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SQUID Magnetometers for Biomagnetism and Nondestructive
Testing: Important Questions and Initial Answers

John P. Wikswo, Jr.
Vanderbilt University, Nashville, TN U.S.A.

Abstract—For two decades, academic and industrial
researchers worldwide have used SQUID magnetome-
ters to measure magnetic signals from the heart, brain,
lungs, liver, nerves, skeletal muscle, stomach, in-
testines, eyes, and other organs, and have invested
heavily in developing and promoting this technology.
While there are as yet few accepted clinical applica-
tions of SQUIDs, various trends are encouraging. The
recent introduction of SQUIDs to the nondestructive
testing (NDT) of aircraft and other structural systems
and materials is following a strikingly similar course:
most of the effort is directed towards instrumenta-
tion development and demonstrations in simple sys-
tems, and instruments suitable for specific commer-
cial applications are just now being prototyped. To
assess the potential of either technology, it is useful
to ask critical questions: why are we doing this, what
have we learned so far, how easy is it, what does it
cost, how might we best utilize advances in digital
SQUIDs and high-temperature superconductivity, and
what can competing technologies provide? Answers to
such questions can help identify those specific techno-
logical niches for which SQUIDs are uniquely suited,
and guide the optimization of SQUID systems that are
targeted for particular NDT or biomagnetic measure-
ments.

1. INTRODUCTION

My objective in this paper, as in the plenary lecture
from which it is derived, is to provide a broad overview of
the state of the art in the application of Superconducting
QUantum Interference Device (SQUID) magnetometers
to biomagnetism and nondestructive testing (NDT). This
paper is based closely upon my plenary lecture and pro-
vides my personal views about the capabilities and limi-
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tations of SQUIDs for these applications based upon my
experience with biomagnetism, NDT and SQUIDs over
the past 25 years. The references are not exhaustive, but
are given in part to provide the curious reader with key
historical papers and examples of current research. More
detailed treatments of the subject can be found in several
books, conference proceedings, and review articles[1]-[8].
A number of highly relevant papers are included elsewhere
in these proceedings.

The approach I will take will be to ask and attempt to

. answer a number of simple questions, such as: What is a

SQUID? What is biomagnetism? What is nondestructive
testing? There are other important questions that are of-
ten asked in response to requests for funding: Why are
people developing SQUIDs for biomagnetism and NDT?
Will SQUIDs always be confined to magnetic shields in
laboratories? Will SQUIDs using high-temperature su-
perconductors be of any practical use? Is there a role
for digital SQUIDs? Will anyone ever make money with
SQUIDs? As I hope to show in this paper, I believe that
the answers to these latter questions, while not univer-
sally positive, suggest that SQUIDs are just now coming
of age, and their expanded application to a variety of re-
search and commercial applications is a certainty. In order
to strike what I hope will be a reasonably balanced per-
spective between the scientific, engineering, clinical and
commercial issues, I will also discuss in some detail not
only specific SQUID applications, but also the competi-
tion offered by other, nonSQUID technologies.

A. What is a SQUID magnetometer?

A SQUID is a Superconducting Quantum Interference
Device, and has as its active element one or more Joseph-
son junctions. A Josephson junction is a weak link be-
tween two superconductors that can support a supercur-
rent below a critical value I.. An rf SQUID uses a single
Josephson junction that is connected to a superconduct-
ing loop; an rf current bias is inductively coupled to the
SQUID to measure its impedance. A dc SQUID uses a
superconducting loop with a pair of Josephson junctions,
and a dc current is applied directly to the SQUID to mea-
sure the loop impedance, as shown in Fig. 1. In either type
of SQUID, the special properties of the Josephson junc-
tion cause the impedance of the SQUID loop to be a peri-
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Fig. 1. A dc SQUID. a) A simplified circuit for a dc SQUID magne-
tometer. b) The current-voltage characteristic of a SQUID without
feedback with two different values of the flux ¢ threading the SQUID
loop. c) The dependence upon the applied flux for the voltage across
the SQUID junctions, V;, for a SQUID without feedback (solid), and
the output voltage, V,, measured across the feedback resistor, Ry,
for a SQUID with feedback (dotted). Adapted from(7].

odic function of the magnetic flux threading the SQUID,
so that a modulation signal applied to the bias current
is used with a lock-in detector to measure the impedance
and to linearize the voltage-to-flux relationship. The net
result is that a SQUID functions as a flux-to-voltage con-
verter with unrivaled energy sensitivity.

