £ly within the next decade. To be successful the gyroscope
stab;;ity will have to eclapse that of all others by several orders of magnitude. HNo doubt a
successinl flight will lead to interest in navigaticnal applications. )

Accelerometers based on superconductavity is another area which deserxves attention (see
Sections VI.2.1.). The two proposals which seem most promising are the tunable diaphragm
and the flux gradient accelerometers. With projected sensitivities (displacement) in the
range of 10_20 m, these devices could find many uges. NASA might want to consider further
stimulation of development work which i1s currently directed toward application as sensors for
gravitational wave antennas. .

Other experaments which deserve careful study anclude the propesed test of the equivalence
principle (Section VI.3.2.) and tests for changes of the grévitational constant {Section VI.3.5).

The superconducting oscarllator is a prime condidate for further developmental work as it
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offers. significant opportunity for improvements in ranging and navigation. Improved ranging,
for instance, might offer a means of dé—tecting gravitational waves as they perturb the re-
lative distance between a satellite and the earth. This type of application is discussed im

more detail in the following:chapter.
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VIT.1.0. INTRODUCTION

A resonant circuit has a strong response near a certain frequency, called the resonant
frequency (vo), and a weak regponse for very different frequencies. Such circuits are needed
in order to separate a desired ac signal from signals at other frequencies. The bandwidth
(Av) is a measure of the gelectivity of the resonance. However, since most applications
place ‘requirements on the relative width ¢f the resonance (Av/vo), the most commonly used
figure of merit for a resonator is its quality factor or Q which is equal to volﬁv. The Q is
defined as the ratio of the energy stored in the resonator to the energy dissipated during
one radian of the oscillation. Thus high Q implies both great selectivity and small power
loss. ,

The first eleétfical regsonators consisted of coupled lumped reactances, the stored
energy oscillating between the electric field of & capacitor and the magnetic field of an
inductor. Resonant cavities were introduced by W. W. Hansen in 1938. They usually consist
of a volume of any shape almost completely enclosed by high conductivity walls and are neces-
sary at high frequénéies because of the difficulty of fabriéating lupped eircuit elements.
Cavities have the advantage of reasonable dimensions and extremely high Q for the frequency
range from 100 MHz to more than 10 GH#z. The factor which limits the Q is the surface resis-
tance of the metallic walls, there being no need to use dielectric materials. Since the
conductivity of metals increases as the temperature is decreased, the Q ecan be improved by
operation at cryogenic temperatures. The improvement obtained in this manner in normal
metals is severely limited by the onset of the anomalous skin effect which halts the increase
in conducﬁ;vity when the electronic mean free path becomes smaller than the skin depth. For
usual microwave frequencies, the rf surface resistance of superconductors is small compared
to what can be achieved with normal metals. It decreases exponentially as the temperature
approaches absolute zero, until it is limited by non-intrinsic effects. At the present, it
is pogsible to obtain Q's in excess .of 1011, which is an improvement by a factor of about 107
compared to a room temperature copper resonator.

The applications of superconducting cavities can be divided into two categories which
stress different, but related properties of superconductivity. High power applications such
as electron accelerators, proton and ion accelerators, particle accelerators and rf plasma
confinement use superconductivity in order to achieve the low levels of power dissipation
required for comtinuous operation. On the other hand, a variety of low-power applications
make direct use of the extremely narrow linewidth. The cavities can be incorporated into
high stability oscillators with unsurpassed performance, which can be used as flywheel oscil-
lators in physics experiments directly involving clocks, or in large systems which require
precise timing such as Doppler tracking, satellite navigation, and radio astyonomy. The
cavities can be used directly to filter noisy signrals, to impedance match between devices
having very large impedance differences, and to store energy from very weakly radiating de-
vices., Superconducting cavities can also be used as transdugeis for a variety of physical ‘
quantities, They make very sensitive displacement detectors since the frequency changes in

proportion te length. They have also been used to measure materlals properties in solid
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dielectries, semiconductors and liquid heljum, and to measure the thermal expansion of
niobium.

In addition to these applications there are also special uses which aren't easily cate—
gorized. Of course, superconducting cavities have been and will continue to be an imﬁortant
vehicle for the study of rf superconductivity. They can also be used in certain novel and
unique ways such as in cesium frequency standards and electromagnetic gyroscopes.

Extensive. general reviews of superconducting cavities. have .been written by Maxwell
(1964) and Pierce (1974). Shorter reviews of applications were written by Hartwig (1973) and
Turneaure (1972), This reporé will stress devices and instrumentation based on superconduct-
ing cavities and their applications. The reader may refer to the earlier reviews for more
complete background information and to the paper by Barmes, et al. (1971), for a description
of the specification and measurement of frequency stability. Since superconducting cavities
‘are common to all the devices and applications and superconducting cavity oscillators are
used in most of them, these topics will be discussed first, followed by discussicns of

specialized deviees and applications.
VII.Z2.0. SUPERCONDUCTING CAVITIES

VII.2.1. Fabrication

The response of a normal metal at room temperature to microwave electromagnetic fields
is adequately described by Ohm's law. When the metal is cooled; the conductivity increases
as a result of the increase in mean-free path: One is prevented, however, from achieving a
very high Q@ by the anomalous skin effect which occurs when the mean—free path becomes com—
parable to the &kin depth. The behavior of a superconductor is quite different. At micro-
wave frequencies the resiséance of an ideal superconductor decreases exXponentially as the
temperaéure is reduced below the superconducting transition temperature., In real resonators
this behavior does not extend to zero temperature. Instead, a loss mechanism which is inde—
pendent of temperature is always observed. The result dis that the h of the resonator becomes
constant, or residual,_below some temperaturé. Figure %II—l jllustrates this behavior in the

case of a niobium resonator in the T™ mode at 8.4 GHz (Turneaure and Weissman, 1968). The

§)
intersection of a horizontal line corrigponding to a residual Q with the theoretical curve
determines the highest temperature at which that resonator may be operated with a Q equal to .
the desired value.

Microwave resomatoxrs in a wariety of modes are suitable for use in stable oscillators,
However, there are'design criteria which are specif;c to superconducting cavities. Because
of the very low losses in the walls of the resonator, minor imperfections such as assembly
joints or small amounts of foreign substance such as a surface oxide layer can seriously
degrade the Q. Assembly joints may be located where there is no rf current in the desired
mode. In the case of niobium, current~carrying joints may be fabricated by electron-beam
welding.

Niobium and lead are the two superconductors which have shown the most promise for use
in high stability oscillators. These two materials are available commercially in sufficient

purity, and techniques have been developed which permit complex resonator shapes to be
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Figure VII-1. Thé unloaded Q of an X-band TMOlO mode nicbium cavity.

(Turneaure and Weissman, 1968).

fabricated from either material with surfaces which are clean, microscopically smooth, and
relatively unstrained. The transition temperature of nicbium is 9.25 K, and that of lead is

7.19 K, which means that a required Q can be achieved at higher temperatures than for most

other materials. There are known superconductors with higher transition temperatures than

niobium. Several laboratories are studying Nb3Sn, but the results so far are not as good as

for pure niobium.

For the best frequency stability, niobium is the preferred material. Niobium resonators

have exhibited the lowest residual surface losses and are unsurpassed in terms of mechanical -
11

stability and surface cleanliness. °'Q's higher than 107 have been achieved.

Two methods
have been developed to manufacture the resonator from the bulk metal. In the first process,

a ecylindrical resonator is machined in two pieces and assembled by electron-beam welding. It
is then alternmately fired in ultra-high vacuum at about 1900° ¢ and chemically polished.

More recently a.technique has been developed which does not require ultra-high vacuum firing:
The surface is prepared by electro-polishing followed by anodizing. This process potentially
makes high-quality niobium cavities available to many more laboratories. However, there is

some evidence that the anodized surface degrades din time and this is a possible disadvantage

for oscillator applications.
Lead is an excellent material if the Q needn't be as high as achieved with niobivm. If

the cavity mode must be restricted sc there is no normal electrie field at the walls, Q's in

excess of 1010 may be achieved. The primary advantage of lead is that high quality surfaces
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canl be made in almost any laboratory using standard electroplating techniques. Unlike niocbium,
high-quality lead surfaces have not been successfully produced when the resonator has been
machined from the bulk material. It has recently been suggested th;t resonators be fabricated
from a solid piece of dielectric such as sapphire by plating the outer surface with a super-
conductor. TUnpublished experiments indicate that Q's as high as 108 have been obtained by
this method, It is possible that resonators made this way may be mechanically more stable

than traditional designs but no experimental evidence is available yet.

VII.2,2. Oscillator Stability
Foxr the purpose of this discussion, the frequency fluctuations of any oscillator based

on a2 superconducting resonator can be separated into two categories: Statistical fluctua-
tions around the center of the resonance and perturbations of the resomant frequency itse%f.
The second category determines an ultimate performance level for any oscillator which is
relatively independent of its design. It includes tempeféture, power level, and mechanically
induced frequency shifts. Since most superconducting csecillator research has been performed
with solid niobium cavities and the best results have been obtained with these cavities, this
discussion of performance will relate most directly to solid nicobium resconators fabricated by
this technique. '

Two independent effects transduce a temperature change of-the microwave rescmator into a
shift of its resonant frequency. Thermal expansion or contraction changes both the mechanical
and the electrical length of the resonator while the variation in the penetration of the xf
magnetic fields with temperature changes the effective electrical length. The penetration
depth varies exponentially with temperaﬁure and is the dominant effect above 1 K. The co-
efficient of the fractional frequency is 6 x 10 °/K at 1.75 K and 4 x 10 /K at 1.3 K. In-
side of a vacuum can contained within a dewar it is possible to do excellent temperature
regulation. With a single-stage regulator drift rates of 1(}_5 K/week have been observed
while the fluctuations from second to second were too small to be observed. The ease of
temperature regulation in a cryogenic environment helps to compensate for some of the added
complexity.

