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FOREWORD

This volume is a compendium of abstracts of papers presented at a "SQUID

Symposium" organized by the Division of Materials Sciences of the U. S. Depart-

ment of Energy and held March 23-25, 1978, at the University of Virginia.

The Symposium was part of the "Conference on Future Trends in Superconductive

Electronics" which brought together a select international working group of

scientists and engineers representing research, development, manufacturing,

and project management to examine the current status of superconductive elect-

ronics and to discuss the potential role of superconducting devices in elect-

ronic systems during the coming decade.

Since SQUID systems have already been utilized in feasibility demonstra-

tion in geothermal reservoir exploration, it was recognized that these devices

also hold great potential for many other important scientific measurements.

Many of these are energy-related, and others include forefront investigations

in a diverse group of scientific areas, from biomedical to earthquake monitoring.

Research in SQUIDs has advanced so rapidly in recent years that it was felt

that a symposium to review the current status and future propsects of the

devices would be timely. The abstracts in this volume present an overview

of work in this area and hopefully provides an opportunity to increase awareness

among basic and applied scientists of the inherent implications of the extreme

measurement sensitivity in advanced SQUID systems.

Mark C. Wittels

1





Table of Contents

Page

Foeod...................................... 1
Foreword - - - - - - - - - - - - - - - - - - - - - - - - - - - - - i

Introduction.. . . . . . . . . . . . . . . . . . . . . .. . . . v

RF SOUIDS: The State of the Science

R. P. Giffard, Stanford University . . . . . . . . . . . . . . 1

Present Status and Future of the dc SQUID

M. B. Ketchen, IBM Yorktown Heights;

John Clarke and Wolfgang M. Goubau,

University of California, Berkeley . . . . . . . . . . . . . . 5

Properties of High Temperature SQUIDs

Charles M. Falco and C. T. Wu

Argonne National Laboratory . . . . . . . . . . . . . . . . . . 9

Application of SQUIDs to Low Temperature Transport Physics

J. C. Garland, Ohio State University. . . . . . . . . . . . . . 13

Recent Advances in SQUID NMR Techniques

R. A. Webb, Argonne National Laboratory . . . . . . . . . . . . 17

SQUIDs for Measuring the Magnetic Properties of Materials

B. S. Deaver, Jr., Thomas J. Bucelot, and James J. Finlay

University of Virginia. . . . . . . . . . . . . . . . . . . . . 21

Application of SQUIDs to Measurements in Fundamental Physics

Blas Cabrera, Stanford University . . . . . . . . . . . . . . . 25

SQUIDs and Magnetotellurics with a Remote Reference

Wolfgang M. Goubau, John Clarke, and Thomas Gamble

University of California, Berkeley. . . . . . . . . . . . . 27

Measurements of Magnetic Gradients from Ocean Waves

Walter Podney and Ronald Sager

Physical Dynamics, Inc. . . . . . . . . . . . . . . . . . .. 33

iii



Biomedical Applications of SQUIDs

Samuel Williamson, D. Brenner, and L. Kaufman

New York University . . . . . . . . . . . . . . . . . . . . . . 39

The Use of SQUIDs in Low Frequency Communications Systems

Martin Nisenoff, Naval Research Laboratory. . . . . . . . . . . 43

Commercial Superconducting Systems

William Goree and John Philo

Superconducting Technology. . . . . . . . . . . . . . . . . . . 47

The Future of Superconducting Instruments in Metrology

D. B. Sullivan, L. B. Holdeman, and R. J. Soulen, Jr.

National Bureau of Standards. . . . . . . . . . . . . . . . . . 53

APPENDIX: Conference Participants . . . . . . . . . . . . . . . . 57

iv



Introduction

The first Superconducting Quantum Interference Devices (SQUIDs) were

developed and operated in low temperature physics laboratories some 14 years

ago. Subsequently, as the performance and reliability of the devices steadily

improved, there was a parallel growth in the applications of these devices.

Today, while there is continuing research aimed at improving the performance

of SQUIDs, the major effort in the field is in a variety of applications

that have been made possible by the unprecedented sensitivity now available.

Apart from numerous low temperature physics experiments, these appplications

include biomedical measurements, geophysical applications, and gravity wave

detectors. The SQUID Symposium was intended to review the state-of-the-art

and f -'e rc-pec.s uf ioth the devices themselves, and of their various

apolications. Workers representing the major topics of investigation were

asked to participate by presenting review talks covering research in their

own areas. Abstracts of these talks together with lists of references are

collected in this report. We briefly outline here some of the current and

potential energy-related applications discussed at the conference.

It appears that the present generation of SQUIDs have sufficient sensitiv-

ity for most energy-related measurements with the notable exception of magnetic

field gradiometers, where there is a need for a one- or two-order of magnitude

improvement in sensitivity for geophysical measurements. SQUID magnetometers

have been used already in magnetotelluric surveying, and are likely to be used

in the near future in active methods of electro-magnetic sounding. These

methods are used in surveying for geothermal sources and oil deposits. Another

possible geophysical application is to investigate the existence of resistance

and/or magnetization changes along a fault that may be precursors to earth-

V



quakes. There appears to be considerable potential for gradiometers in these

areas, particularly if the projected increases in sensitivity can be achieved.

Measurements of changes in the magnetic moment of molecules adsorbed on

the surface of catalysts are another energy related application of SQUIDs.

These studies could give information on reaction kinetics and other transient

phenomena. NMR studies can be made in very low fields (<0.1 G) over a wide

range of temperature (% 1.2-400 K) using SQUIDs as the detector. Such suscep-

tometer and NMR systems will be increasingly important for studying the magnetic

properties of materials. Finally, SQUIDs used as voltmeters (sensitivity

" 10-1.5 V Hz-112 have played an indespensible role in studying the flux-flow

properties of type II superconductor composites of the type used for high

field magnets.

A major consideration in the use of SQUIDs outside the low temperature

laboratory is refrigeration. At present, fiberglass cryostats with a low

boil-off of liquid helium and liquid nitrogen are invariably used in field

applications. In the long term, however, the widespread application of cyogenic

devices may depend critically on the development of closed-cycle refrigerators.

Thus, it is essential to develop not only refrigeration but also devices capable

of working at the higher temperatures available from refrigerators, say 12 K.

SQUIDs fabricated from superconductors with a high transition temperature

(Nb 3Sn and NbN) have already been operated, and further development of these

devices should be pursued.

vi
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RF SQUIDs: THE STATE OF THE SCIENCE*

R. P. Giffard

Department of Physics

Stanford University

Stanford, Ca. 94305

In the ten years since the discussion of weakly-connected super-

conducting rings by Silver and Zimmerman rf SQUIDs have evolved into

reliable and widely-used measuring instruments. The original descrip-

tion by Zimmerman, Thiene and Harding2 of the operation of an rf tuned

circuit inductively coupled to a hysteretic SQUID is seen to be correct

in the limit of zero-temperature operation of a device containing a per-

fect weak link, and correctly predicts the basic operation of real de-

vices.

The effect of thermal fluctuations on the transitions between

quantum states in the SQUID has been analysed by Kurkijirvi3,4 and Kur-

kujarvi and Webb.5 The predicted value of circuit output resistance

has been observed under favorable conditions by Jackel and Buhrman,6

although some weak links appear to give anomalous results. The pre-

dicted intrinsic noise level has not yet conclusively been observed,

but this should be possible with low inductance devices and sensitive

amplifiers.