While early SQUIDs were made with point contacts,
subsequent designs used thin-film tunnel Jjunctions and
toroidal input and rf coils in a toroidal niobium cavity.
Hybrid de SQUIDs, such as those produced for many years
by Biomagnetic Technologies, Inc. (BTi), used a pair of
tunnel junctions in a toroidal coupling cavity. Today, a
growing number of dc SQUIDs are made in a general ge-
ometry developed by Mark Ketchen at IBM, as shown in
Fig. 2, in which the SQUID loop is partially formed by
a large washer that couples the SQUID to the external
flux transformer. The dc bias current is applied to one
side of the washer, and the other side of the SQUID loop
is grounded. This geometry provides SQUID loops with
low inductance and hence high sensitivity, while allowing
efficient coupling to an external flux transformer.

In most practical systems in use today, the SQUID is
located inside a small cylindrical, superconducting mag-
netic shield in the middle of a liquid helium dewar, as
shown in Fig. 3. Superconducting pickup coils, typically
configured as gradiometers that detect the difference in
one component of the field between two points, are lo-
cated at the bottom of the dewar, and the subject’s head,
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Fig. 2. A schematic drawing of a washer-type dc SQUID. The
Josephson junctions are the pair of x's below the large octagonal
washer, which forms part of the superconducting loop containing
the Josephson junctions, and also serves as a one-turn winding in
the transformer that couples magnetic flux from the input coil to
the SQUID. The pickup coils, which are not shown, are connected
to the input coil by the two leads at the upper left edge of the input
coil. The bias current, applied to the upper edge of the washer, is di-
vided between each side of washer and the series-connected Joseph-
son junction. The hole in the center of the washer is on the order
of 50 um to 100 gm in diameter, so that the diameter of the entire
washer is typically a fraction of a millimeter. (Courtesy of Mark
Ketchen of the IBM Thomas J. Watson Research Center)
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Fig. 3. A cross-sectional schematic of a typical SQUID magnetome-
ter used for measuring the magnetic field of the brain. The major-
ity of the dewar is fabricated from fiberglass-epoxy composite, al-
though in some designs the helium reservoir is aluminum. (Adapted
from|[8]).

for example, or another object is placed beneath the mag-
netometer. The rest of the hardware benefits from clever
cryogenic engineering and is designed to minimize helium
boil off, eliminate rf interference, and to not contribute
Johnson noise or distort any external ac fields.

B. What are nondestructive testing and biomagnetism?

Nondestructive Inspection (NDI), Nondestructive Test-
ing (NDT) and Nondestructive Evaluation (NDE) are
three interchangeable names for the development and ap-
plication of technical methods to examine materials or
components, in ways that do not impair their future use-
fulness and serviceability, in order to detect, locate, mea-
sure and evaluate discontinuities, defects and other im-
perfections; to assess integrity, properties and composi-
tion; and to measure geometrical characteristics[9]. NDT
is used in process control, in post-production quality con-
trol, and in the testing of systems that are already in use.
While biomagnetism has been described as the measure-
ment of magnetic fields produced by biological systems, so
as to distinguish it from magnetobiology that is the study
of the effects of magnetic fields on biological systems, it is
worthwhile to at least examine a somewhat broader defi-
nition of biomagnetism: the development and application
of magnetic field measurements on people, in ways that
do not impair their future usefulness and serviceability, in
order to detect, locate, measure and evaluate discontinu-
ities, defects and other imperfections; to assess integrity,
properties and composition; and to measure geometrical
characteristics, i.e. nondestructive testing of humans.

The earliest biomagnetic measurements were made with
million-turn, room-temperature pickup coils and were lim-
ited by both external noise and the lack of adequate
sensitivity or bandwidth{10]. SQUIDs were first ap-
plied to biomagnetism in 1970, when Edgar Edelsack
at the Office of Naval Research convinced Jim Zimmer-
man, one of the inventors of the SQUID, to bring one of
his first SQUID magnetometers to David Cohen’s mag-
netically shielded room at the National Magnet Labo-
ratory at MIT, where they recorded the magnetocardio-
gram (MCG) from the heart of a subject sitting in the
shield[11]. Cohen later used SQUIDs to study the magne-
toencephalogram (MEG) from electrical activity of the
brain[12], which he had measured earlier using room-
temperature coils[13]. Cohen and numerous other investi-
gators subsequently recorded signals from a wide variety
of sources within the brain, including the spontaneous al-
pha and delta rhythms, spikes associated with epilepsy,
and evoked responses resulting from auditory, visual, tac-
tile, and other stimulation[1], [4].