Any oscillator system operates with some energy stored in the resonator. Because of the
radiation pressure of these fields and the dependence ¢f the surface reactance on the rf
field level, there is necessarily a statie frequency shift of the superconducting resonator.
Some measurements indicate that the frequency offget is proportiomal to the stored energy. .
The total fractional frequency shift observed in one experiment was 107 for 1077 5 of
stored energy. The total frequency offset determines the size of the frequency fluctuations
which result from oscillator power fluctuations. TFrequency fluctuations from this source can
be reduced by decreasing the operating power level but only if a lower signal-to-noise ratio
can be tolerated, otherwise power regulation is necessary, )

The third major perturbation of the resonant frequency of a superconducting cavity re-
sults from mechanical strains. For a TMOIO mode c¢avity, resonant at 8.6 GHz, the static
stress due to the force of gravity produces a fractional frequency shift of 1 x 10_9 from the

zere straln value. Consequently, changes in either the acceleration of gravity or the
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orientation of the superconducting cavity result in frequency shifts of the resonance. TFor a
TMOlO mode resonator, maintained in a fixed locatifgz the variations in gravity are not
significant, but the angular coefficient is 1 x 10 per arc second. This sensitivity
permits many factors to be transduced into short-term, diurnal, and long—term frequency
shifts of the resonator. Another possible effect of the stress of gravity on the resomator
is creep of the niobium. The creep process is not well understood at these temperatures and
has not been measured. .

Elastic deformation of the resomator due to mechanical vibrations produces significant
fluctuations in the center frequency. Studies of the most rigid solid niobium cavities have
shown the frequency stability im an oscillator system to be limited by vibrations for averag-
ing times between 10 ms to 10 s. Some vibrations are coupled to the resonator f£rom the
laboratory but the most significant vibrations which have been observed were due to boiling
eryogen (liquid nitrogen) used to maintain the low temperature in the dewar.

If the center frequency of the resonance is sufficiently constant, then other sources of
noise will determine the ultimate stability of the superconducting oscillator system. The ¢
frequency fluptuations 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 ail noise
sources are filtered by the resonator can be determined. If the percurbing noise is white,

then the phase of the oscillator does a random walk. The one-sided spectral density of the

phase fluectuations, in a form appropriate for microwave resonators, is given by

2
_ l’g] kT -
S¢(f) = [ B W o q (VII-1)

where Vo is the operating frequency, k is the Boltzman constant, T is the absolute tempera-
ture, Pa is the power dissipated in the load, and QE and QL are the external and loaded Q's
respectively. In the case of a superconducting cavity with QE = 1010, QL =3 x 109,

P, - 1073 w, v, = 10 4z, and T= 1 K,

~20

: s.¢£) = 10720 mase? .

¢

The active element in a practical oscillator will dominate the thermal noise. In this case T
must be interpreted as the effective noise temperature of the device. Such noise tempera-
tures vary from approximately 20 K for varactor parametric amplifiers to more than 104 K fox
a transferred-electron device. .

Another important limitation on the stability of a superconducting oscillator is addi-
tive noise which results from a white noise voltage generator at the output of the osecil-
lator. In an ideal oscillator the additive noise is due to output buffer amplifiers or a

user device. The spectral density of the phase fluctuations is
S¢(f) = kT'/2Pa , (VII-2)
where T' is the effective noise temperature of the circuitry which sees the output of the

oseillator, If the effective moise temperature is 300 K and the available power is 10_3 W,

then
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S¢(f) -2 x 10 ¥ms .
In this case the additive noise dominates the oscillator spectrum for Fourier frequencies
greater than 0.07 Hz. TUnder the same conditions, the rms fractional frequency fluctuations

are given by 1/2

2
2 -20
o (o) = 18.3 % 10~ 2% . |4.3 x 10 fﬁ
¥y . T1/2 T ?

where fh is the noise bandwidth of the meagurement system.

Equations (VII-1) and (VII-2) show that both the random walk of phase and the additive
noise ecan be reduced by increasing the available power; however, this'technique is limited by
several factors: The nonlinearity 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 resonator breaks down. Finally, high power levels may exceed.the dynamic range of the

user device such as a mixer in a super-heterodyne receiver.

VIX.2.3. (Qscillator Design

Because of the tremendous stability potential of superconducting résonators a variety of
techniques have been used to comstruct supercomnducting oscillatoxrs {see Fig. VII-2). 'The
goals of this research have varied. Some oscillators have been constructed to illustrate
feasibility, some to accomplish modest stability goals for further research on superconduct-
ing resonators, and others to achieve the ultimate frequency stability 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 potential performance. Instead of making
such a comparison, this chapter will outline some of the advantages or disadvantages of each
method from the yoint of wview of achieving the best possible frequency skability.

The techniques discussed in this section use the superconducting rescnator in three
different ways —— as the sole resonator of an oscillator circuit, as an auxiliary resonator
to stabilize a free-running (noisy) oscillator, or as a filter which provides no fee@back to
the source. .

Figure VII-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 resonator may be used in either tranmsmission or reflection, but the transmission mode is
preferable because the insertion loss of the resonator suppresses spuxrious modes of oscil-
lation which do not lie in its pass bands. This technique has received comsiderable atten—
tion becapse of its simplicity. The only element which needs to be located in the dewar is’
the superconducting cavity which can bé connected to the room-temperature amplifier by long
lengths of transmission lines. Howevé?, this virtue is its major detraction when state-cof-
the—-art frequency stability is desired. Changes in the phase length of the transmission
1£nes produce preportional frequency shifts. TIf A¢ is the phase change from any source, the

fractional frequency shift is
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bvfv = A¢/2QL . (VII-3)

The phase changes due to factors such as thermal expansion and vibrations are sufficiently
large in a cryogenic system that they totally dominate the short-term stability and drift of
such an oscillator.

One possible solution to this problem is to use an amplifier which functions in the same
low-temperature environment as the resonator and is comnected to it by a short rigid trans-
mission line. It has been proposed to use a cryogenic éravelling wave maser in a unilateral
amplifier design. Alternatives are tunnel diode amplifiers and wvaractor diode parametric
amplifiers. Both of these devices function by generating a negative conductance at the
resonator frequency. Since they are bi-lateral, théy can simply be comnected to the super—
conducting cavity through an impedance transforming network as shown in Fig. VII-2a. When
the negative conductance of the amplifier exceeds the positive load conductance of the
resonator, oscillation results. The major advantage of the tunnel diode osecillator is that
it requires only dec bias power for operation. On the other hand, there are several disad-
vantages. Shot noise in the tunnel junction limits currently available tunnel dicde ampli-
fiers to an effective noise temperature of 450 K at 9 GHz. In addition, the very low operat—

ing voltage l1imits the thecgretical output power to 1 oW at 10 GHz from commercially available
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devices (having peak current less than 20 mA). If other problems were solved, these two
difficulties could limit the frequemcy stability of the tunnel diode superconducting oscil-
lator. In contrast, cooled parametric amplifiers have demonstrated 20 K noise temperatures,
and room température non-degenerate parametric oscillators have produced more than 100 mW at
9 GHz. .

The most widely studied technique for realizing a superconducting oscillator has been
the stabilization. of a. free-running oscillator with a superconducting resonator., One .tech-
nique for accomplishing this, called cavity stabilization, is shown in Fig. VII-2c. The
oscillator iz dnjection-locked by the power which is reflected from the superconducting
resonator. The stabilization factor, which is the ratio of the free-running oscillator
frequency fluctuations te the cavity—-stabilized oscillator frequency fluctuations, is given
by the ratio of the Q of the superconducting cavity to the Q of the free-running oséillator.
Equation VII-1 shows that the best possible performance reduces to that of an oscillator
built with the superconducting cavity as its only resonator. There are two major disadvan—
tages to this technique. TFirst, room-temperature cscillators such ag klystrons and Gunn—
effect devices have extremely high noise temperatures. 4nd second, the frequency 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 oscillator technique to date is the use of active
feedback to stabilize a voltage—controlled oscillator. The superconducting resonator is the
frequency sensitive element of a discriminator which genmerates an output voltage proporticnal
to the frequenc& difference between the oscillator and the center of the superconducting
ca%ity resonance. Although this system also has a long path length between the room-
temperature oscillater and the superconducting cavity, it is possible to design the dis-
criminator so that the dependence of the oscillatbr frequency on this path length is greatly
reduced. This is accomplished by using phase-modulation sidebaﬁds 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 technigue also uses a noisy room-temperature oscillaéor,
its performance is not 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. 1In this way, the frequency fluctuations of the free-running oscillator may be
reduced until the p?rformance level, determined by the microwave detectors, is reached.

Figure VII-2e shows a superconducting éesonator being used to filter the output of an
oscillator. This application is particularly important when the oscillator is to be used as
a source for frequency multiplication. For example, a state—of-the-art quartz crystal
oscillator may be multiplied to 0.5 THz before the carrier is lost in the phase noise pedes—
tal. However, if the same oscillator is filtered by a passive superconducting cavity with
loaded Q equal to 2 x 109, 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 stability: 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 practdical, problems of implementation: the VGO stabilization

system has all the critical elements outside the dewar where they are readily available for
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adjustment 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 controlied cryogenic environment. It will, however, present some new

technical diffieculties such as heat dissipation and device parameter fluctuations.

VII.2.4. Oscillator Performance

The best superconducting oscillator frequency stability to date has been obtained by
stabilizing a free-running VCO using the system of Fig. VII-2d. The measured time domain

stability of a single superconducting oscillator is shown in Fig. VII-3 (Turneaure, 1977).
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Figure VII-3. The fractional frequency fluctuations of a superconducting-

cavity stabilized VC0O (Turneaure, 1978).

" The rms fractional frequency fluctuations im a 104 Hz bandwidth decrease with averaging time

-16 for times lonéer than

approximately as 5 x 10—15 s/t, reaching a noise floor of 3 x 10
10 s. Measurements in the frequency domain indicate that the random component of the phase
fluctuations is white for Fourier frequencies between 10 Hz and 50 kHz: the spectral density

10-13 radzfﬂz. For Fourier frequencies below 300 Hz,

of the phase fluctuations is S, (f) = 7 x
there are several peaks in S¢(f) due to coherent frequency modulation of the oscillator by
mechanical vibrations. The largest of these bright lines have rms amplitudes of approximately

8 x 10_'5 rad, which is consistent with the stability observed in the time domain., The
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long-term behavior of the superconducting oscillator was measured via a comparison with an
ensemble of cesium frequency standards. The result of a fit to a2 model including linear
drift was a frequency drift rate of 1 x 10_14/day for the best-performing superconducting
oscillator system.