The interaction between the input and output circuits of an rf-

SQUID has recently been discussed by Ehnholm. The proposed model

allows the small-signal properties of a SQUID amplifier to be expres-

sed by means of a four-element transfer matrix similar to that widely

*Work supported by ONR under N00014-76-C-0848 and NSF under P1Y76-0105.
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used for parametric amplifiers. The parameters of a typical device

at a working frequency of 24 Mhz have recently been compared with

those predicted by the Ehnholm model.8 Measured and calculated values

of the elements of the transfer matrix agreed to within experimental

error. The Ehnholm model allows the matched noise temperature of an

rf-biased SQUID system to be predicted with confidence for the first

time.

Although the small-signal parameters of rf SQUID systems are in

agreement with theoretical estimates, the optimum predicted flux noise

level does not appear to be achieved. With good device design, and

careful attention to amplifier noise matching it should be possible to

make systems of substantially improved performance at moderate cost.

A typical goal might be a 450 MHz system using an amplifier with a

noise temperature of 100 K. Such a system should be capable of an

energy noise level of about 10-30 J Hz-l.. Using better amplifiers at

higher frequencies, even lower noise levels should be attainable.

The construction of many existing rf SQUIDs is dominated by the

use of niobium point-contact weak links which have been shown to func-

tion satisfactorily up to 100 GHz.9 The development of thin film junc-

tions of equivalent performance with low parasitic reactance would

allow more flexibility in design. A reduction in the parasitic induc-

tance of existing weak links would allow the use of lower SQUID induc-

tances, resulting in systems with increased dynamic range and bandwidth.

In rf SQUIDs, excess noise at low input signal frequencies becomes

increasingly important as system performance is improved. The origin

of this noise is uncertain, and more study is urgently needed.
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PRESENT STATUS AND FUTURE OF THE dc SQUID

M. B. Ketchen

IBM Thomas J. Watson Research Center Yorktown Heights, New York 10598

and

J. Clarke and W. M. Goubau

Department of Physics, University of California and

Materials and Molecular Research Division,

Lawrence Berkeley Laboratory,

Berkeley, California 94720

The dc SQUID (Superconducting QUantum Interference Device) is a sensitive

detector of changes in magnetic flux. With suitable input circuits, it can be used to

measure tiny changes in magnetic fields and magnetic field gradients, magnetic susceptibili-

ties, and voltages. In this paper a brief account of the theory of the dc SQUID is given.

The construction and performance of an existing tunnel junction dc SQUID are reviewed,

and projections for improvements in performance are made.

The dc SQUID consists of two Josephson junctions incorporated in a supercon-

ducting loop of inductance L. Each junction is resistively shunted so that its current-

voltage characteristic is non-hysteretic; that is, 2rrIOR 2C/()< ,where I, , R and C are the

critical current, shunt resistance and capactiance per junction, and 0, = h/2e. When the

SQUID is biased with a current IB somewhat greater than 21, the voltage is periodic in the

applied flux 0 with period q,0. The optimum sensitivity is obtained when 2L1O N'(. The

flux-voltage transfer function is (oV/a$)g R/2L. The intrinsic voltage noise across

the SQUID is of the order of the Johnson noise in the shunts with a spectral density

S, ~ 4keT(R/2). The spectral density of the itnrinsic flux noise of the SQUID is thus

S. Sv/(aV/aP) a 8kBTL2 /R . (I)

The energy resolution per Hz with respect to a signal in an input coil coupled to the
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SQUID with coupling coefficient a is

F = S/2a2 L 4keT(wLC)/ 2 /a2  . (2)

A tunnel junction de SQUID is shown in Fig. 1. The films are sputtered or

evaporated through machined masks, and the Nb strips are thermally oxidized to form

tunnel barriers. Important parameters of the device are: cylinder diameter = 3 mm,

junction area ~i 104 m 2, C e 600 pF, R 0.6 9, L I1 nH, 10~ I yA, and a2 - 0.37.

The SQUID is flux modulated at 100 kHz, and the voltage across it is amplified by a

cooled superconducting transformer or tank circuit that optimally couples the SQUID to a

room temperature preamplifier. After amplification the signal is lock-in detected and

coupled back as a flux to the SQUID which thus operates as a null detector in a flux-

locked loop. Between about 2 x 10-2 Hz and 40 kHz the rms flux noise for a SQUID at

4.2 K is typically 3.5 x 10-5 *0 Hz-'/ 2 , corresponding to an energy resolution relative to an

input coil of about 7 x 10-0 JHz-1. Below 2 x 10-2 Hz the spectral density of the noise

varies as 1/f. The drift rate in a magnetically shielded, temperature regulated environment

is ~ 2 x 10- '5h-1. The dynamic range is about 3 x 106 in a 1 Hz bandwidth, and the

slewing rate using a resonant coupling transformer is ~ 2 x 10 5 .,s-I at I kHz.

At 4.2 K the SQUID's sensitivity can be improved by reducing L and C and by

increasing a. Decreasing the diameter of the SQUID from 3 mm to 2 mm and adopting

the more compact configuration shown in Fig. 2, one should be able to reduce L to about

0.3 nH and increase a2 to about 0.6. If at the same time one increases'io to ~ 3 pA and

decreases R to ~ 0.35 fZ, e will be reduced by about a factor of 3 (see Table I). The

largest potential improvement in sensitivity is likely to result from a reduction in C; that is,

a reduction in junction area. To maintain a critical current of 3 A, the critical current

density will have to be increased by reducing the barrier thickness somewhat. A reduction
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in the junction area by a factor of 104 would be accompanied by a decrease in the capaci-

tance by a factor of about 7 x 103. The present SQUID has junction areas of approxi-

mately 104 pm2 . The projected performance and essential parameters with 102 Im 2 and

I pm2 junctions are listed in '[able I, where we have used 21.1~ 2-R 2C ~ p A

SQUID with 1 pm2 junctions is expected to have an energy resolution of ~3 x 10 32

IJz- t /2, provided no unanticipated relaxation processes reduce the SQUID response at this

higher Josephson frequency (~ 50 Gi-lz).

A further improvement in sensitivity is to be expected from cooling the SQUID,

assuming that a preamplifier with sufficiently low noise (probably a second SOUDI)) is

available. At a low enough temperature, the thermal noise in the shunts will he less than

the shot noise in the junctions, which has a spectral density . ~ el R2 . Thus, in the limit

k1 T << el()R/2,

(s) h/2a 2 
, (3)

where we have used 21L1( = h/2e.

Junction

Area Ia R C L a2 51/2,

( m2 ) ( A ) ( ) (pF) (niI) (<p I -lz1 / 2 ) Jl -'

Present 104 I 0.6 6x 102  1 0.37 3.5x 10 5  7x()-30

104 3 0.35 6x10 2  0.3 0.6 1.4x10 5  2.4x103(1

Proposed 102 3 3.2 7 0.3 0.6 4.6x10 6  2.6xl1- 31

1 3 30 8x10-2  0.3 0.6 1.5x106  2.8x10 3 2

Table I Parameters of present and proposed dc SQUIDs operated at 4.2 K
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PROPERTIES OF HIGH TEMPERATURE SQUIDs*

Charles M. Falco and C. T. Wu+

Argonne National Laboratory, Argonne, Illinois 60439

There are a wide variety of techniques available for producing weak

links suitable for use as elements in-both dc and rf biased superconducting

quantum interference devices (SQUID's) operating at or below 4.2 K. However,

there have been only a few reports of SQUID's operating above 10 K1- 5 where

closed-cycle refrigeration systems are available. This is due both to the

difficulty in producing high-Tc superconductors and to the difficulty in

producing weak links in these materials--which may have critical-curreut

densities as high as 107 A/cm2 .