Biomagnetic signals have also been detected from the
eye as the magnetooculogram and the magnetoretino-
gram, the stomach as the magnetogastrogram (MGG),
the small intestine as the magnetoenterogram (MENG),
skeletal muscle as the magnetomyogram (MMG), periph-
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Fig. 4. A logarithmic graph of the strength and frequency band-
width of various biomagnetic signals. (Adapted from|[8]).

eral nerve as the magnetoneurogram (MNG), and the fe-
tal heart and brain as the fetal magnetocardiogram (F-
MCG) and magnetoencephalogram (F-MEG). As shown
in Fig. 4, the strength of these signals ranges from 10 fem-
totesla (fT) to more than 10,000 fT, at frequencies from a
fraction of a hertz to a kilohertz. The weak field strength,
the substantial information content at low frequencies,
and the broad measurement bandwidth all suggest that
SQUIDs will remain the magnetometer of choice for the
immediate future, with exception of measurements on iso-
lated, one-dimensional nerve and muscle tissue prepara-
tions using miniature toroidal pickup coils{14] and possi-
bly the measurement of the adult MCG using optical mag-
netometers[15], [16]. (Optical magnetometers based upon
Faraday rotation may eventually provide competition to
SQUIDs in some applications, since sensitivities of 100
fT/Hz'/2 have already been achieved with a 1 mm long,
3 mm diameter, gallium-substituted yttrium iron garnet
crystal, and a noise of 1.4 pT/Hz!/2 was achieved at 1 kHz
with the addition of a pair of tapered, 13 mm long, 25 mm
diameter ferrite flux concentrators[17]. However, it may
prove difficult to create highly balanced gradiometers with
these systems, the noise at 1 Hz and below has not been
reported, the problems of separating signal and noise must
be addressed, and the cost and size of the requisite opti-
cal systems may not be trivial, since the devices require a
diode-pumped YAG laser and the optical systems of the
most sensitive systems can occupy a volume as large as 1
m?® and the simplest single-channel system may cost in ex-
cess of $30,000 [18].) As we will see later, the strength of
some of the biomagnetic signals shown in Fig. 4 already
places them within the range of sensitivity provided by
high transition-temperature SQUIDs, and these systems
could in the near future cost less than $1,000 per channel.

C. Why are people developing SQUIDs for biomagnetism
and NDT?

The first major question that we need to address is the
one that reviewers occasionally ask pejoratively: “Why
in the world are you bothering to develop SQUIDs for
biomagnetism or NDT?” There are a number of reasons.
The magnetic fields exist and we can build good SQUIDs.
This is the Matterhorn response: You climb it because it’s
there! More importantly, some existing clinical and NDT
techniques are clearly inadequate, and it appears that in
some cases SQUIDs are the best and possibly the only way
to make the desired measurements. Clearly, some people
need SQUIDs today, and from present trends, it is reason-
able to expect that more people will need SQUIDs tomor-
row. A variety of people are willing to pay to develop the
technology, including government and nonprofit funding
agencies, industrial organizations with specific problems
that need to be solved, or venture capitalists interested in
developing new industries.

II. INSTRUMENTATION

The single channel SQUID systems, such as those orig-
inally marketed by BTi and CTF Systems, Inc., have
found widespread use for various applications in biomag-
netism and NDT. The very first biomagnetic studies were
directed towards measurements of the MCG, but early
clinical studies revealed little additional diagnostic infor-
mation beyond that recorded with the simpler and less ex-
pensive electrocardiogram (ECG). Recently, several mul-
tichannel systems have been built for more sophisticated
and promising cardiac studies, which will be discussed
later.

A. SQUIDs for measuring the magnetic field of the brain

The widest scientific and commercial interest has con-
centrated on the MEG and hence this is the area with
the most active instrumentation development. As shown
in Fig. 5, the cortex of the human brain is filled with
nerve cells that have distributed dendritic networks. In
the course of the electrical activity of the brain, currents
in these dendrites act like small electric dipoles. If the
dipole is located tangential to the approximately spheri-
cal surface of the brain, it will produce an external mag-
netic field; collections of 10* dendrites active in a 1 mm?