Although this performance is excellent, -there are several applications which need even
better long-term or short—term frequency stability. Since factors which now limit super-
conducting oscillators do not appear to be fundamental in natuxe, further research should
result in significant progress. The superconducting-cavity, negative-resistance oscillator
and the superconducting-cavity maser oscillator provide an opportunity to minimize external
perturbations, since all their critical components are contained within the very stable
cryogenic environment, perhaps making it possible to come closer to the frequemcy stability
limits determined by thermal noise and the filtering action of the superconducting resonator.

At the present time, throughout the world, there are four groups which actdively pursue
the development and improvement of superconducting oscillators. There are another three to
six groups which are interested or just starting projecfs. The two active groups in the
United States have combined funding of less than $100 K per year for this research. As a
result, progress has been slow since 1974 when a frequency stability of 6 x 10—16 was first
achieved. A conservative projection of the potential of superconducting oscillators within

the next decade would be a stability of 10_15 at 10 ms with a noise flioor of 10H17. The rate
of progress would probably double with increased funding and the involvement of additiomal

researchers in this field.
VIT.3.0. APPLICATIONS

All of the uses of superconducting cavities which will be discussed here result from
their low electromagnetic losses. However, substantially different advantages can be gained
from this ome property. These are applications where it is desirable to reduce the large
amounts of power which would be dissipated in conventional devices. A second group uses the
very high Q to realize exceptional filter characteristics, such as narrow bandwidth and high
ratio impedance transformation. The low losses mean that practically any object placed in a
superconducting cavity will determine its performance. Thus many materials properties may be
accurately transduced as a frequency with high resolution and low noise. As a result of
their state-of-the-art performance, superconducting oscillators are begimming to find a wide
variety of applications either directly as clocks, as components of oscillator systems, 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 all the others.

¥IT.3.1. High Power Devices

The performanée of conventional linear electron accelerators is limited in the areas of
duty factor and accelerated electrom-beam current, energy stability, and energy resolution by
the power which is needed to maintain the accelerating fields. For the linear accelerator at

SLAG (Stanford Linear Accelerator Center), 5 x 109 W is required for an electron to reach an
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energy of 20 GeV in a distance of 3000 m. In order to limit the average energy consumption
to acceptable levels,. the accelerator is operated with a duty factor of .about 10—3. The
power required by superconducting cavities is about lO6 times smaller. Taking into account
the efficiency of heat extraction at 2 K, which is 5 x 10_4, a superconducting accelerator
would require only 0.2 percent of tﬁe power needed by a conventional machine. The super-—
conducting accelerator could be operated continuously with improvements in all the areas
which were mentioned above. Similar advantages are obtained in the case of proton and heavy
ion accelerators.

Many accelexators produce secondary particle beams with very high momentum and duty
factor. Conventional rf particle separators require as much as 10 MW of rf power for these
high-momentum particles, but suitable high-power microwave tubes are not available and the
separators must be operated ‘with low duty factor. Superconducting-cavity particle separators
would make comtinuous operation possible. One has been built and installed at CERN.

A potentially very important application which is beyond the present state—of-the-art of
superconducting technology is the confinement of high temperature plasmas. The small losses
in superconducting cavities could make an important contribution towards achieving the break-
- even point in the generation of thermonuclear fusion power from an rf confined plasma. The
confinement problem requires peak surface magnetic fields of 109 Oe within the microwave

cavity; this is one order of magnitude higher than has been achieved to date.

ViI.3.2. Filters

Perhaps the most obvious application of high Q superconducting cavities is as narrow
band fiilters. Below approximately 100 MHz, lumped element resonators are preferred, but at
higher frequencies various types of cavities are used: helical structures between 500 MHz
and a few GHz; low-order mode structures from a few GHz to 10 GHz or more; and Fabry-FPerot
resonators at higher frequencies. In addition té the obvious advantage of very narrow band-
width, for example, 0.1 Hz at 10 GHz, cavities have very pure resonance modes. The geometry
can often be 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 counteracts the most important property of the resonators.
Very fine, stable tuning can be achieved by contrclling the temperature of the resonator —
the total fractional tunability is on the order of 10"10. Similar tunability can be achieved
by coupling an electronically variable reactance to the cavity. Another method which yields
a tuning range of 10-4 is optical tuning by the photodielectric effect. This has been real-
ized by placing a high-resistivity semiconductor wafer in the gap of a quarter-wave re—
entrant cavity where the rf electric field is very high., When a 1light beam is directed on
the semiconductor, its dielectric constant changes, thereby producing a large shift'in the
cavity resonant frequency. Step changes in the fregliency can be made in less than 10 ms,
but the presence of the semiconductor degrades the band-width of the filte;: a 0 of 106 at

1 GHz has been achieved for such a device.
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The narrowband, tunable filters which ean be realized with superconducting 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 resonator
may be used to obgaig strong coupling between an evaporated Josephson junction and an electro-
magnetic field. This is particularly valuable when the junction is used as an oscillator.

If such a junction is not incorporated into a resomant structure, the large shunt capacitance
shorts out high frequency voltages. The theoretical maximum cutput power from a Josephson
junction is 0.58 IOV, where IO is the eritical current and V is the bias voltage. Theoretically,

7 W at X-band, but only about one perceﬁt of this is

a typical junction can emit about 10~
observed from waveguide-coupled evaporated junctions. In addition to performing the required
impedence matching to the junction, the superconducting resonator also provides narrow—b;nd
filtering of the output signal. Unfortunately, this property detracts from the major advan-
tage of the Josephson junction oscillator -- it has a tuning sensitivity 105 times greater
than-conventional oscillators. In order to preserve this property, it will be necessary to
use superconducting cavities with extremely agile frequency tuning.

Superconducting resonators may also be usefdl as high-ratio impedance transformers for
use with superconducting antemnas. This application also has the disadvantage of narrow
bandwidth. Superconducting antennas are not considered advantageous over conventional
devices {at least for toda&). )

VII.3.3. Transducers

Superconducting cavities make attractive transducers for a variety of quantities because
they introduce negligible perturbations and their output is usually in the form of a an
eagily and accurately‘measured frequency. Since the frequency of a cavity resonator is
approximately inversely proportiomnal 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 superconducting cavity oscil-
lators corresponds to a random noise level of 3 x 10~1 cm. This performance can be im-
proved, in principle, by designing the resonator so the controlling dimension is very small.
It has been predicéed that a quarter-wave re-entrant cavity would permit the resolution of
16717 em for a one-second integration time. However, it has not been demonstrated that the
necessary ¢ can be obtained with such a resonator design. There is an interest today in
éuperconducting cavity length transducers for the detection of gravity waves. In such an
experiment, the cavity itself could be used as the antenma, but more likely two cavities
would be coupled to a traditional bar antenna in a way which would cancel a substantial
fraction of the fLrequency noise in the exciting oscillatorx.

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 measure either the frequency or Q as a function of the parameters of °
interest. The advantage of this technique is that it does not require ohmic contacts and can
be used with randomly shaped, powdered or liquid samples. Dielectric constants wvery near
unity and less tangents as small as 10_9 can be measured because of the high stability and

very low losses of the superconducting cavity itself. Many semiconductor properties have
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been measured including relaxation time, lifetime, Fermi level, trap ionization emergy, trap
density capture cross section, free carrier density and trap population.

Some propertieg of liquid helium have also been studied this way. The thermal expansion
has been measured with a SenSitivity; in terms of fractional density change, of 4 x 10"9.
This sensitivity is sufficient to yield quantitative data concerning the dispersion relation
for thermal phonons in liquid helium. The damping of oscillationg of the liquid helium
through a small orifice can be studied by using the frequency of a superconducting cavity teo
sense the level of liquid helium within it. This data has been used to study the quantiza-
tion of vorticity in superfluid helium.

Severalr interesting and useful devices can be implemented using superconducting cavities.
A thermometer can be made for the temperature range from 0.25 to 0.6 K by filling a cavity
with He3 vapor in equilibrium with the_bulk liquid. Changes in density, which are reflected
in frequency changes, are interpreted in terms of the temperature 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 semiconductor crystal on the stub of a quarter-wave re—
entrant cavity. Below 70 X, the charge carriers created by the absorption of radiation are
trapped for very long times at sites in the foirbidden band. As a result, the frequency of
the cavity shifts in proportion te 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 photodielectric effect.

VII.3.4. Oseillators and Clocks

‘The excellent spectral purity and medium term stability (up to about one day) of -super-
conducting oscillators have numerous applications. In the following dischssion; these are
divided into three categories: oscillators used as components of instruments; oscillators
used as clocks to provide timing functions for complex instrument systems; and oscillators
used to perform experiments based directly on clock performance.

Oscillators with very good 'spectral purity (short term stability) are important elements.
of many instruments and measurement techniques. One example is the use as the starting
oscillator for frequency multiplication from microwave to infrared or higher fréquencies. The
process of'multiplication by an integer n increases the phase noise power by n2. This creates
a severe practical problem because once the integrated white phase noise becomes comparable
to 1 rad, it is no longer possible to identify the coherent signal component. Superconducting
oscillators have two important advantages in this application: they can operate at fre-
quencies at least as high as 10 GHz, and theoretically they can produce a signal whose spec—
tral purity is limited by the chaxacteristics of the multiplier. TFor example, it has been
predicted that a state-of-the-art commercial § MHz quaritz crystal oscillator may be mulii-
plied to 0.5 THz before the carvier is lost, but the same signal when filtered by a 10 GHz
10 can be multiplied directly to 100 THz.