Recently, several groups have succeeded in fabricating weak links and

SQUIDs operating in the temperature region 10-17 K. These development have

important implications for their possible future use in conjunction with

closed-cycle refrigeration systems.

DC SQUIDs

One of the major requirements a of a weak link in a SQUID, either de or

rf, is that it carry a critical current Ic 0o/L where 0o is the

magnetic flux quantum and L is the inductance of the device. SQUID's can be

made to operate with a large Ic if they are fabricated in a low inductance

geometry.

Palmer, Notarys, and Mercereaul noted that the Tc of NbN and Nb3Sn

showed appreciable thickness dependence below 1000 X. By photoresist

aWork supported by the U. S. Department of Energy.

+Present address: IBM Thomas J. Watson Research Center, Yorktotin

Heights, NY 10598.
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masking and argon ion beam etching, they were able to reduce the thickness

and thereby locally introduce a reduction in the pair density in a well

defined region. Using weak links made in this manner, they reported the

3peration of dc SQUIDs at temperatures up to 17 K.

The area enclosed by these devices was 21 x 54 pm indicating an

inductance of approximately 10-100 pH and therefore a critical current of

20-200 pA. While these small area devices exhibit quantum interference

effects, their small {nductance makes it difficult to couple in external

signals and consequently limits their usefulness for a number of applications.

By mechanically scribing 5000-7000 A thick Nb3Sn films, in order

to form 1-5 pm wide by 1-2 pm long weak links, Golovashkin et al.3, 4 were

able to fabricate dc SQUIDs operating up to 16.5 K. The area enclosed by

these interferometers, and hence the inductance, was a factor of 5-10

smaller than those of Palmer et. al.1 This enabled the devices to

operate with correspondingly larger critical currents, and consequently

quantum interference behavior was seen over a wide temperature range (more

than 10 K). However, the low inductance limits the usefulness for practical

applications.

RF SQUIDs

Fugita et a1 2 reported a technique for sputtering expitaxial single

crystal NbN films with Tc's over 15 K using cleaved single crystal MgO

substrates, By subsequent photo-resist masking and sputter etching, they

were able to produce well defined weak links. By incorporating these weak

links in a 2-hole geometry of sensing area 2 mm2, they were able to make a

gradiometer with a flux resolution 10-340 /Hzl/2. The highest operating

temperature obtained was "' 15 K with an operating range of approximately 0.5 K.

We have devised a reliable method for producing weak links in Nb3Sn.
5 ,6

Using these weak links, we have produced gradiometers of sensing area 2 mm2

operating at over 14.5 K.
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Iigh-Tc Nb 3 Sn thin films were prepared by sputtering from a StCiiO-

metric-reacted pressed-powder target onto sapphire substrates using

a Varian high-rate magnetron sputtering system. There are six steps in the

fabrication of Nb3Sn SQUID's (1) Approximately 500 R Nb 3 Sn is deposited

on a sapphire substrate; (2) the film is coated with photoresist, and (3) a

two-hole pattern is etched using standard photolithographic techniques.

(4) A protective Cu layer is deposited and (5, a narrow line is cut through

the Cu layer over the bridge region. (6) The whole film is subjected to a

controlled dose of particles at 50 keV. (7) The Cu layer is then etched

away after the irradiation. In order to couple external signals into the

SQUID more effectively, e large block of Nb3Al with Tc ' 18.2 K prepared

by arc melting was clamped onto the SQUID. In addition to allowing better

coupling, this Nb3Al actually reduces the self-inductance of the SQUID to

allow it to operate at higher critical currents. We find that the Nb3Al

block is effective in reducing the self-inductance of the planar geometry

by a factor of 10.

Applications for SQUIDS reported to date in such areas as biomedicine,

geophysics, rock magnetism, and communication systems have been almost

exclusively initiated or developed by low temperature physicists. It seems

clear that in order for there to be widespread use of these developments,

or for there to be additional applications in other areas, it will be

necessary to provide complete stand-alone systems that do not require

the use of liquid helium. Consequently, further developments of high

temperature SQUIDS, in conjunction with developments in closed-cycle

refrigeration systems, will certainly be important to a more widespread

exploitation of SQUID technology.
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THE APPLICATION OF SQUIDS TO
LOW TEMPERATURE TRANSPORT PHYSICS

J. C. Garland

Department of Physics

The Ohio State University

Columbus, Ohio 43210

The rapid development of SQUIDs into routine laboratory

instruments has been responsible for an enormous increase in the

sensitivity and resolution of low temperature transport measure-

ments. In a little over ten years, the sensitivy of low temperature

experiments has increased from 10-9V to 10-'5V. This increase has

spawned several new areas of research such as the study of super-

conducting-normal interfaces. Measurements of an unusual boundary

resistance between superconducting and normal metals in the past few

years have shed new light on the nature of chemical potentials in

superconductors and on the conversion of normal electrons into super-

conducting electrons.1

Another example is the emerging field of inhomogeneous super-

conductivity.2 Filaments of type II superconductor are frequently

embedded in a normal metal matrix in order to minimize dissipative

effects arising from the motion of flux lines. SQUID instrumentation

has played an indispensible role in studying the transport properties

of these superconducting-normal metal composites. This field promises

to be an area of active interest in the next few years, in part because

of the realization that the onset of perfect conductivity in these

systems may represent a new class of critical phenomena.
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In addition to new areas of research, older areas have been

revitalized by the development of SQUID instrumentation. A case in

point is the physics of the temperature dependent resistivity of

simple metals. This subject was ostensibly laid to rest in the

1950's when it appeared that the Bloch-Gruneisen T5 law adequately

explained existing resistivity data of most simple metals at low

temperatures. During the past decade, however, experimerAtalists

have begun taking another look at the temperature dependernt re-

sistivity of these metals using high resolution SQUID instrumenta-

tion. The result is that today this subject is in a general state

of turmoil, as previously well established theories collapsed under

the scrutiny of ultra-high precision measurements. In some metals,

such as aluminum,3 even the most sophisticated modern calculations

fail to approach within an order of magnitude the measured temperature

dependent resistivity.

The development of SQUIDs has prompted an active interest in

the thermoelectric properties of pure conductors. It is well known

that thermoelectric effects are very sensitive to the details of

electronic scattering. The lack of data on this subject, however,

is easily explained when one remembers that the thermoelectric

power of a typical pure metal at liquid helium temperatures is only

about 10~ 8V/K; to measure the thermoelectric voltage resulting from

a reasonable temperature difference of 10mk, one therefore needs a

voltage sensitivity better than 10 11V. Today this sensitivity is

readily available with SQUIDs, and there has been a corresponding

recent increase of experimental activity in this area.
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There have also been some new approaches to thermoelectricity

at low temperatures which are made possible by SQUIL . One example4

which has become popular in the past few years is the study of the

thermoelectric coefficient G, defined as

G = (J/J)E=

This coefficient is the ratio of an electric current J to a heat

current JQ measured under conditions of zero electric field. The

coefficient has the same sensitivity to scattering as the more

conventional thermoelectric power but can be measured far more

precisely at low temperatures. A SQUID is used in the measurement

as a null detector to establish the E = 0 condition.
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RECENT ADVANCES IN SQUID NMR TECHNIQUES*

R. A. Webb

Argonne National Laboratory, Argonne, Illinois 60439

A discussion of the techniques used for performing a variety of

magnetic resonance measurements using a SQUID is presented. Pulsed

NMR, cw NMR, adiabatic fast passage as well as static susceptibility

measurements have been made on liquid 3He using the same SQUID detection

system in magnetic fields that varied from 3.7 to 309 gauss in the tempera-

ture range .002 K to 1.2 K. The measurements were performed in an adiabatic

demagnetization cell using Cerous Magnesium Nitrate (CMN) as the low

temperature refrigerant.1 The experimental region was located in a mag-

netically shielded tower above the main cell. A standard2 superconducting

detection coil, wound astatically, was connected to the input coil of a

two-hole symmetric SQUID operated at 19 MHz. The static field Ho,

parallel to the axis of the detection coil, was trapped in a Nb tube that

surrounded the sample region. A superconducting rf saddle coil provided

the transverse H1 field. In these experiments, the SQUID continuously

measures the change in the average value of the component of nuclear

magnetization parallel to Ho, either as the frequency of the H1 field is

swept through resonance or following the application of an rf pulse that

initially rotates the magnetization vector away from equilibrium.