_area of cortex can produce magnetic fields that are mea-

surable outside the surface of the scalp with a SQUID
magnetometer[19].

Although a single magnetometer can be used to map
the spatial variation of the magnetic field from a repeti-
tive, evoked process in the brain, such studies are tedious
and prone to errors in determining the location of the
SQUID pickup coils relative to the subject’s brain. Fur-
thermore, single channel SQUIDs are of little use in study-
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Fig. 5. The magnetic field from the brain. a) A collection of simul-
taneously active cortical dendrites whose summed electrical activity
produces electric and magnetic fields similar to that of a current
dipole. b) Equivalent dipole sources adjacent to a sulcus (fissure) in
the brain oriented so that the dipole is tangential to the surface of
the skull produce externally detectable magnetic fields in (c), which
produce the characteristic dipolar pattern of isofield contours in (d).
(Adapted from[20])

ing the spatial distribution of asynchronous electrical ac-
tivity such as the alpha rhythm, or the interictal spikes
that occur between seizures of epilepsy patients. This
limitation was first addressed with a 5 channel SQUID
system produced for Sam Williamson by BTi in 1983;
subsequently, BTi introduced a pair of 7-channel magne-
tometers that could study signals occurring on opposite
sides of the head. Unfortunately, the 7 channel systems
covered only a small fraction of the cortex, and provided
insufficient data for accurate localization and characteri-
zation of many sources. BTi and others then introduced
37 channel systems; BTi subsequently developed a dewar
that could be operated with the SQUIDs located above
the helium reservoir so that it could be placed beneath
the subject’s head; thus a pair of 37 channel systems could
be operated simultaneously above and below a reclining
subject’s head. Elsewhere, the University of Twente de-
veloped a 19 channel system[21], a research group at the
Institute of Radio Engineering and Electronics of the Rus-
sian Academy of Sciences in Moscow formed a company,
Cryoton, that has built a 19-channel system[22], 23], and
Philips[24] in Hamburg has built a double SQUID system
with 31 channels in each dewar. Flat bottomed dewars
for the MCG are used in 37 and 63 channel systems built
at the PTB in Berlin[25], and in a 256 channel system de-
veloped at the Superconducting Sensor Laboratory (SSL)
in Japan[26].

The real advance with SQUIDs for measuring the MEG
came with the introduction of helmet-shaped dewars that
have a hundred or so SQUIDs and cover much of the
head. The advantages of these systems are that they
provide partial or full head coverage so that you can do
measurements that acquire data from multiple regions at
the same time. They also reduce the length of time re-
quired for measurements. The advantage that has not yet
been fully realized is that multiple channels should allow
imaginative digital signal processing to eliminate noise.
The 64 channel, whole head system from CTF, shown in
Fig. 6, has first order gradiometers connected to SQUIDs
with digital feedback and uses digital signal processing
and 27 reference gradiometers to synthesize third-order
gradiometers[27], [28]; a 140-channel system with 28 refer-
ence SQUIDs is under construction. The Neuromag sys-
tem developed at the Helsinki University of Technology
and being sold by Instrumentarium/Picker has 122 chan-
nels in the form of pairs of orthogonal, planar thin-film
gradiometers. A 256 channel helmet system is being de-
veloped at SSL[29], and BTi is now constructing several
helmet systems with 148 SQUID magnetometers and 12
reference SQUIDS. Researchers at the Consiglio Nazionale
delle Ricerche in Rome are developing a 153 channel sys-
tem.

The real limitation of helmet systems arises from their
fixed geometry: the CTF helmets come in two sizes, one
for a standard Japanese head and other for a standard



cTE.

SYST=
Rc oS

Fig. 6. The CTF whole-cortex SQUID system. Top: A subject
having her magnetoencephalogram recorded with the 64-channel
unit[27]. Bottom: A mock-up of the form that holds the first order
gradiometer coils in the 140 channel system. (Courtesy of Jiri Vrba
of CTF)
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Fig. 7. A seven-channel neuromagnetic system using separate sin-
gle channel modules[30], [31] (Courtesy of Andrey Matlashov of
the Institute of Radio Engineering and Electronics of the Russian
Academy of Sciences)