Certain types of radar also depend eritically on the spectral purity of their local

superconducting cavity with @ = 10

oscillator. Return signals from nearby stationary 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
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order to achieve 80 dB sub-clutter visibility it is necessary to use a local oscillator whose
phase noise is more than 120 dB below the carrier for Fourier frequencies greater than 200 Hz.

A third application for short term stable oscillators is as flywheel oscillators in
atomic frequency standards. Since the time domain frequency stability, Uy(T), cannot improve
faster than 1/1, the medium term performance of the standaxd is limited by the flywheel
oscillator if its stability is worse than that of the atomic frequency discriminator at the
attack time of the feedback loop. Quafrtz crystal o§cillét0té do ndt degradé the performance
of current atomiec standards, but if expected improvements in these standards are made, then
improved flywheel osecillators will be needed and superconducting oscillators are a possible
candidate. Flywheel oscillators are also used for autotuning hydrogeﬁ masers, a process
whereby cavity pulling and spin exchange frequency shifts are simultaneously reduced. Present
autotuning systems utilize a pair of masers, one of which could be replaced by a superconduct—-h
ing 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 astronomy and radar ramging. The desirability of .
superconduc;ing oscillators for these applications range from cost savings to the potential
for significant improvements in performance.

Very long baseline interferometry (VLBI) using independent clocks may have the following
clock performance requiréments for certaln types of experiments: dinitial 1 us syncﬁroni—
zation of the start of recording; total time errér of less than 1 ns over a five hour obser—
vation period to insure that all the data have the same initial offset error; and sufficient
coherence to guarantee that the recorded signals can be cross correlated. TFor a 10 GHz
system and an observation time of one hour, the coherence requirement is met by an oscillator
with a noise floor 0 =5 x 10—15. The rgquired noise floor decreases inversely with both
the operating frequency and the observation time. The current requirements are met by both
hxdrogen frequency standards (active and passive devices) and superconducting oscillators.
The active masers are very expensive (v $250 K), whereas the other two devices appear to cost
only about one-third as much.

Various types of navigation systems need state-of-the—art cloecks. Since both the naviga-
tion requirements and the techniques are somewhat flexible, it is difficult to place fixed
requirements on ¢lock performance. Typical performance goals for two navigation systems are
discussed here,

The WASA Deep Space Net (DSH) utilizes a network of radar stations to track spacecraft
which have left earth orbit. The current capability of the system is v 5 m rarge resolution
and 1 prad angular resolution, Plamnners foresee the need for approximately an order-of-
magnitude improvement.in resolution for some missions which will be flown in the early 1980's,
such as the Jupiter Orbiter (JOP). The clock stability requirements depend on the method of
range measurement. One approach,-which has been suggested, is to replace most of the co-
herent (two-way) Doppler ranging with nen~coherent (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 tfacking methods. However, it
places the most stringent requirements on clock performance. When daily calibrations are

used, the frequency must be comstant to 1.5 x 10_14 over one day. Weekly calibrations are
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preferable to reduce cost and calibration time, but the frequency stability requirement
becomes 3.2 x 1070 over one day. ’

An experiment has been proposed to use the DSN to detect gravitational 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 feasibllity experiment the frequency stability
must be 3 x 10_16 for the duration of the experiment, 40 s to 4000 s. This can be achieved
with a state-of-the-art supercenducting oscillator system. An experiment, sufficiently
sensitive to detect theoretically predicted gravitational pulses, would require frequency
stability of 3 x 10“18. It is probable that a superconducting coscillator using a cavity with
Q= 1011 would eventually be capable of reaching this performance level.

The Global Positioﬁing System (GPS) is 2 multisatellite system intended to provide
earthbound navigation with a precision of 10 m. ﬁach 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 requirements, superconducting oscil-
laéors could become desirable for this application. )

There are several fundamental physics experiments which are based directly on supercon—
ducting oscillator performance. Two of these, a red shift experiment and a fundamental
constants experiment, are performed by comparing the frequency of a superconducting oscillator
to the frequency of an‘étomic standard based on a hyperfine transition such as cesium or
hydrogen. 7In the red shift experiment, one loocks 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 grawvity predict

Yhyperfine 12

= A[l + 10~ (PO - %—Tl) cgs (2wt/l solar day)],

vsuperconducting
where Pé‘and Tl are zero for any metric theory of gravity such as the general theory of
relativity., With available standards it would in principle be possible to set an upper limit
of 10“3 on PO - %-Tl. The Eotvos experiment already places a limit of lO—8 on FO and may
place a limit on Tl‘
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 structure constant. The ratio of the frequencies of a hyperfine standard

to a superconducting eoscillator is

Y .

hyperfine = Bg F% ud

v . M
superconducting

where m is the mass of the electron, M is the mass of the nucleus and g is the gyromagneiic
ratio of the nucleus; B is a constant. By comparing a superconducting oécillatof to a cesium
standard for 12 days it has been determined that (1/a)(do/dt) is less than 4 x lO_lzlyear
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 oscillaters and hydrogen stamdards in the same
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laboratory. Although astromomical and geophysical measurements have set a tighter upper
limit, 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 superconducting resonator excited by
a supexrconducting oscillator to measure the Lense-Thirring effect —- the dragging of imertial
frames by a rotating mass. A toroidal superconducting waveguide 1z centered on the rotation
axis of an axisymmetric object. The wave travelling in the same direction as thé rotating
body takes less time to complete one round trip than the counterrcotating wave. As a result,
the interference pattern rotates around the waveguide. For a 5000 Kg mass with 50 cm radius
rotating at an angular veloecity of 2 x 103 rad/s, the angular velocity of drag has been

20 rad/s. The required waveguide Q 1s 5 x 1016 and the stability of

the exciting oscillator must be 1 x 10_17. This stability is probably achievable, but it is

estimated to be 2 x 107

difficult to say whether such high (Q's can be achieved. There are many other problems at

least as difficult as these, making this experiment extremely problematic.

VII.3.5. Special Devices

Occasionally superconducting cavities can be used to solve some unusual problems. One .
example of this is the reduction of the "cavity phase shift' problem in cesium beam frequency
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. Xf 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 pre-
cision. This approach is not being tried at the prasent time.

Another novel suggestion is a superconducting cavity gyroscope. One possible configura-
tion 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 experiences a phase shift
ptopo;tional to the rotation speed of the cavity and the frequency of the exciting radiatiom.
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 ;oday in the
form of ring oscillators. These devices must be biased in order to overcome a dead zone at
* low rotation rates; systematic errors introduced by the bias degrade the performance of the
gyroscope. The superconducting version of such a gyroscope Is less sensitive by a factor of
104 to lO5 because of the wavelength difference. 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.
Consequently, it may be possible to construct a Sagnac-type gyroscope (using superconducting
cavities) which operates in the interferometric mede with no dead zone and is competetive in

sensitivity with the best mechanical gyroscopes.
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VIil.4.0. SUMMARY AND CONCLUSTIONS

There are desirable applications for superconducting cavities with Qs up to 1017 and

for superconducting oscillators with stabilities as good as 3 = 10_18. The best Q achieved

11 ~16

to date is 5 x 107 and the best stability is 3 x 10 . Since it is generally possible to

find the center of a resonance line to ome part per million, it is reasomable te expect that
a stability of 2 x 10‘_18 will be achieved using present technology, and this might be accom—
plished within ten years.

The most intriguing potential space application of these oscillators is their use for
ranging. The possibility that gravitational radiation might be detected by more sensitive
ranging to a drag-free satellite should warrant careful consideration.

Cavity-stabilized oscillatoxrs must surely be considered if large improvements are needed
by NASA's Deep Space Net or the Global Positioning System: Present performance of the super-
conducting oseillator is impressive, but the potential for improvement puts this system inﬁo
a class of its own.

Most work’in progress on these osciilators is directed toward application of the devices
to real problems without concern for further major Improvements in performance levels.
Stimulation of work toward improved Qerformance will have to be driven by applications which
require such improvement. This might be considered by NASA if oscillator (clock) improvement
is rated as a high-priority task.
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APPENDIX I.A.
COMMENTS ON CRYOGENICS IN SPACE

The use of superconducting devices in sgpace requires cryostats to maintain stable low
operating temperatures. Two cryogenic space vehicles, for IRAS and for the Stanford rela—
tivity experiment, are currently in the final design stages. Both of these use evaporating
liqueid helium to maintain low temperatures. This will probably be the conventional approach
to eryogenics in space for several years to come.

It is generally agreed, however, that ultimately small closed-cycle refrigerators (cryo-
coolers) must be developed -for both space and terrestrial applications of superconducting
devices. The reasons for this opinion are technical, economic, and undoubtedly, intuitive,
and it would be beyond the scope of this report to discuss them here. "Applications of
Closed-Cycle Cryocoolers‘to Small Superconducting Devices" was the subject of a conference
held recently in Boulder (Zimmerman and Flynn, 1978). The proceedings of this conference are
available as WBS Special Publication SP-508. The document is the first of its kind in com-
bining papers on the current state-of—the-art of superconducting devices and of closed cycle
cryocoolers, as well as up-to-date thinking about combining the two technologies.

To summarize, present practice (and for some time to come) is to use liquid-helium ox
possibly selid-hydrogen, cryostats in space. Within five or tem years, perhaps, one may
envision versatile space-qualified closed-cycle cryocoolers capable of long unattended con-
tinuous or intermittent operation. The remainder of this section is & discussion of a third
possibility for cryogenics in space, namely passive radiation cooling. Radiation ccoling has
already been used for infrared sensors operating at 50 K or above, but here we will consider
the possibility of achieving temperatures in the meighborhood of 10 K or below.

A number of authors observe that the stellar radiation in our galaxy has about the same
magnitude as the 2.7 K cosmic background. They estimate that the zodiacal light also has
about the same magnitude. TUnless thgre are other heat sources of greater magnitude mot taken
into aeccount, it follows that a black body in interstellar space should reach an equilibrium
temperature of no more than 4 or 5 K, Throughout most of interplanetary space, the equilib-
rium temperature should be almost this low if the body is effectively shielded f;om-the sun,
if it is not too close to a planet, and if unforeseen heat sources such as heating by micro-
meteorite impacts are not too large. Shielding from the sun and reflection of sunlight and
re-radiation from the planets will be discussed below. The equilibrium temperature of a body
can be lowered if its surface can be made a good reflector at the sub-micrometer wavelengths
of solar and stellar radiation, but a good absorber (i.e., emitter) at the sub-millimeter
Wavelengéhs of blackbody radiation at a few K.