In order to be able to use the full sensitivity of the SQUID, the

rf field must be kept from coupling to the SQUID. In the earlier NMR

experiments3'4 an eddy current shield was placed between the detection

coils and the sample. This technique can severely limit the frequency

response and lowers the detection sensitivity. The technique employed
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in this work was to install a small 1 S resistor in parallel with the

detection coil and SQUID input coil. The measuring bandwidth was from

0 to 30 kHz and the detection coil was coupled more tightly to the

sample than in the earlier work.

Pulsed SQUID NMR results are discussed and show that this technique

is ideal for studying both spin-lattice relaxation times (T1) and

absolute magnitudes of susceptibilities. Following a single rf pulse,

one can obtain a complete record of the relaxation of the longitudinal

magnetization, independent of the dephasing times (T2). In these experi-

ments on 3He, T1 varied from 100 sec at 1 K to 2 x 10-4 sec at .002 K.

An example of the extreme sensitivity of this technique is given for a

pulse NMR experiment performed in a 3.7 gauss field in which the signal-to-

noise ratio was better than 100/1. SQUID NMR has already proven to be a

powerful tool in the investigation of the magnetic properties of super-

fluid 3He5 ,6,7 and should continue to allow new and interesting

magnetic phenomena to be studied in other systems as well.

SQUID cw NMR measures the change in the component of magnetization

parallel to H0 as the transverse H1 field is slowly swept through

resonance. A discussion of the experimental technique used for cw SQUID

NMR is presented along with some examples of cw NMR obtained on 3He in

magnetic fields of 3.7. to 309 gauss.

At present, the main disadvantage of SQUID NMR is that the experimental

linewidth tends to be rather broad and is due to the presence of the

superconducting detection coil which tends to distort the static field over

the sample region. A discussion of how to improve this problem is given.
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SQUID adiabatic fast passage is essentially a cw NMR technique

used to rotate the magnetization vector 1800 by sweeping the frequency of

a very large H1 field quickly through resonance. This technique allows

both a measurement of T1 and the susceptibility of a sample and can be

used on systems that have very fast spin-spin relaxation times (T2 ). A

discussion of this technique is given.

SQUID NMR should not be considered useful only at low temperatures.

In the future we may expect that variable temperature SQUID NMR cryostats

will be developed that can operate over a temperature range 1.2 K to 400 K.
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SQUIDS FOR MEASURING THE MAGNETIC PROPERTIES OF MATERIALS*

B. S. Deaver, Jr., Thomas J. Bucelot and James J. Finley

Department of Physics

University of Virginia

Charlottesville, VA 22901

SQUID magnetometers in conjunction with superconducting magnets

and shields are being used for susceptometers that provide unique

combinations of sensitivity, speed, resolution, accuracy, stability

and convenience. The first relatively general purpose superconducting

susceptometer (ScX) was reported by a group at the California Institute

of Technology.1,2  Concurrently similar instruments were being developed

at Stanford3 and at the University of Virginia. 4

The first commercial ScXs were delivered in 1974. They used thin

film SQUIDs6 and provided continuous variation of the sample temperature

from below 4K to room temperature by flowing temperature controlled

helium gas through the sample chamber. A second generation of suscep-

tometers used toroidal SQUIDs6 which provided considerably improved slew

rates and better stability. Very recently Philo and Fairbank reported

a susceptometer with resolution nearly a factor of 100 better than that

of any other susceptometer. Third generation commercial susceptometers

are now available from two companies and they are beginning to offer

performance that approaches that of the Philo and Fairbank instrument

although the requirement for operation with sample temperatures from

helium temperatures to above room temperature imposes some difficult

design problems.

The early systems were used for measurements on hemerythrin, and

carbonic anhydrase and to look for susceptibility changes during
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biomolecular phase changes. More recently there have been measurements

of the magnetic properties of oxyhernoglobin, lysozyme, of the kinetics

of hemoglobin-carbon monoxide reactions and of the susceptibility of

frozen aqueous solutions of biochemical compounds. ScXs are being

used for the study of transition metal compounds and structure depen-

dent magnetism, and for studies of new types of superconductors.

Some Characteristics of ScXs

Sample Access:

Magnetic Field:

Temperature:

Range:

Sensitivity:

cylinder 6 mm o.d. i, = 2.5 cm

0-30 kG
measured to 0.01% with NMR probe

1.5 - 300 K

-8 - -1
10 - 10 emu total moment

Am = 1-8 emu with 1 sec response

AX = 3 x 10 mu/cm3

For 0.4 cm sample, 1 kG.

AX = 7 x 10-13 Philo and Fairbank

Absolute eelibration with coil with accuracy 't 1%

Stability of Calibration 0.1% for 18 mo.

-3
Response Time: 10 sec

Resolution: 10 10-6 Philo and Fairbank

Measures M , M, AM/AT, M(X), M(t)

Very low field measurements

Convenient and easy to use - continuous operation for more than 6 mo.

ScX systems are well suited to computer control and data acquisi-

tion. Owen and Nadler 9 have described the automatic operation of a



Sci for measurements on biological samples. At the University of Virginia

we are equipping our Sc;' with a EC pdpl]/03 system to control sample

position, velocity, temperature, rf frequency, laser paramet ers and to

record the longitudinal and transverse components of the magnet ization,

position, temperature and values of external parameters. A graphics

terminal will be used to display individual scans and to compare them,

and the computer will he used for signal averaging and data analysis.

Also we are completing the adapt ion of a small helium refrigerator

to reliquify the boil off gas and return the liquid to the Scx dewar to

permit essentially closed cycle operation.

It seems safe to assume that there will he rapid development of

the use of ScX systems for observing time dependent magnetization to

study reaction kinetics and other transient magnetic phenomena. The

extremely large dynamic range and high resolution made possible by

flux counting techniques will almost certainly be exploited. Also

it should not be overlooked that even when the extreme sensitivity

and speed are not required, ScX systems provide convenience, ease

of operation, and accuracy that make them extraordinarily useful for

magnetization and susceptibility measurements of many kinds.