Canadian head. The design of the Neuromag system is
based on military studies of the distribution of head sizes
of adult males in the Finnish army. As a result of variation
in the size and shape of the subjects’ heads, and the cryo-
genic difficulties encountered with building large, concave
dewars, the source-to-pickup coil separation is typically
larger by a centimeter or more over what was achieved
with simple, 7-channel systems. As a result, the signal
amplitude is reduced, and more importantly, the high spa-
tial frequencies present in the magnetic field close to the
scalp are selectively attenuated by the increased distance.
I believe that before long, the users of the helmet sys-
tems, particularly those who do extensive mathematical
processing of the data, will recognize that the increased
and variable coil-to-source spacing is unwise, and it will
be necessary to develop alternative approaches, such as
segmented or otherwise adjustable helmets, as shown in
Fig. 7, but this does present problems with dewar cost, in-
creased tangential separation between the channels at the
edges of adjacent segments, and multiple cryogen trans-
fers. The approach that BTi is taking with its new helmet
systems 1s to use magnetometers rather than gradiome-
ters, so that each sensor has increased sensitivity to deep
or distant sources as compared to a gradiometer config-
uration. The helium consumption of the present helmet
systems is also significant, between 10 and 20 liters per
day, due to the large surface areas where the coil-to-room
temperature spacing must be kept small, the thermal leak
that arises from the six to ten wires required to operate
each dc SQUID, and from the size of the neck tube in
some dewar designs.

It is important to recognize that these systems are be-
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Fig. 8. The Quantum Magnetics High Resolution Scanning Mag-
netometer set up to scan a corrosion cell in an unshielded environ-
ment(32],{33]. (Courtesy of Andy Hibbs of QM)

coming quite complicated and expensive: The CTF sys-
tem has 168 channels of SQUID electronics with digi-
tal feedback, and various other electroencephalogram and
other signal channels that create a great deal of costly
and bulky hardware. These systems also generate a
tremendous amount of data quite quickly, which in turn
makes demands upon data processing, display, and stor-
age. While the CTF system is presently unique among the
helmet systems in that it can be used in an unshielded en-
vironment, other systems require a magnetically shielded
room; the performance of the CTF system is improved
within a shield. Helmet systems cost between one and
two million dollars, and the cost of the shield can increase
this by another half million dollars. Thus the helmet sys-
tems are just that: major systems with all the inherent
problems of systems integration and escalating costs; the
SQUIDs and their electronics probably contribute only
10% of the total cost!

B. SQUIDs for NDT

Several companies build SQUID systems specifically for
NDT. The first high resolution SQUID used for NDT and
biomagnetism, MicroSQUID, was built for me by BTi
and Quantum Design. Quantum Magnetics (QM) has
developed a five-channel High Resolution Scanning Mag-
netometer (HRSM) that is designed to scan a corrosion
cell in an unshielded environment(32],[33]. The system,
shown in Fig. 8, is equipped with a custom-made fiber-
glass (G-10) translation stage. The stepper motor con-
troller and the data acquisition process are controlled by
a desktop computer. Figure 9 shows a 6-channel SQUID
magnetometer with built-in magnets for 1 mT ac and 0.1
T dc fields developed by Conductus for use with a robot
for nondestructive evaluation of components in a reac-
tor. SQM Technology has developed an electromagnetic

Fig. 9. The Conductus 6-channel NDT system with ac and dc mag-
nets. The small dewar at the top of the test stand at the right would
be held by a robot moving within a nuclear reactor. (Courtesy of
Richard Kirby of Conductus).

Fig. 10. The SQM Technology Electromagnetic microscope. The
2 mm diameter, differential pickup consists of two counterwound,
semicircular loops{34},[35]. Current oscillation in a 10 turn, 10 mm
diameter superconducting source coil concentric with the pickup
induces eddy currents in conductive objects under test. The 16 mm
coil is for compensation. Axisymmetric currentsinduced in unflawed
test pieces generate a null response in the gradiometer pickup; flaws
break symmetry and cause a signal. (Courtesy of SQM Technology)

microscope (Fig. 10) which has an ac source coil and a
pickup coil on the end of a flexible thermal link connected
to a closed cycle refrigerator{34], [35].

1I1. APPLICATIONS - BIOMAGNETISM

While there is inadequate space in this review to cover
all applications of SQUIDs to biomagnetism, it is worth-
while to provide selected examples in cognitive science,
clinical neurology, cardiology, and gastroenterology. How-
ever, before we can do that, we need to look at how to
interpret the data.