The possibility of radiation ccoling should nét be taken teoo seriously without further
gtudy of the thermal hear loads and mechanical design. Although it seems that radiation cooling
of superconducting devices may be possible in interplanetary and deep space probes, the re-
quirements of such a mechanism are probably not compatible with "ordinary" spacecraft.

In ;his regard, it may be noted that the two cryogemic vehiéles currently contemplated, namely

the Infrared Astronomical Satellite (IRAS) and the Stanford relativity experiment, are already
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highly specialized to satisfy the requirements of the low-temperature devices, suggesting
that similarly specialized spacecraft may also be conceived.

For satellites operating near the eaxrth or other planets, it is hardly conceivable that
radiation cooling can be effected. The alternatives are ligquid-helium or golid-hydrogen
cooling, or closed-cycle cryocoolers, as noted above.

The numerous disadvantages.of liquid and solid cryogens and cryocoolers (high-cost,
power requirements, complexity, unmreliability, vibration, etc.) are strong incentiveé +o
consider radiation cooling in any situation where it might conceivably be made to work.

If the c¢old package (incorporating thin-film SQUID's and other microcircuitry, for
example), is envisioned to be a thin plate, for large radiating surface and small mass, the

time rate of change of temperature at low temperatures may be approximated as

ar _ 201

- ) dat dDCv

¢, = (1943 J/mol-K) dor3/p8
where o is the Stefan-Boltzmann constant (5.67 x 10 C W/m2K4), d ig the thickness, D 1s the
molaxr density, Cv is the specific heat, and 8 is the Debye characteristic temperature cf the
material, and the approxiwation is good for T considerably smaller than 0, but not so small
that the electronic {or other) terms in the specific heat become comparable to the lattice
term: For a black aluminum plate 1 mm thick, the cooling time’ constant is about nine hours,
so the plate would effectively cool off in less than two days. The cooling rate w;uld be
considerably greater above 100 K, and smallex below 10 K, since 0 for aluminum is about
375 K, and the electronic specific heat is appreciable at very low temperatures.

The power radiated by a black surface at 10 K is 0.57 mw/mz, or 1.1 mW/m2 for both sides
of a thin plate. & SQUID operating at a bias power level of 10_10 W would thexefore require
a radiating area of only 1 - 10 K.

The prospects of radiation cooling a superconducting device in the neighborhood of the

earth or any of the inner planets seems remote. The power radiated and reflected by the

earth is of the order of )

2

2 ——
_ 1300 w_ (8000)"/4 5.2 % 10 7 W/

)
Peawr T2 m¥e3 x 10°%

where w is the solid@ angle, and the expression is evaluated at a distance of one orbit radius
away {93 x 106 miles). Thus, in most of interplanetary space the sun would be the main heat
source, Qf the order of 1 kW/m2 at the earth's orbit. This would have to be reduced by a
factoxr of 10? or so if the superconduct}ng package is to be radiation-cooled to 10 K. A
reflecting disc used as a sunshade would reduce the power by the factor (1l-r) and also by a
factor proportional to the solid angle interxcepted by the disc at the package. Both factors
may easily be of the order of 10 or greater. &As few as three or four discs in series should
provide the necessary shielding. ] .

Heat conduction along the supports to the cold package can be made small if one en-

visions an open structure with the cold package supported only by members in tension {i.e.,
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wires or cords}. For example, a mass of 1 kg at 4 K might be supperted by six spun nylen
cords, extending off in various directions to give kinematic stability, tied to an inter-
mediate assembly at 20 K. If each cord is 10 cm long and each is calculated to break at 10 G
loading (10 kg), then the total cross-sectional area of the six cords should be 0.7 mmz, and
the total heat flow is & uW. For comparison, the heat radiated by a black surface is 570 uW/m2
at 10 K and 14 uW/mz at 4 K. Fox spun glass with the same loading the heat flow would be
about 9 W and for stainless steel about 60 uW. The data from which these were calculated
are from a tgchnical-report edited by R. Stewart and V.' Johmnson (1961). For nylon, glass,
and stainless steel, the thermal conductivity integrals from 4 to 20 K were given as 0.008,
0.020 and 0.16 W/cm, respectively. Tensile strengths were taken as 9 x 106, 14 x lO6 and

18 x 10° g/cm?. |

It 1s envisioned that the cold package; in the form of a thin plate, and the sun shields
would be spaced along an axis pointed toward the sun so that each shield completely inter—
cepts the radiation from the next warmer shield which would otherwise impinge on the coolex
shields.

There are various ways by which the cold package and the sun shields can be rigidly
agsembled by tension members only. For example, the shields might be conical, with the apex
of each cone extending somewhat inside the xim of an adjacent cone, and appropriate coxds,
like the spokes of a bicycle wheel, connecting the two.

We conclude this commentary by stating the obvious —— if superconducting devices are to
be used in space in any number of applications, a laxge development effort on cryocooclers or
other means of maintaining low temperatures will be required. It is suggested that a modest

beginning of the effort should be encouraged now.
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APPENDIX IT.A. ’

TERRESTRIAL APPLICATIONS OF SUPERCONDUCTING MAGNETS

Superconducting magnet applications here on earth are subject to some boundary condi-
tions which are more severe than exist for aerospace uses. OFf course, the inverse is also
obviously true, but those -conditions have already béeh discussed at some length. On earth,
nearly all of the tasks proposed for superconducting magnets are capable of being carried out
by normal magnets, albeit with enormous expenditures of energy. Furthermore, the economics
of capital investment versus operating cost cloud the issue-somewhat, as does the (well
justified) conservative attitude of muoch of our industry, and occasionally, a psychological
reluctance to get involved with a "new" technology. Also, it is stil% true that operation of
a large superconducting magnet facility requires a much greater competence on the part of Fhe
staff than a similar system of normal magnets would. The major difference is the necess%ty
of using various cryogems to cool superconducting magnets, and this situation seems uniikely
to change in the nmear future. With cur current knowledge, and given the perversity of nature,
it seems that a commercially viable room temperature superconductor is not in the cards for-a
long, long time.

The discussion here is not intended to cover all projects, there are too many, buf to
give an idea of the very wide range of applications in which superconducting magnefs are

being used.

IT.A.1. Existing Magnet Applications

In this section we discuss systems which have been built and used. In most cases the
uge is either in scientifie laboratories or is very experimental. There are no "every day"

commercial uses of superconducting magﬁets. In nearly all cases, thé conductor is NbTi.

High BEnergy Fhysics Magnets

This application pretty much accounts for all the large-superconducting magnets in the
world. It has been the major source of money for conductor development and of personnel for
all phéses of the superconductor business. Even so, the great majority of machine and beam
control magnets are still normal.

The higher field strenmgths and lower emergy consumption.available with superconductors
has recently led to the construction of several very large systems, such as the Energy
Doubler at Fermilab and others which are described in the next section, since they are not
yet completely cperational.

Large superconducting dc dipoles have been built and operated since about 1973 at Brook-—
haven Wationmal Laboratory. Oné such, a two—module 8° bending magnet has a 3.5 T central
field and stores a total of 300 kJ. The magnet ‘ls cooled by a 75 W refrigeratoxr. Amother
large system is the high energy beam line at Argonne National Laboratory which was opera-
tional in 1976. It has ten superconducting dipoles and two superconducting quadrupcles. The
magnets are contained in four separate cryostats with a total length of » 13 m. The dipoles

operate at 2.6 T and the quadrupoles give gradient fields of 0.31 T/em.
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A muon channel magnet system was put into operation in 1974 at the Swiss Nuclear In-
stitute. It is an 8 m long iron-clad solenoid. Cooling for the magnet is by forced flow of
supercritical helium. The sixteen coils in the syétem store a total of 1.6 MJ and give a 5 T
central field. This system has proven to be nearly maintanence-free over several yeaxs of
operation. ‘ .

The ability of superconductors to create quite large fields (1-2 T) throughout very
large volumes has begp exploited in the construction of four large bubble~chamber magnets.
These dc magnets are simple coils heavily stabilized with copper. The two largest of these
are the one at the Wational Accelerator Laﬁoratory (4.27 m ID, 3.0 T @ 5.0 k&, 400 MI) and .
the CERN-BEBC magnet (4.72 m ID, 3.5 T @ 5.7 kA, 830 MJ).

Many other superconducting high energy physics mapgnets have been made that have had only
limited success and have not yet been accepted to any degree by the machine users. In this
category are a number of very sophisticated pulsed dipoles and quadrupoles. They have shown
a significant sensitivity to thermal and mechanical shock, as well as a tendency to "train'#
excessively. In nearly all instances magnets for high energy physics research are manufac-
tured in-house. The industrial capability is so limited at present that this is a matter of
necessity. ) -

A related application of superconductors has been in the shielding of charged particle
beams from the machine fields through 2-4 m segments of their path. This technique has been
employed at CERN to lead particles into the bubble chamber through the large magnet. In this
application, the beam travels in a superconducting tube which excludes flux from its interior

by the Meissner effect, thus creating a permanently field free region.

Fusion Energy Devices

A large superconducting magnet was built and put into operation in 1971 as a plasma
physics mirror confinement experiment at the Lawrence Livermore Laboratory (LLL)}. It is
called a "baseball" magnet. The name arises from the sh;pe of the coil winding, which looks
like the seam on a baseball. The magnet stores about 10 MJ, has a 1.2 m "bore" and a maximum
field at the conductor of 5.5 T. '

Other smaller superconducting plasma ph&sics devices have been bullt at Oak Ridge National
laboratory (IMP), MASA-lewis (Bumpy torus, 12-3 T coils) and a‘'small (0.5 m bore) mirror at
NASA-Lewis (8.8 T). Two devices, using superconducting rings levitated by normal and super-‘
conducting magnets, were developed at Princeton and-LLL. Most of these are described in the

proceedings of the 1572 Applied Superconductivity Conference.