It seems likely then, particularly if the refrigeration problem

can be solved in a tidy way, that ScX systems will be increasingly

important for studying the magnetic properties of materials.
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APPLICATION OF SQUIDs TO MEASUREMENTS IN FUNTAMENTAI PHYSiCS

B. Cabrera
Physics Department
Stanford University
Stanford, CA 94305

Several experiments applying SQUID instrumentation to the study

of diverse fields in fundamental physics are reviewed. Included from

gravitational physics research are the relativity gyroscope experi-

ment, 1er-xpected to fly into orbit before 1985; an equival[ence princi-

pe experiment, 2 attempting a ground-based measure of the Eot.vos

ratio to 1 part in 1013 and future conversion to an orbiting instru-

ment with a resolution of 1 part in 10 and work on second genera-

ation gravitational wave detectors,3 about to provide an increase in

sensitivity of 10 or 10 over their room temperature predecessors

and eventually aiming for sensitivities 108 better. Experiments

studying the properties of elementary particles at rest include

the He nuclear gyroscope,4 where sufficiently long relaxation times

have been demonstrated and work on a prototype nuclear gyroscope is

underway with eventual sensitivities possibly allowing a competitive

3.
measurement of the electric dipole moment of the He nucleus; a

fractional electric charge detector,5 having recently reported dis-

covering fractional charge very close to +1/3 and -1/3 work is con-

tinuing to obtain more data; and a magnetic monopole charge detector,6

reporting new preliminary mea-urements of the magnetic charge of

the fractional electric charge candidates. All samples are shown to

have zero magnetic charge. Significant contributions to the deter-

mination of the fundamental physical constants are measurements7 of

2e/h, which, already having corrected a significant discrepancy
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between the theoretical and experimental value for a,have recently

improved the knowledge of 2e/h to 1 part in 10 using a cryogenic

voltage comparitor; and h/m ,e where improved absolute area measure-

ment capability should increase the determination from 1 part in 10

to 1 part in 106 in the future. In addition a brief description is

given of ultra-low magnetic field shielding,9 capable of providing

large regions with absolute magnetic fields below 10 gauss, and in

the near future eliminating all trapped flux. These shields are

used in four of the above experiments.
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SQUIDS AND MAGNETOTELLURICS WITH A REMOTE REFERENCE

John Clarke, Thomas D. Gamble, and Wolfgang M. Goubau

Department of :"cs, University of California,

and Materials and Molecular Research and Earth

Sciences Divisions, Lawrence Berkeley Laboratory,

Berkeley, California 94720

We have used two 3-axis SQUID magnetometers to perform simultaneous

magnetotelluric 1 (MT) measurements at two sites 4.8 km apart near

Hollister, California. We have introduced a new technique involving a

remote reference magnetometer to lock-in detect the MT signals. The

new measurement technique together with the increased sensitivity of

the SQUID magnetometers has resulted in a substaatial improvement in

the accuracy of MT data, and, at the same time, a reduction in the time

required to obtain the data.

MT is a technique for estimating the surface impedance of the

earth by measuring simultaneously the naturally-occurring magnetic and

electric field fluctuations at the earth's surface. The frequency

range of interest is typically 10-4 to 103 Hz. The electromagnetic

field fluctuations propagate down to the earth from the upper atmos-

phere, and induce fluctuating electric fields in the ground. The

Fourier transforms of the horizontal components of the magnetic field

fluctuations, H (w) and H (w), are related to the Fourier transforms
x y

of the horizontal components of the electric field fluctuations, E (w)

and E (w), by an impedance tensor Z(w)
y
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Ex(w) =Z(w) H(w)+xZ() Hy(w), (1)
x xx x xy y

and E (w) = Z (w) H (w) + Z (w) H (w). (2)
y yx x yy y

The goal of MT is to determine Z(w).' In the past, these estimates have

relied on a least-squares analysis that minimizes the mean square error

caused by noises in two of the four fields. However, this technique

can produce serious errors if there is noise in one or more of the

fields.2 In the remote reference technique, we simultaneously measure

the magnetic field fluctuations, Hxr(t) and Hyr(t) with a remote magne-

* *
tometer. We multiply Eqs. (1) and (2) in turn by H (w) and H (w),

xr yr

and average the resulting crosspowers over a narrow band of frequencies

and over all data segments to obtain

EH =Z HH* +Z HH(3)
x xr xx x xr xy yxr'

EXH* = Z HH* + Z HH* , (4)
x yr xx x yr xy y yr

E H* = Z H H* + Z H H* ,(5)
y xr yx x r yy y xr

and EyH Z H H* + Z HiHE. (6)
y yr yx x yr yy y yr

These equations can be solved for the impedance elements, which will be

unbiased by noise provided the noises in the signal and reference chan-

nels are uncorrelated.

To test these ideas, we established two complete MT stations 4.8 km

apart on La Gloria Road near Hollister, California (Fig. 1). The four

MT signals (and Hz(t)) at Lower La Gloria were transmitted to Upper La

Gloria, where they were recorded on a digital tape recorder, together

with the five signals at Upper La Gloria. The magnetometers consisted

of 3 dc SQUIDs and 3 rf SQUIDs at Lower and Upper La Gloria respectively.

We recorded data continuously for 40 h in four overlapping frequency
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bands. For processing, we grouped the data from each band into seg-

ments of equal time, computed the fast Fourier transform of each seg-

ment, and averageL the crossproducts of the various fields over Fourier

harmonics in a window of Q = 3 and over all data segments. The impe-

dance tensor was calculated at each station. At each frequency, we

rotated the coordinate was to maximize IZ 2 + IZ 2, and computed

the apparent resistivities p (w) = 0.2 T IZ (')j2 and p (w) = 0.2 T

IZ (w)j2 , where p and p are in Om, T is the period in seconds,

-l
and Z and Z are in (mV/km) nT . For comparison, from the same

xy yx

data we also computed the apparent resistivities using a conventional

least-squares analysis.

As examples of the results, the apparent resistivities for the

remote reference and standard analyses at Lower La Gloria are shown in

Figs. 2 and 3. The remote reference apparent resistivities are repro-

duced as a dashed line in Fig. 3. It is evident that the apparent re-

sistivities for the remote reference analysis vary much more smoothly

with period than those for the least-squares analysis. Furthermore,

the apparent resistivitic. obtained from the least-squares method are

consistently biased downward by noise compared with those for the

remote reference analysis, for example, by more than two orders of

magnitude for p near 10 s period. Where the shortest and second

shortest period bands overlap (0.33 to 1 s), the remote reference

apparent resistivities agree to within 1.8%. By comparing apparent

resistivities obtained from data collected at different times, we

estimate the standard deviation at periods less than 3 s to be 1.3%.

The combined use of SQUIDs and the remote reference technique
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opens up new possibilities in MT, for example, the monitoring of long

term changes in the apparent resistivity to a greater precision than

previously possible, and the investigation of local noise sources that

may be the signature of underground processes. Furthermore, since

virtually all data collected can be used, the time necessary to survey

a given site can be considerably reduced.
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MEASUREMENTS OF MAGNETIC GRADIENTS FROM OCEAN WAVES

Walter Podney and Ronald Sager

Physical Dynamics, Inc.

La Jolla, California

Ocean waves moving seawater across the earth's magnetic field drive

eddy currents along their crests that generate weak magnetic fields above

the oceans. The fields fluctuate in concert with wave motions and so tell

motions of seawater below the surface. Our aim is to read wave motions

from measurements of fluctuating magnetic gradients over oceans. Because

magnetic fluctuations at sea also come from large scale electric currents

in the ionosphere, we measure spatial gradients of magnetic fields to dis-

tinguisn fluctuations coming from ocean waves. The unprecedented sensi-

tivity of superconductive quantum interference devices (SQUIDS) provides

heretofore unavailable means of measuring the small magnetic gradients

from ocean waves.