A. Modeling of biomagnetic fields

Much of the MEG work to date has been done by look-
ing at biological signals from sources that are highly lo-
calized in space, and hence are suitable for analysis as a



single electric dipole. As an example, cognitive science
studies benefit from determining the location of the cor-
tical neurons that respond first to a particular auditory
or visual stimulus. The potential for MEG to locate such
sources was clearly demonstrated in the early studies by
Sam Williamson and Lloyd Kaufman at New York Univer-
sity[36], [37]. If one uses the rather drastic simplification
that the head can be modeled as a sphere, information
about the depth of the source can be obtained directly
from a map of the component of the magnetic field that
is perpendicular to the scalp: in this approximation, the
effective source dipole lies midway between the maximum
positive and negative values in the MEG map, at a depth
that is v/2/2 times the spacing between the two extrema
shown in the isofield pattern in Fig. 5d. While this ap-
proximation was used extensively in early MEG studies
and it still provides useful results for some regions of the
head, such as over the visual cortex at the back of the
head, more advanced models that account for the non-
spherical shape of the inner surface of the skull are more
uniformly applicable. Because of the high conductivity
of the scalp and the low conductivity of the skull, such
simplistic models have not proven useful for the electroen-
cephalogram. As shown by Fig. 11, the ability to localize
sources from the MEG is improved by using more realis-
tic models of the head that include the shape of the head
surface, and the inner and outer surfaces of the skull; typ-
ical accuracies for a single sphere model are on the order
of 0.5 cm at the cortical surface, and 2.5 ¢cm near the
center of the head, whereas an accuracy of 0.23 and 0.5
cm can typically be achieved using a realistic three-layer
model[38], [39]. It is worthwhile to note that while there
have been a number of studies to ascertain the localiza-
tion accuracy of the MEG, the accuracy of the compet-
ing, conventional imaging techniques is not widely studied
- one study demonstrated that MRI images of the head
had an average 1 to 1.5 mm distortion due to field gradi-
ents[40], dependent in part upon the pulse sequence and
field gradients used. Later, we will discuss the problems
with localization using the EEG.

The fundamental limitation of dipole models is that
some sources either are not dipolar, or are distributed
over such a large area that the dipole moment conveys
only a fraction of the information about the nature of the
source. A detectable interictal spike from an epilepsy pa-
tient may be the result of the simultaneous activation as
much as 6 cm? of cortical surface[41], (42]. The tempta-
tion is then to attempt to solve the generalized inverse
problem of determining the distribution of cortical cur-
rents that produced the magnetic field. Unfortunately,
this problem has no unique inverse solution, and can be
solved only with the addition of physiological constraints
or mathematical regularization. A variety of approaches
have been taken; examples are shown in Figs. 12 and 13.
Figure 14 compares the three types of minimum norm
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Fig. 11. Error in dipole localization for head volume-conductor mod-
els of increasing anatomical realism([39]. a) A series of computational
meshes defining major conductivity barriers in the head: the head
surface, the outer and inner surfaces of the skull. These meshes
are used for boundary integral computations of the head surface
potential and magnetic field distributions due to current dipoles at
arbitrary locations and orientations within the head. b) A series
of assumed dipole sources relative to an MRI anatomical rendering.
The input data from the forward model simulated a 127-channel
SQUID system with a 10:1 signal-to-noise ratio. The bar graphs
illustrate the error for each source location for three models: the
sphere that best-fits the inside of the head, a single-surface model
representing the inner surface of the skull, and the full three-layer
model. (Courtesy of John George of Los Alamos National Lab)
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Fig. 12. The Philips model of the head and the MEG, in which an
MRI image is automatically segmented and an arbitrary cut was
made in order to look inside the head[43]. The locations of the coils
are shown by the circles, above the isocontour lines of the magnetic
field. An algorithm computes the minimum norm estimate of the
distributed sources of the magnetic signal that occurs 20 ms after
median nerve stimulation. (Courtesy of Olaf Dossel of Philips)