* Training, also mentioned in Section II.3.4, involves multiple excursions into the normal
state as the magnet is first energized. Usually a large amcunt of 1iquid helium is vaporized
in the process. After each of these “quenches" the magnet can be energized to a higher
field. Magnets showing 20 — 50 quenches before reaching maximum field are not rare. After

reaching field the magnet usually can be discharged and recharged without training as long as
it is not warmed up.
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Research Magnets .
For sheer numbers, this class of magnets is probably the largest. Nearly all physics
research laborateories have a superconducting magnet of some sort. The magnets tend to bé
relatively small in size and to be simple solenoids or to have a Helmholtz configuration:
Typical is 2-5 cm bore, 7-10 T, 20-30 kg, 100-200 A at full field. They a2re now wound from
multifilamentary wire, usually NbTi, but multifilamentary NbBSn is slowly appearing on the
wire market. " Unlike their earlier counterparts, these magnets beoast charging times to full
field of less than a minute and show very little in the way of training. The construction of
these magnets for sale is 4 tough business and only a very few small companies exist at
present. . R !
In this group one should alseo include the wery large magnets at places like the National
Magnet Laboratory. The largest continuous field magnets yet made {25.4 T and 30.1 T) were
recently (1976) constructed there. They are both hybrids which congist of a large supercon~

ducting coil with a4 water-cooled copper coil insert.

Motors and Generators

SevVeral medium size (to v 3 MW) superconducting motors, both ac and dc, have been built
and operated since the first 50 hp motor was maée in 1966. To our knowledge only one has
actually been put into service in a real system. The Fawley motor, a 3250 hp de (2.4 M)
device, was first tested in 1971 and operated a water pump with some success for an extended
period of time. Both the U.S. and British Navies (end likely others) are interested in
superconducting propulsion systems as they offer a great amount of flexibility in control as
well as reduced weight. These systems are usually dc. The largest presently under con-
struction, for delivery in 1977, is a 2.2 MW (3000 hp) homopolar system for the U.S. Navy.

To our knowledge, no.machinery has yet been ihstalled on a ship, although the British were
pPlanning a test in 1977. »

Another marine application which has been proposed and tested with a small normal magnet
system, is a magnetohydrodynamic engine in which an electric current induced Fhrough the sea
water interacts with a magnetic field to propel a large (2000 ton displacement) submarine to
quite high sSpeed, ~ 90 km/hr is projected.

Many words have been published on the feasibility and desirability of superconducting ac
generators. They would be about half the size and cne—quarter the weight of their normal
countexrparts. The largest of the normal devices (v 2500 MVA) is now limited by size —- any
larger and it won't fit under the railzoad bridges. In spite of all this only a few super— ’
condueting machines have been buil: (it isn't easy), and only one, the 3 MVA MIT alternator
has beeﬁ run in a power grid, and that as a synchronous condenser. The application of super-

conducting generators im the power system appears to be a long ways off.

Magnets for MHD

As we have already mentioned, magnetohydrodynamic power generation on a large scale is a
natural application for superconducting magnets., The magnets are of large size, and thus
relatively easy to wind compared to the airborne systems, and the fields required at present

are npot inordinately high (v 4 = 5 T}, although it has been suggested that higher field

T
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devices might help the economies significantly. Unfortunately there are other sericus prob-
lems with MHD that have kept it from power plant applications. A large magnet, finished in
1976, for the USSR by Argonne National Laboratory has just been used in the U-25 MHD facility
in Moscow. The magnet system is A 4.4 m long with a magnetic length of 2.5 m. The maximum
on-axis field is designed to be v 5 T and the magnet stores 20 MJ. A recént NASA-Lewis study
has considered a system of similar energy but with somewhat reduced size and weight.

An earlier, smaller magnet was built some years ago by AVCO, but it appears that it was
never used in an actual MHD system. The worldwide effort in large MHD systems is signifi-
cant. Whether they will see widespread use or not depends im large part on the future of
fission reactor systems. If figsion systems are de—emphasized, MHD offers a possible re-

placement at perhaps slightly higher total cost.

Industrial Magnets

Superconducting magnets appear to be well suited for numerous jobs of ore separation, orx
eveiL scrap recovery, due to the availability of large high field and high field gradient
regions which allow a large throughput of material, but they have been little used in spite
of some effort (primarily by the MIT National Magnet Laboratory) to convince the industry of '
their usefulness. 1In fact, the only magnet of this sort, of which we are aware, is a rela—
tively small one used to remove iron oxide discoloration from kaolinite which is used for
coating printing papers. The mineral industry is not greatly interested yet, but as the
quality of the taconite ores decreasés, the higher fields will begin to seem more desirable.

Separation of nonferromagnetic scrap by eddy current induction is a grand idea, but
experiment has shown that the strong size dependence of the force experienced by a piece of
scrap seems to preclude this approach at 1east-for the near future.

Medieal Applications . .
The use of large, high gradient magnetiec fields, produced by more or less portable
superconducting magnets, to steer magnetically tipped catheters through the cranial arteries
has led to the possibility of repairing aneurysms, etc., inside the brain. These and other

clever.applications of magnets hawve been used successfully by a team consisting of members

of the staffs of the Nationmal Magnet Laboratory and Massachusetts General Hospital.

Levitated Transport

Superconducting magnets offer the possibility of levitating an already moving vehicie
above a track which may be made up of cther magnets or possibly a pure metal in which induced
eddy currents create the repelling field. This "guided flight" removes the constraints
imposed by wheels and axles, making speeds in excess of 600 km/h feasible. The Japanese
National Railway in 1972 operated a model large enough to carry people (3.5 tons), and the
Germans (Siemens, Erlangen) have also run a vehicie of significant size on a cireular track.
The work on such systems in the U.S. has nearly completely vanished for a couple of reasons:
mass transit, regardless of speed potential doesn't have a real good reputation in the U.S.
for some obscure reason; and the suspension system requires such a large amount of feedback

contrel in order to produce an acceptably smooth ride that it may not be practical in reality.
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II.A.,2. Applications in the Near Future

Clearly, the more promising of the applications just described will be evelving as time
goes on. In addition, there are a few superconducting magnet applications which appear
almost certain te become reality within the next decade. In fact some of them are already
well along in construction but have not yet been put into service.

HBigh Energy Physics Magnets :

A number of large accelerator and storaée ring systems have been proposed and a few are
under construction. Two, which are progressing well at present, the Energ} Doubler at Fermi,
Lab and the Fxperimental Superconducting Accelerator Ring (ESCAR) at the Lawrence Berkeley
Laboratory will serve to give a feeling for the scale of such projects.

The Energy Doubler will use 1000 (!} large superconducting magnets (800 dipoles and 240
quadrupoles) in a 6 lm tunnel. The magnets have NbTi windings and the dipoles have central
fields of ~ 4.5 T. A large number of prototype magnets have already been built and tested.

The ESCAR system will use 24-4 T NbTi superconducting dipoles each ~ 1 m long. They are
now in production at the rate of about one a month. Tests of a pre-production prototype were
very successful. .

These two examples should serve to indicate that this business of superconducting mag-
nets is not just somecne's wiid dream. Large complex magnets can be bullt successfully in
large numbers. Refrigeration systems adequate to cool these monsters are now available. A
detailed description of these and many other high energy physics experiments using super-
conducting magnets is given by Reardon (1977).

Fuston Energy Devices
8

Magnetic confinement of the hot fusion plasma (v 10~ K) in a toroidal configuration has
proven to be one of the more promising approaches to achieving net fusion energy production,
butlthe plasma physics and the machines both have a long way te go. Ak presént it seems
certain that high fields with large volumes will be necessary, and that requires supercon-
ducting magnets. The USSR has a fusion device of the tokamak design which uses superconduct—
ing magnets, but to our knowledge it has never operated successfully. A large mirror machine
physics experiment (MFTF) is being comstructed at the Lawrence Livermore Laboratory. It uses
a heavily stabilized (8:1, Cu:SC) NbTi conduct;r. The maximum field at the conductor will be
7.5 T and the stored energy in the magnets will be 500 MJ. The magnets have a fairly complex
winding geometry called a yin-yang pair.

A program at Oak Ridge National Laboratoxy (ORNL) called the Large Coil Program, is
funding the construction by three industrial contractor teams of three superconducting coils
of the type to be used for the toroidal field coils in large tokamak devices. The purpose of
the project is to prove that such coils'can be made successfully and to provide coils for
tegts of a large toroidal magnet facility. They are not expected to be uged in an actusl
fusion device. Several foreign countries have also agreed to contribute coils to the pro-
gram. The coil design is flexible within certain guidelines. The magnets are to be D-shaped
with a 2.5 x 3.5 m winding bore and produce a field of 8 T.at 10-16 kA current. The windings

will be heavily stabilized. Two of the coils are using NbTi conductor with poolbeiling of

144



helium as the cooling mode; the third will use NbBSn and be cooled by foreed flow of super-
critical helium. The coil deliveries are presently scheduled for installation in a test
stand at ORNL in early 1980.

Energy Storage Hagnets '

A number of inductive energy storage systems using superconducting magnets have been
bullt and tested recently, but they are included here rather than in the previous section
because, to our knowledge, they have never been used In an actual application. The largest
systems now built and tested are at the Los Alamos Scientific Laboratory (LASL). There
started out to be three of them, one was quite successful. They store about 300 KJ in a
2.2 T NbTi magnet operating at 10 kA. Charge and discharge times are 30 s and 10 s respec-
tively. Coils (v 0.5 MI) are being developed for plasma heating by induction in fusion
devices; capacitor banks now serve this function, but will be impractical for much larger
machines. Similar coils are proposed for providing the large pulses of energy required by
high power laser systems in a variety of applications.

Giant underground superconducting magnet systems storing 106 - 107 MJ have been the_
subject of detailed designs by the University of Wisconsin and LASL. These large systems are

primarily proposed for peak-shaving utility applications.