Although alkali vapor magnetometers have been used on fixed, float-

ing, and airborne platforms to measure fluctuations of magnetic fields at

seal-5, measurement of magnetic gradients from ocean waves requires sensi-

tivities of about 0.1 (pT/m)/,4i that have been attained with supercon-

ductive gradiometers only recently6'7. We are now just beginning to develop

experimental and analytical techniques affording the capability of telling

wave spectra from measurements of fluctuating magnetic gradients made at

sea from airborne platforms. As the first step, we report here first

measurements using a superconductive gradiometer fixed above the surface

on a stable platform to measure transverse gradients from swells passing
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an oceanographic research tower located about one mile off Mission Beach

near San Diego, California, in 18m of water. The tower is operated by the

Naval Ocean Systems Center.

The gradiometer comprises a single axis formed by two coplanar pickup

loops. The cryostat fits in a gimbal mount fixed to a nonmagnetic canti-

lever truss that supports it about 7m above the surface and 20m from the

south face of the tower. We use the gimbal to orient pickup loops so

that an equivalent dipole8 representing gradients from magnetization cur-

rents in the steel structure of the tower lies in the plane of the loops

and is located along a vector perpendicular to the line joining their

centers. So orienting the pickup loops suppresses noise from fluctuating

gradients that result both from small motions of the gradiometer in the

steady gradient field of the tower and from ionospherically induced fluc-

tuations of magnetization currents in the tower.

With pickup loops oriented to suppress noise from the tower, we

simultaneously record data once a second from three transducers and the

gradiometer. Figure 1 compares spectral density of fluctuating gradients

with spectral density of wave amplitudes determined from a time series

record of 2048 seconds. As is evident, features of the spectrum of grad-

ient fluctuations replicate features of the spectrum of wave amplitudes.

The dominant swell component is at about 0.1 Hz with sidebands at 0.045 Hz

and 0.178 Hz.

Figure 2 compares gain and phase of the frequency response of the

gradiometer, as determined empirically from time series having spectra

shown in Figure 1, with gain and phase expected using Ampere's law together

with superposition of waves to describe gradients from ocean waves9. Meas-

ured gain agrees favorably with expected values over the frequency band
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of the swell, but phase differs noticeably from expected values. Nonethe-

less, the data do establish, for our purposes here, that a superconductive

magnetic gradiometer responds to gradients of magnetic fields from surface

waves and that Ampere's law together with superposition of waves describe

amplitude of its response.

Moreover, measurements show that our preconceptions of dominant effects

are fundamentally correct and so provide a basis for setting requirements

for an instrument suited to making measurements from an airborne platform

at sea. Platform motion both introduces additional noise and aliases

frequencies of magnetic fluctuations by shifting them in accordance with the

Doppler effect. Measurements from aircraft require, first of all, means

of continually maintaining imbalance of a gradiometer less that 10-6 m -

in order to suppress noise from motion through the c rth's magnetic field.

Second, means of suppressing noise at frequencies of ocean waves from

magnetization and eddy currents in an airframe are required. Third, direc-

tionality of gradients must be used to develop, in effect, a "sidelooking"

gradiometer that preferentially sees gradients from waves progressing per-

pendicular to the flight path to minimize aliasing resulting from the

Doppler effect. Finally, cryostats for airborne instruments pose unique

problems to be considered as an integral part of overall instrument develop-

ment.
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BIOMEDICAL APPLICATIONS OF SQUIDs

S.J. Williamson, D. Brenner, and L. Kaufman

Neuromagneti sm Laboratory*

Departments of Physics and Psychology

New York University, New York, N.Y. 10003

The demonstrations that SQUID systems can detect weak magnetic fields

from the human body in -''ralI and urban2 environments without recourse to

magnetic shielding has made biomagnetic techniques more generally available

for clinical and research purposes. The results to date clearly show that

magnetic techniques offer advantages in several applications over conventional

measurements of voltages between points on the skin, and indeed provide in-

fornnation that may not be attainable by skin electrodes. Simply put, a mag-

netic field detector is most sensitive to the strongest electrical currents

nearby, and the relatively strong currents within the active organ of in-

terest compared with the weak currents which have propagated to the dermis may

make the latter currents inconsequencial despite their closer proximity to the

probe. Thus in many cases magnetic fields provide a direct indication of in-

ternal activity, whereas skin voltages are indirect. Biomagnetic fields de-

rive from different spatial averages over the primary currents within the ac-

tive organ and the accompanying secondary currents within the surrounding con-

ducting tissue than do skin voltages. Therefore, the two differently empha-

size contributions from various regions. The magnetic measurement technique

itself, when incorporating a SQUID, provides several advantages in biomedical

studies such as wideband sensitivity, including response down to dc. And not

to be overlooked is the capability for continuous spatial mapping of field

patterns by moving the probe over the boy. Fine resolution, limited by the

size of the pickup coil, is proving useful in studies of the brain where

significant variation in field over distances of 1 cm have been observed.3

*Supported by the Office of Naval Research (00014-76-C-0568).
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Measurements of weak biomagnetic fields in the presence of varying back-

ground fields some four to seven orders of magnitude greater are made pos-

sible by the technique of spatial discrimination. In practice, the SQUID

senses the field of interest by means of a superconducting flux transporter

whose primary (or "detection" coil) has a geometry that renders it insen-

sitive to fairly uniform fields generated by distant sources. A gradio-

meter may suffice in rural environments, but in urban settings a second-

derivative gradiometer may be needed to provide greater discrimination.

Magnetic phenomena associated with the human or animal body can be

divided into two groupings: fields from magnetized contaminants or the

susceptibility of tissue and fluids in an applied field; and fields pro-

duced by electrical currents associated with biological activity. On-

going research in various laboratories involving the first group includes

studies of the depositio: and clearance of respired particles in the lungs

of humans and animals, using Fe304 as a benign magnetic tracer; surveys of

the accumulation of dust in the lungs of workers in occupations such as

asbestos mining, arc welding and coal mining; and detection of excess iron

in the liver of patients suffering from hemochromatosis. The greatest con-

centration of effort has been on studies of biomagnetic fields of the second

group. This includes heart studies through measurements of both the ac mag-

netocardiogram and dc effects for which the SQUID is uniquely suited; char-

acterization of fields produced by flexed skeletal muscle and also the steady

currents of the eye; comparison of magnetic and electrical spontaneous ac-

tivity of the brain; and investigation of fields of the brain evoked by a

sensory stimulus, which has revealed features of the large-scale functional

organization of the cortex.

From a technical standpoint the present challenge in improving sensitivity
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is that of reducing the detection of comparatively strong background fields

at low frequency, either by improving spatial discrimination or by using

adaptive filtering techniques. The second need is to reduce the sensitivity

of SQUIDs to'rf interference, since the inclusion of an rf shield within

the dewar, or outside, may compromise the balance of a gradiometer detec-

tion coil. The eddy currents induced by low frequency components of the

background field contribute to the noise. Finally, with effective shield-

ing such as the enclosures at M.I.T.4 and the National Bureau of Standards

at Boulder5 background fields are below the equivalent intrinsic noise of

the SQUID syste,., which remains the limiting factor. Even in an urban en-

vironment, an unshielded system with a balanced second-derivative gradio-

meter exhibits noise above 10 Hz which may be only a factor of 2 greater

than the intrinsic SQUID noise. Thus we have reached the point where tech-

nological improvements to reduce SQUID and electronic noise would be bene-

ficial in biomedical applications.
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THE USE OF SQUIDS IN LOW FREQUENCY COMMUNICATION SYSTEMS

M. Nisenoff
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Long range communication systems as well as navigation

systems such as Omega and Loran are based on the use of

electromagnetic radiation with frequencies in the HF band

(3 to 30 MHz) and below. Whereas, atmospheric conditions

favor the propagation of these frequencies, the construc-

tion of receivers pose a serious problem in that they tend

to be physically small compared to the wavelength of the

intended signal, and hence couple only weakly with the

incident fields. Input noise of the amplifier also limits

the overall response of the receiver system.