Fig. 13. The Los Alamos MUltiple SIgnal Classification (MUSIC)
algorithm[44]. Slices of the MRI anatomy with superimposed, as
brighter regions, the values of the cortically constrained MUSIC
metric - a functional measure derived from MEG in a series of slice
images. MUSIC allows assessment of the distribution of probabil-
ity of a dipole source by systematically scanning a predefined grid.
By adding constraints based on the location and orientation of the
local cortical surface, the MUSIC metric becomes more diagnostic,
with sharper peaks corresponding to (relatively) localized regions
of neural activity. This figure illustrates a region of the occipital
lobe of the brain and suggests several discrete areas of activation.
(Courtesy of John George of Los Alamos National Laboratory).
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extended source at different depths[45]. Each column illustrates a
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FOCUSS (FOCal Underdetermined System Solution) solutions; the
top row is the simulated current distribution. Each subimage is
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image. (Courtesy of Irina Gorodnitsky of the University of Califor-
nia, San Diego)
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solutions; the success of the FOCUSS (FOCal Underde-
termined System Solution) algorithm demonstrates that
a series of carefully designed constraints, including that
the number of active generators not exceed the number
of measurements, can produce reasonable reconstructions
for certain types of source distributions[45]. Work on im-
proved inverse calculations should prove to be a fruitful
area of research for years to come.

B. Cognitive science

Given the fact that many sources are highly dipolar,
SQUIDs can be used for some interesting cognitive sci-
ence, such as providing a noninvasive, tonotopic map of
the response of the auditory cortex to auditory stimula-
tion at different frequencies, studies of tonal memory[46),
[47], brain activity during eyeblinks[48] and picture nam-
ing[49], mapping of the visual field on the retina onto the
cortex, and mapping of the hand and face to the cortex.
As shown in Fig. 15, Chris Gallen and Tony Yang at the
Scripps Institute in La Jolla have applied a nonmagnetic
mechanical stimulator to various points on the hand and
mapped the locations on the brain that corresponded to
the hand locations[50]. Similar studies on subjects who
had one arm amputated showed that the signals from the
face and shoulder for the amputated side had moved closer
together, and overlapped into the space that would have
otherwise corresponded to the hand, providing the first
direct demonstration of cortical plasticity in humans, and
proving that some phantom sensations from the ampu-
tated limb arise from the cortex[51].

C. Clinical applications

A wide variety of clinical applications of biomagnetism
have been examined in neurology, including studies of
epilepsy, stroke, trauma, and the recording of signals from
the spinal cord, nerves, and skeletal muscle. One of the
problems with the acceptance of magnetometry as a clin-
ical tool is the length of time that it has taken to demon-
strate clinical utility. This is hard in any one field, and
biomagnetism is being applied to many different ones.
More importantly, because the technique represents a sig-
nificant departure from existing clinical techniques and
few clinical centers will purchase an expensive and un-
proven instrument, corporate involvement has been re-
quired in developing clinical applications: BTi and its
collaborators worldwide have recorded from over 3,400
patients and normal subjects. Other groups have also
been demonstrating clinical applications, but generally in
a more limited way.

The first application that has been clinically proven and
recognized for third party reimbursement is the presurgi-
cal functional mapping for brain tumors, arteriovenous
malformations, and epilepsy, in which the MEG is used
to identify key regions of functioning cortex before they
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Fig. 15. Demonstrations of noninvasive mapping of hand stimula-
tion sites onto the cortex[50]. Top: Sites of mechanical stimulation;
Bottom: the sites of cortical response. (Courtesy of Christopher
Gallen of the Scripps Institute and Gene Hirschkoff of BTi).

are inadvertently removed or otherwise damaged during
surgery. This procedure is now accepted by a number
of insurance companies - in part because there is a 20%
morbidity rate for the 100,000 intracranial surgeries per-
formed each year, and the MEG is proving useful for re-
ducing the risk.

Clinical applications that are still in the process of be-
ing proven include the use of the MEG to provide a more
definitive diagnosis of stroke, head trauma, and tran-
sient ischemic attack (TIA) in the brain, and the use
of the MCG to localize and classify cardiac arrhythmias.
Promising applications that are just now being examined
include the use of SQUIDs for fetal heart monitoring[52],
[53], studies of the signals from the spinal cord and periph-
eral nerves[54], the diagnosis of bowel function disorders,
and the study of schizophrenia and metabolic brain dis-
orders such as uremic or hepatic encephalopathy. I will
now discuss some of the applications in more detail.

1) Studies of the brain: Because patients with epilepsy
often exhibit electrical spiking in the interictal period be-
tween seizures, substantial effort has been directed to-
wards using the MEG to localize the site of origin of the
spikes, which is believed to coincide with the site of ori-
gin of the seizure. Early studies by groups in Rome and
at UCLA demonstrated the validity of this approach[55],
[56]; Fig. 16 shows how a helmet MEG system can quickly
localize the source of the spikes, and also shows how the
mirrored activity on the left side of the brain of the subject
being studied lags after the activity on the right side[57].