Magnets for MHD

Superconducting magnets for full scale MHD power plants are now being studied at the
National Magnet Laboratﬁry with Department of Energy Funding. Two magnets of this class, omne
for an Engineering Test Facility (ETF) and an actual Base Load (BL) plaqt magnet were de-
signed by Magnetic Corporation of America. Both magnets ha&e a 6 T field at the channel and
“~ 9,8 T at the windings. NbTi at v 4.2 K seems to be the conductor choice for both designs.
The ETIF magnet is 7.0 m long and stores 483 MJ, and the BL magnet is 16.0 m long and stores
4.5 GJ. 1In both cases the magnet systei is ~ 65% structure and the specific weight is
656 kg/MJI for the ETF magnet and 437 kg/MJ for the BL magnet.

Medical dpplications

A large toroidal superconducting magnet system to allow the use of mesons in cancer
therapy has been comstructed and tested at the Stanford Linear Accelerator Center (SLAG),
but to our knowledge it has not yet been used in‘treatment. A similar system is being

developed at the Swiss Nuclear Institute.

Industrial Magnets

It has been shown at the National Magnet Laboratory that’ it is possible to remove a
range of pollutants from water by "seeding" it with fine magnetic particles and then passing
it through z mesh of fine ferromagnetic fibers (steel wool) located in a modest magnetiec
field. The non-magnetic impurities are collected by the magnetic seeds which, in turn, are
magnetically removed. Again the high field volume necessary for an acceptable throughput
requires that the magnets be superconducting. As best we can tell almost nothing has been
done on this system recently, but there is no indication that there is any problem with the

concept.
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IT.A.3. Applicatjons in the Far Future

Clearly, anything suggested hexe must be taken with much skepticism, so we will keep it
short. It seems certain that fusion enerey in one form or another will become a major Source
of power after the turn of the century and, at present, it seems that superconducting magnets
will be ysed for plasma confinement in these devices. Other applications, such as the con-
trol of chemical and. biological reactions- of-various sorts -are possibile, Hut so much needs to
be learned that no prediction is possible. One development which would, of course, change
much of the way we ilook at high field applications would be development of a wiable high
temperature superconducter, but that doesn't look very promising.

Much concern has been expressed over the contiﬁuing availability of helium, since the
major source is natural gas, and there is no lomger a U.5. program of conservation. The
?experts" apparently cannot agree on whether or not this could become‘a problem in the far
future. One could probably assume that it will, although development of superconductors
capable of high field operation at liquid hydrogen temperatures, is a very real possibility

and would result in a much lower demand on the helium reserves.
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APPENDIX II.B.

CURRENT APPLICATIONS OF SUPERCCNDUCTING MAGNETS 1IN SPACE

In this appendix we present a description of the few superconducting magnet systems

which have actually been built for application in space or near to it.

I1.B.1. Operational Superconducting Magnei Systems

In this description of actual systems we go into somewhat greater detail than in earlier
gsections because: (1) there are so few magnets that doing so is no problem, and (2) the

relative simplicity of the systems which work is emcouraging and needs to be stressed.

Orbital Systems

The only two superconducting magnet systems to achieve earth orbit were small copils
flown by the USSR on Cosmos 140 in 1967 and on Cosmos 213 in 1968.

The first of these was a very small (12 cm3 field volume) double solenoid with a maximum *
field of v 1.4 T in a more or less conventional, nitrogen-shielded transport dewar cooled
with 6.5 & of supercritical helium. The flight lasted for a total of 32 hours. It was
observed that introduction of a very small artifical gravity (about 0.001 g}, directed oppo~
site to the normal direction, caused increased boiloff due to cold fluid entering the dewar
throat and warm gas in the magnet region, but the magnet did not quench. The magnet was
charged and put into a semipersistent mode prior to launch. Some conclusions from this
flight were: that, (1) the large static and vibrational loads at launch did not affect the
solencid in any adverse way; (2) supercritical helium could be used as a coolant with no real
problems and; {(3) small gravitational forces can seriocusly affect the operation of the system.

The second flight carried a larger split coil with a 1.7 T centrai field in a 10 em
bore, used as a magnetic analyzer for cosmic radiation. The system mass was 16.6 kg and the
container was similar to the one flown previously. The'superconductor used in both systems
was the alloy 65-BT (probably NbTi). In this experiment the dewar was filled with two-phase
helium, and overpressure by the boiloff during flight (which only occurred when the satellite
began rotating six hours into the flight) was used to create the supercritical phase. At
some point, ~ 17 hours into the flight, the magnet épparently quenched. 7The conclusion seems
to be that the dewar system needs to be carefully constructed to operate well both in weight-
lessness and under the complex conditioms imposed by the flight. Thexe seemed to be no
problem with.the magnet itself. The experiments are described by Anashkin, et al. (1969).
Balloon-Borne Systems . .

The use of superconducting magnet spectrometers on high altitude ballcon flights has
become about as routine as anything gets in’ this business. The first flight was made in
1969, Nearly twenty successful flights have been made in this country involving four dif-
ferent magnets. The magnets tend to be simple coils of rectangular cross section wound from

NbTi which is stabilized with copper. The systems are quite similar. In one, the central
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field 45 ~ 3.0 T. The system uses a nitrogen-shielded 1liquid helium dewar holding about 80 2
of helium and will operate for about one day without refilling. The total package weighs

150 kg and is designed to take 5 g shocks from any direction.* The magnet cur;ent is 120 A
at full field and the magnet is charged, prior to flight, from a 2 V battery source. Charg-
ing and transfer to persistent mode is a slow operation requiring several hours. Stored

energy in the magnet is 576 kJ. These systems have been described recently by Colden (1975).

Magnet Systems in Rockets

Two superconducting magnet systems have been investigated for use on rocket flights. To
the best of our knowledge only one was flown. That one was built at AVCO for flight on an
Apache rocket. The NbTi magnet was a small end-corrected solemoid with a 7 cm bore and
15.3 em long. It developed 3.0 T central field at 55 A curremt. It was to be charged before
launch and put into persistént mode for at least a two-hour period. The coil was to be able
to withstand 50 g acceleration without quenching. The system mass was to be less than 23 kg.
In the course of the program a smaller test coil was actually subjected to 37 g's at fre-
quencies from 100-2000 Hz without quenching. Rumor has it that the actual coil was tested to

50 g's and delivered to NASA-Goddard.

Magrnet Systems in Aireraft

No such systems have actually been .flown. In the text of Chapter II we discussed some of
the problems of very specialized military systems. Otherwise, in general, there is every
reason to believe that any system which will work in the laboratory will work on board an

aircraft.

Summary: Operational Systems .

Very few superconducting magnet systems have operated in space. Those that have were
relatively small in size, not complex in design, and operated at fields well below the capa-
bility of the conductor. The gooling systems were quite comventional. For the most part, mno
changes from conventional magnet design were made. Limited testing indicates that accelera-
tion and vibration are not severe problems f£or these heavily stabilized magnets.

There-is no question but that modern superconducting magnet systems are capable of
performance under much more demanding conditions than those already encountered. If such
high-performance systems are to be actually used, and the chances are that, they will, now is
the time to begin to evaluate what the limits of performance in space applications truly are.
Comparison of the parameters of the magnets just described with those of the existing terres-
trial magnets in Appendix I1I.A. should be sufficient to convince even the most skeptical that

superconducting magnets represent a basically untapped source of potential assistance for a

large number-of space activities. - .

% In fact, one of the Lawrence Berkeley Laboratory balloon magnets maintained its field
-through a descent which ended in a crash on a mountainside, severely damaging the gondola
shell.
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II.B.2, Systems That Almost Made It

Much of the history of superconducting magnet applications in or near space involves a
series of rather heartbreaking scenarios in which géod magnets were built, or almost built,
and tested, but never flown for reasons having nothing to do with the magnet which in nearly
all cases was perfectly adequate for the proposed task. Here we describe these magnets, but

space does not allow much of a discussion of the reasons behind their failure to fly.

Orbital Systems

A péototype magnetic spectrometer magnet was designed and built to be used on the High
Energy Astronomical Observatory (HEAO) series of flights. The first of the three flights
in this series has been launched, the second goes in 1978 and the third a year later. There
will be no superconducting magnets on any of these Flights since it was decided to use a
smaller launch rocket, which resulted in the removal of the heavier of the planned experi-
ments. The dewar system was designed for a hold-time of one year and, in fact, has since
proven to be capable of this extended containment in ground-based tests. The NbTi magnet
itself and several rewound versions are described by Pope, Smoot, Smith and Taylor (1975).
Apparently only one coil was built; two are needed for the spectrometer. It produced a field
of 7.0 T at the winding with a current of ~ 120 A and a stored energy of &~ 750 kJ. The magnet
mass was 150 kg and the coil had an imner dizmeter of 68 cm and was 9.5 cm long.

A smaller (30 cm), but similar, magnet system was being developed.at Marshall for shuttle
applications, but it now seems unlikely that this system will actually be used on any immediate

flight.

Balloon-Borne Systems

A large magnet with a complex saddle shape was built about 1967 by the Lawrence Liver—
more Laboratory {Taylor, et al., 1967) and successfully tested at that laboratory. It had a
1.1 T central field, a 1 m bore, 2 maximum current of 870 A and a stored energy of 1.2 MI,
The coil and dewar weighed 1630 kg. Aluminum alloy was used as the structural material to
winimize the weight. This magnet is probably.a reasonable representation of the breed. The
distribution-of mass is as follows: coil form 20%; helium container 8%; conductor 31%;
structural shell 17%; dewar 24%.
Magnet Systems in Rockets )

A coil was to be made at LASL for an ionized plasma experiment in about 1972. The
magnet was quite large (275 kg, 43 cm bore, 3.5 T), but the forces were low {less than 6 times
the force produced by gravity). Modeling and test coils indicated that such a system would be

possible, th it was apparently mever built.
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APPENDIX IV.A.