If the antenna itself were superconducting and a

low noise SQUID amplifier were used, the resulting antenna

system would have superior characteristics compared to

conventional systems of comparable overall dimensions.

A number of possible application opportunities will be

discussed and recommendations will be made for improvements

in SQUID systems which may facilitate their use in low

frequency communication systems.

An application opportunity for SQUID antennas is in

the area of low frequency communications with submerged

submarines. Since sea water is a conducting medium,

electromagnetic radiation is attenuated as it penetrates
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and extremely sensitive receivers are required for use in

submerged antenna systems. A SQUID ELF (30 to 300 Hz)

antenna suitable for submarine deployment is under develop-

ment at NRL1 '2 . In order to minimize the motion induced

signals in the output of a single (vector) SQUID magneto-

meter, an array consisting of three mutually orthogonal

SQUID magnetometers was selected. The outputs from the

SQUIDs are squared and then added together to produce a

rotationally invariant quantity. A 100 day hold time

horizontal helium dewar was also procured and the data

processing algorithms developed. Sea tests of the system

have not as yet been carried out.

There are communications applications where it

is desirable to control the shape of the antenna pattern

and to electrically "steer" the peak (or null) response

of the antenna pattern toward a given direction to dis-

criminate against strong interferring signals. Multi-

elements arrays, in which the outputs are added together,

are commonly used. However, improved performance can

be obtained if the outputs are multiplied oy suitable gain

and phase factors before they are combined. This type of

array requires very small sized elements which have

linear responses, and extremely low internal noise levels.

SQUID technology appars to be capable of satisfying all of

these very stringent requirements for these "super-gain"

arrays for frequencies in the HF band and below.



- 45 -

Improvements in the performance of the next generation

of SQUID systems require R&D efforts in the following

areas: (1) SQUID sensor noise; reduction in sensor noise

will lower the energy sensitivity, and increase the signal

bandwidth and the slewing rate of the devices; (2) lower

input noise of preamplifier; a large portion of overall

system noise is due to the input stage of the detection

electronics. If feasible, the input noise can be reduced

by cooling the stage or by the use of low noise but

probably expensive equipment such as paramps and masers;

(3) Digital flux counting electronics; an unlimited

dynamic range capability can be achieved (subject to

slewing rate restrictions) by developing output electronics

for the SQUID which will count flux quanta and interpolate

for small changes in the field.4  SQUID output information

in this format could be readily interfaced with computers

for real time data processing.
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COMMLiAL. SUPERCONDUCTING SQUID SYSTEMS

Wil 1 iam Goree and John Phi lo
Superconducting Technology Division Uni ted Scientific Corporation

Mtoultain View, California 94043

INTRODIICION

The f iist. cOnulLrcial entry and manual actLure of SQUID based elec-
LtLric intrul;meiats began in late 1964, with the formation of tIhe

SupercozaducLi zag I 1:t, L men. tI) lvi Si on o l Dve 1 co Inc. and S .11.E . Corp-
oraLI on. A LbirLd company, SaperconducLi ng Technology was formed
eaLly in 19/3. )cvelcu Inc.-is no longer in the SQUIDJ instrument
busIness lcavizg onl y Superconduct ing Technol cgy and S.11.E. in the
United Stales. To the best u our knowledge, there are three other
company ies manu I a .c luri ng SQUI 1basedd sys tLems. These are Canadian
Thin Fl Ims, Canada; I ISnst.rumLnt for 'technology, Finland, and
Cryogenji Cunsuu t azt1L:; in ELg I aid . During these past ei ght years
numerous papers have Lecn w iLten describing the technology and the
Instruments man uI ac .utLed by these companies. ,',3

The initLial ;arkt L for SQIJID's and SQl)Il) based I instrument was
divided between research labs interested in studying the SQUIJD
itself and/ r i curpurating the SQUID in their own research appara-
Ius, and very special one--of -a -ki id I nsLrnuLnts, for exan:ple, those
used in geophysical studies to measure iiignetic samples. Most of the
Sistruments built during these first few years of conunerciali zation
were special systems built with close cooperation and discussion with
the customers who weiC generally low temperature physicists. It was
seldom that more than one of a given type of instrument. was sold in
a year. Recently the market has matured, where now two or more of
the same type of Instrument may be sold in a single year -- sti l not
mass product;,!:.

We estimate that the total annual sales of SQUID systems in the
United States has grown from about $200,000 in 19/1) to about. .5
million dollars for 19/8. Most. of this growth occured during the
first three to four years (1970-73) and has been relatively stable
during the past two to three years. The market character has
changed appreciably though in recent years, and now most of the cus-
tomers buying superconducting instrument systems are likely to be
geophysicists, chemists and other scientists interested only in the
unique measurement capability that the SQUID system offers them.

In the context of this conference we have collected together our
ideas (opinions) on the market areas with the most potential impact
on science, medicine, ai: hkgh technology industry. We have also
considered the advances in SQUIl)'s and other components of SQUID
systems that may accelerate many of these applications, or that might
be required to enter new market areas. Further, we have reviewed
several, unique properties of the SQUI[) systems that have not been
fully capitalized or utilized with respect to commercial applica-
tions.
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POTENTIAL MARKETS

We feel that SQUID systems will have their largest impact in the
areas of analytical instruments, magnetic gradiometers for medical

measurements, geophysical exploration systems, and instrumentation
for Department of Defense requirements. The largest market for ana-
lytical instruments appears to be in the use of SQUID's to measure
the magnetic susceptibility of small samples. The presently avail-
able SQUID detectors and associated electronics are perfectly ade-
quate to provide extremely large improvements in measurement capa-
bility for DC and low frequency susceptibility measurement. SQUID's
also offer unique advantages in very high frequency or rapid time
response susceptibility measurements. In this case, some advances
in SQUID technology would be required to give time resolutions of

better than one millisecond. The largest market for susceptometers
appears to be in chemistry and biochemistry. The engineering pro-
blems associated with building a useful susceptibility system are
many, but as the result of the large research and development effort
in this area,4 these problems are now well in hind.

The second market that could grow very rapidly is medical appli-
cations of SQUID systems. Numerous research laboratories are inves-
tigating measurement of the magnetic field from the human heart and
brain using superconducting first-derivative and second-derivative
gradiometers. These efforts are primarily directed by physicists.
These measurements could have profound medical diagnostic capabili-
ties.5 The technology required to manufacture instruments suitable
for these medical applications is well in hand, and several standard
superconducting instruments have been delivered within the last
three years for medical applications. The recent demonstration that
second-derivative instruments can successfully be used in typical
urban laboratory environments without shielded rooms will have im-
portant implications for growth in this area. Widespread use, how-
ever, probably must await both more basic research to firmly estab-
lish the unique clinical capabilities of these instruments and more
widespread market acceptance by the medical profession.

The geophysical market for SQUID systems is growing slowly, al-

though, more geophysical survey companies are converting their mag-
netic field measurement instruments to SQUID's. The major use at
present is for multi-axis superconducting magnetometers to be used
in stationary magnetotelluric studies.6 The requirement for these
systems is straightforward and standard SQUID magnetometers and

rugged liquid helium dewars in off-the-shelf configurations meet
these requirements with ease. The use of superconducting gradient
measurements for airborne magnetic surveys has not yet been applied
to geophysical surveying. The basic technology is well developed

and could be easily transferred to geophysical surveying. The
major impedil.tint here seems to he a reluctance of survey companies
to procure unique measurement capabilities until their customers,
primarily oil and mineral producing companies, voice a strong re-

quirement for these new measurements. Therefore, it appears that
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the technological advances needed to utilize SQUID's for geophysical
airborne surveying lie in the area of analysis techniques which could
show that multi-axis gradient measurements provide more useful data
for the end customer.