JOSEPHSON TUNNELING LOGIC

Josephson tunneling logic is based on individual switching devices called Josephson
junctions (after Braan Josephson who First theoretically predicted their properties). Such a
juniction is Formed by two superconducting electrodes'separated by a thin insulating layex,
only a few tens of angstroms thick. To achieve its remarkable properties the junction must
be cooled to low temperatures (4 K} 50 that the junction electrodes are superconducting.

A Josephson junction has a time-averaged current-voltage {(I-V) characteristic as shown
in Fig. iIV.A-1l. The dashed line shows the I-V curve of the junction when it is not super-

conducting. WNot shown in this characteristic are oscillations in the current which occur at
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Figure IV.A-l. Time-averaged current-voltage characteristic of a Josephson junction.
the dashed line is the I-V curve of the junction when it is not
supexconducting.

fregquency £ = gﬁ-v, where V is the average voltage acrosé the device, e isdthe chaxrge on an
electron, and h 1s Planck's constant. That typical ‘oscillations are at very high frequency
ig cleaxr since 2% = 484 GHz/mV. For our purposes these oscillations are at such a high
frequency that they can only be observed-if extreme care is taken. These oscillations must,
howevexr, be considered in careful analysis of high-speed device operation.

A particularly unique feature of the Josephson junction is its ability to carry current
with zero voltage drop. We see this reflected in the portion of the I-V curve algng the
current axis. When biased at points along this portion of the curxrve the device dissipates
exactly zero energy. It is a superconductor.

There is a maximum zero-voltage current Im. If we try to raise the Jjunction current

above Im' voltage will appear across the junction. At average voltages above zero, but below
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the upward bend in the I-V curve at Eg, the junction carries very little current. above Eg,
the I-V curve approaces the linear one of a non-superconducting junction, a pure resistance.
To see how such a junction is operated as a switching device -- a Josephson tunneling

gate -- one attaches i1t to the bias supply as shown in Fig. IV.A-2. The gate is the "X."

Control
Wire:

Figure IV.A-2. Bias supply for Josephson gate.

4 -
When biased on the zeroc voltage part of the I-V curve, as shown by point a in Fig. IV.A-3.A,
all of the voltage V supplied by the battery drops across the source resistance Rs' HNo

voltage appears across the junction.

1
a a 0'--..__‘__\
b Ta b
— . 5.
v
A B C
Figure ¥IV.A-3- Operation of Josephson gate (latching).

To cause the junction to switch, one applies a magnetic field to it, which reduces Im
J[to be explained in greater detail later) below the junction current at point a. In practice
the magnetic field is produced by passing a current through a control wire {(usually a thin
film) darectly above the junction. The current through the wire i1s called the controlrcurn
rent., Once'Im is reduced below a, that point becomes unstable and thg Junction switcheg to
point b along the dashed line as shown in Fig. IV.A-3B. If the control current is reduced,
Im returns to its original value, but the junction remains at point b. The juncticn is said

to "latch" at point b. To return to poaint a, cne reduces the voltage V, essentially to zero,
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and then raises it again. The path followed by the junction is shown in Fig. IV.A~3C. It is
also possible to construct "non-latching" junctions which return to point a as soon as the
control current is reduced and L rises,

Josephson tunneling gates of the type described above can have remarkably fast switching
times: as fast as a few plcoseconds from point a to point b, Measured switching times from
2 to b are limited by present measurement techniques to around 30 ps. Switching times of
about 80 ps havé béen achieved for switching from a to b and back to a. -

In addition to rapid switching (and perhaps more important) the Josephson tumneling gate
offers exceptionally low dissdipation. At point 2, no power whatscever is dissipated; at
peint b, typical dissipation is of order (1 mA) x (1 mV) = 10-6 W. This is three to four
orders of magnitudé-lower than the dissipation of most semiconductor devices. A revealing
comparison was given in Fig. IV-2 (in Chapter IV). Low power is crucial when large numbers of
devices are combined to form a large computer or even when smaller numbers of devices are
assembled for ultrafast measuremeﬁts.

Thus we have seen how the gtate of a Josephson gate can be changed by a control currené
passing through 2 wire which is electrically separated from the junction itself. A latching
junction can be returned to its original state (point a) by momentarily reducing the bias,
Non-latching junctions return directly to thelr original state when the control current is
reduced.

Two questions remain. How doeg one perform logic and how does one transfer the result
of a logical operation to a succeeding juncﬁion? To begin with performing logic, one fiotes
that, as shown in Fig. IV-3 (in the main text of Chapter IV), two or more control lines may
be placed above a junction. The maximuukzero—voltaée current Im through the junction is
determined by the sum of the magnetic fields produced by the control currents. Thus, Im is
determined by the sum of the contrel currents.

One next needs to examine how Im depends on the control currentz (or equivalently the

magnetic fields they produce). We have illustrated this dependence in Fig. IV.A-4. It can

‘ Maximum zero-voltage current

— 3
Control
current

Figure IV.A-4. Operation of Logice
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be seen that a contr?l current of either polarity will reduce Imf Let us assume that the
amplitudeé of the control currents are described by the arrows in Fig. IV.A-4. If the junc-
tion is biased at point a, applying a control current through one control wire moves the
system-to po}nt X. The junction does not change state because x is still less than the
maximum zero-voltage current. However, if control currents are applied through both control
wires simultanéously, the state of the system moves to y. The junction does switch, since
the maximum zero voltage current Im has been reduced below the operating current of point a.

We can make a truth table of the results:

Con&rol Current 1 ] Contxrol Current 2 Jﬁnction Switches?
" No No No
Yes ' No T No
No Yes No ‘
Yes Yes Yeg

It can be seen that the ouéput of the junction (its state} is the logical "and" of the input
control currents. Thus logic has been directly performed by a single Josephson tunneling
gate. .

It 1s also possible in an analogous manner to perform a logical "or" by making a junc~
tion in which the cuxrve shown by Fig. IV.A-4 is skewed. Logical "not" can also be performed
in a somewhat more involved way, Thus, all fundamental logical functions can be performed,
making possible the constructicn of computers and digital instruments.

The final subject, not yet discussed, Is the method by which the state of a junction may
be transferred to a subsequent junction. As illustrated in Fig. IV.A-5, the junction is

connected to a terminated transmission line. Part of the transmission line rises above the

To Gate Supply

A A

l——0
Output
Control 4 N of
wire )( f< geconq
Junction
o
N\ Transmission
Line

Figure IV.A-5. Transfer of infoxmation to subsequent junctions.
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next junction and is a control wire for that junction. When the first junc!:ion swltches to
b, a time-averaged voltage appears at the ends of the tramsmission line and a current there—
fore propagates down it, acting as the control current for the next junction. The second
junction thérefore switches to point b. The resistance in the transmission line terminates
it and dissipates the magnetic energy stored in it, if the first junction switches back to
state a, Thus, the .control -current for the second junétidon drops back to zerc whenever the

first junction reverts to a state a.

154



APPENDIX 1V.B.
JUNCTION FABRICATION TECHNOLOGY

Josephson tunneling logic devices have become serious candidates for a variety of appli-
cations to measurements and computers becadse of substantial progress which has recently been
made in fabricating reliable junctions. The progress has been primcipally in two areas: the
use of alloys for the electrodes, and improved barrier formation techniques.

Josephsén junctions for practical use need to be made of superconductors which have
transition temperatures above the boiling temperature (v 4 K) of liquid helium at atmospheric
pressure. Thus further cooling by pumping on the helium is unnecessary. There are only two
elemental superconductors which meet this criterion: lead and niobium. Niobium is difficult
to work with because it oxidizes so readily, making control during barrier formation diffi-
cult. Thus, for the moment, lead is the most used material.

Lead junctions suffer substantizlly because, after lead is cooled with liquid helium, it
undexrgoes compressive stresses when it is rewarmed. These stresses lead to the growth of
hillocks or bumps in the lead films. The hillocks are of more than sufficient size to de-
stroy the insulating barrier im the junction. ”"Thus lead junctions, once cooled, are de-
stroyed if allowed to rewarm. This clearly renders them useless for field application.

"On the other hand, lead alleoy junctions have been demonstrated to be resistant to hil-
lock growth, and to survive repeated cdooling and heafing without failure. The lead.alloy is
deposited through sequential evaporation of thin films of pure materials. The layered film
which results is then homogenized by heat treatment at modest temperatures of about 70° C.
Presently preferred materials are lead, alloyed with indium and gold.

Fabrication of reliable barriers depends both on the use of the alloy films and on the
method of oxidation. The alloy described above forms an oxide which is enriched in indium
compared with the composition of the alloy. The second electrode is made of materials which
do not react with oxygen as readily as indium, thus inhibiting migration of indium in the
barrier into the second electrode. The presently preferred materials for this alloy are lead
and gold. The indium oxide barriers, formed using these alloys appear to have a lower barrier
height than pure lead. Thus, for a given tunneling current density the indium barrier can be
thicker tham that for pure lead, a desirable result which enhances long term stability of the
barrier. )

Oxide layers can be produced in a controlled way using an rf sputtering-process. One
slowly sputters away the surface of the first electrode, in an oxygen atmosphere. At the
same time, because of the presemce of the oxygen, the surface continually reoxidizes. Even~
tually a dynamic equilibrium is regched in which the rate of “sputter remowval of the surface
equals the rate at which the surface reoxidizes. Beéause the process is wvery sensitive to
changes.in the sputtering conditions such as rf voltages and oxygen pressure, these param-
eters can be used as sensitive controls of the resulting oxide thickness. Time is not an
important parameter, since as soon as dynamic equilibrium is attained, there are no further

changes in the oxide thickness.
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To make complete integrated circuilts, one must also be able to deposit resistors and
insulators for crossovers and microstrip lines. The resistors are made from AuInz, an
intermetallic which is pregent in the superconducting alloy, so that interdiffusion between
resistor and superconductor is not substantial. Two types of insulator are commonly used.
Niobium is often used as a ground plat;e and then anodized to form a Nb205 insulating layer on
its top surface. 8530 is used im other places where insulators are needed (e.g., between

junction and contrel lines, at stripline crossovers, ete.).
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