A peripheral market that is of interest to many areas of tech-
nology is the use of the A.C. Josephson effect to produce a high
precision voltage standard.7 This is not a SQUID system in the same
context: used for the instruments described earlier in this paper, al-
though, it is a superconducting tunneling device. The U.S. standard
volt has been determined by a Josephson effect device for about five
years, and several other countries, eg, Australia, England and Ger-
many are also using a Josephson effect standard. A portable Joseph-
son effect voltage standard is now commercially available and six
units are being produced for delivery in the fall of 1978. The
instrument is unique in that it utilizes the A.C. Josephson effect to
determine the volt with an absolute accuracy of about 1 part in 107.
The device uses a precision quartz crystal oscillator whose frequ-
ency is converted to a stable voltage by the Josephson Junction. The
device is unique in that its absolute calibration can be confirmed
at anytime by the user without sending the device back to the
National Bureau of Standards for re-calibration as is required with
the chemical cells.

CLOSED-CYCLE REFRIGERATORS

The complementary technology which may have the biggest potential
to expand the market for SQUID systems is that of small closed-cycle
refrigerators.8'9  The expense and time involved in liquid helium
transfers, as well as difficulties in obtaining liquid helium in
certain areas of the world, constitute substantial impediments to
market growth and acceptance.

Many commercially available refrigerators are suitable for cool-
ing systems to the 12 0K range and these units are suitable for some
applications with high Tc SQUID's. Falcol and Beasleyl have dis-
cussed the "state of the art" of 'high temperature SQUID's, and com-
mercial devices operating in the 12K and higher range could be avail-
able within a few years.

A number of systems have already been fitted with refrigerators.
While the existing refrigerators can, in some cases, reduce helium

use by nearly an order of magnitude, further improvements in this
technology are certainly needed.

Overall, it would be difficult to overestimate the impact of the
development of a reliable, low-cost, non-magnetic, vibration-free
4K refrigerator on the SQUID systems market.

OTHER POTENTIAL APPLICATIONS FOR SQUID's

Several fairly unique properties of SQUID's have not yet been
extensively utilized. In particular, the SQUID and associated elec-
tronics constitute an amplifier with extraordinary linearity and dy-
namic range. Linearized SQUID's have been shown to have dynamic
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range (ratio of largest to smallest signals measurable without chang-
ing scale factors) of 107 (140 db), and a linearity of 1 in 107.
(These properties are limited by the room-temperature electronics).
The use of flux-counting techniques can extend the linearity to at
least as high as 1 in 108 and the dynamic range to at least 108
(160 db). In principle, with flux counting,8it should be possible
to extend the dynamic range to well above 10 , but the problems of
flux flow and hysteresis associated with such large currents flow-
ing in the superconducting signal paths have, to our knowledge, not
been studied.

This ability of the SQUID to resolve very small changes in a
large signal, or to measure very small signals at one frequency in
the presence of very large signals at nearby frequencies, offers
unique measurement capabilities. In addition, because the output of
the SQUID is linked to a fundamental physical constant, the flux
quantum, the SQUID may be used for measurements requiring extremely
high precision and long-term calibration accuracy. Indeed, with
flux-counting techniques it is possible for a SQUID system to meas-
ure low-frequency signals with a resolution and accuracy approaching
1 part in 108 (27 binary bits!) These capabilities have, to a cer-
tain extent, been exploited in magnetic susceptibility systems, 12

but may prove useful in virtually any measurement which can be con-
verted to a voltage, current, or magnetic field.

CONCLUS IOV

In conclusion, we feel that the SQUID based instrument's market
is well developed with a commercially available line of instruments
covering measurements from geophysical surveying to medical diag-
nostics. The major limitation to increased use of these instruments
is not technological but rather lack of awareness by potential users,
need for product evolution in appearance and ease of use, and the
requirements for liquid helium.
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Over the past decade significant effort has been spent in standards lab-

oratories throughout the world on the application of superconductivity to

measurement problems, and as a consequence, superconducting devices have become

important tools in the metrology laboratory. Devices of particular note in-

clude: voltage standards, noise thermometers, current comparators, null de-

tectors, attenuation calibrators, rf power meters, frequency multipliers and

highly stable oscillators. For the most part these have been rather special-

ized, one-of-a-kind instruments, suitable for operation by highly trained

personnel in the primary or secondary standards laboratory. Future development

of these devices will probably concentrate on simplification and improvement in

convenience, although extension of the range of measurements will not be ig-

nored. In this paper we speculate on future activities .n this field including

the development of commercial instruments, the improvement of devices for

standards laboratories and the adaptation of some of these systems to small

refrigerators. No attempt of complete coverage is made; rather we concentrate

on a few familiar devices to illustrate the opportunities which presently

exist.

* Contribution of the National Bureau of Standards, not subject to copyright.
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The first subject addressed in the paper is the Josephson voltage stan-

dard. The ac Josephson effect is used for voltage maintenance in the standards

laboratories of all the major industrial nations, and "second-generation"

instruments are being developed and tested. Interest in this type of standard

is demonstrated by the development of a commercial voltage standard. An impor-

tant difficulty with all Josephson standards is the need for very exacting

potentiometry to convert the millivolt level Josephson emf to the one volt

level. A series array of Josephson junctions offers one means of avoiding such

potentiometry problems, but this approach is not without problems. Two solu-

tions to such problems are suggested in the paper. A second area where devel-

opment would be useful is in the production of high-Tc tunnel junctions. This

relates to the development of a refrigerator-cooled volt. refrigeration be-

comes more complex below % 10 K and thus simplicity dictates a need for a

junction with a transition temperature above that of elemental superconductors.

The SQUID has been successfully applied to the measurement of radio fre-

quency current, power and attenuation. Standards level measurements have been

demonstrated to frequencies of 1 GHz and power levels as low as 10-16 W.

These systems offer, not only great bandwidth, but also a freedom from de-

pendence on exacting machine work for their precision. To date, only point-

contact rf SQUID's have been used in this application. Important areas which

are open to investigation include: the use of the dc SQUID and the development

of thin-film SQUID's (rf or dc) for these radio frequency systems. This appli-

cation would also benefit from the development of supporting refrigeration and

high-Tc SQUID's.

The final area of discussion involves the use of the SQUID as an amplifier

in noise thermometry. Two approaches to the problem have evolved. The first

uses the resistive-SQUID and measures the absolute temperature of the resistive



section of the SQUID. The second (somewhat less accurate) method senses the

resistor noise magnetically. Both devices have contributed significantly to

the solution of thermometry problems below 1 K, a region where thc.moI1etry

becomes very difficult. The development of thermometers based on the dc-SQUID

would offer welcome simplification and evidence in the literature suggests that

this may be possible. The fabrication of such devices with lithographic tech-

niques could provide further simplification and thus encourage wider use of the

method.

We should stress that superconductivity has already made rather important

inroads in metrology, but significant opportunities for improvements still

exist. In this paper we have concentrated on a few familiar devices to illus-

trate these opportunities. Other superconducting instruments such as current

comparators, null detectors and A/D converters will certainly be developed and

improved to expand the role of superconductivity in metrology.
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