One of the more recent and interesting applications
under development is the use of the MEG to diagnose
head trauma and damage from transient ischemia, being
pursued by Jeffrey Lewine and William Orrison of the
University of New Mexico and the Veterans Hospital in
Albuquerque[58]-[60]. The activity of the normal brain
is dominated by alpha waves in the 8-13 Hz range. Pa-
tients with neurological disorders often show slowing of
the EEG, and also show extensive, large amplitude, ab-
normal low frequency magnetic activity (ALFMA) in the
theta and delta range. The MEG ALFMA examination is
quite sensitive to demonstrating pathophysiology in these
patients. Many patients who suffer mild traumas have
normal MR and CT examinations, but significant post-
concussive psycholggical changes. As an example, the cir-
cles in Fig. 17a correspond to the locations of ALFMA
activity at 2.5 Hz in a 65 year old woman who had three
episodes of facial numbness and slurred speech within the
four hours prior to her admission to the hospital. Her
clinical symptoms resolved by the time she went to the
hospital 10 hours after the last episode. Computerized to-
mography and magnetic resonance imaging could find no
abnormalities. Magnetic source imaging with the MEG
found multiple sites of ALFMA slow wave activity that
confirmed the suspicion of multiple middle cerebral artery
transient ischemic attacks (TIAs) that were undetectable
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Fig. 16. Top: Spatial distribution of one interictal spike displayed on
the sensor array; only about half of the measured signals are shown
in this projection. The two traces on each sensor unit illustrate the
two orthogonal derivatives of the magnetic field measured at that
location. Middle: Field patterns during a single time moment of
one spike. The sensor array is viewed from the left, from above, and
from the right. The shadowed areas indicate magnetic flux emerg-
ing from the head; the isocontours are separated by 400 fT/cm.
The arrows indicate the sites and orientations of the two equivalent
current dipoles required to account for the field pattern. Bottom:
Dipole moments as a function of time in both hemispheres. Each
trace corresponds to one unaveraged spike, whose distribution was
explained by the two-dipole model. (From([57], with permission).
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with other imaging methods or the EEG. The patient was
treated to reduce the risk of stroke.

In the example shown in Fig. 17b, an 18 year old boy
suffered severe beating at school 3 months prior to the
examination and showed a serious decline in school per-
formance. There was no evidence of traumatic injury
on EEG, CT or MRI, yet psychological tests supported
the explanation of brain trauma instead of an aversion to
school for fear of repeated attack. The MSI study demon-
strated dense bilateral focal slow wave activity that con-
firmed serious brain injury.

Surgeons are very reluctant to perform operations that
may cause a hemiparalysis because this significantly com-
promises the quality of a person’s life. The data in Fig. 17c
are from a 58 year old combat veteran who had a tumor,
and the issue was whether the tumor could be resected.
The groove in the brain known as the central sulcus con-
tains the motor cortex, but it was not possible to discern
from anatomical images whether A or B was the central
sulcus. Without this identification, no surgeon would op-
erate. The only technique that could identify that non-
invasively was the MEG, which showed that the motor
signals from the hand were at A, hence this was the cen-
tral sulcus. Given this data, a surgeon agreed to perform
the surgery.

As a final neurological example, Fig. 17d shows an MRI
image of the cortex of a 5-year-old male with intractable
partial-complex seizures. Two prior surgical interventions
in the inferior frontal cortex failed to alleviate the epilepsy.
Functional mapping by MEG and Transcutaneous Mag-
netic Stimulation (TMS) showed that the resection zone
could not be extended more posteriorly without compro-
mise of motor cortex. However, the MEG showed that the
epileptic activity was arising from a region far removed
from the prior resection zones. Re-examination of the pa-
tient’s MRI data showed a small vascular malformation
in this region that had been previously overlooked. Sur-
gical intervention in this area has controlled the patient’s
seizures.

2) Cardiac Studies: In contrast to the brain, in which
magnetic signals are produced by innumerable asyn-
chronous sources, the electrical activity of the normal
heart is a highly synchronized yet distributed current
source that propagates through the heart as a wave. From
the surface of the chest, as shown in Fig. 18, the heart
looks like an electric battery whose amplitude and orien-
tation varies in time. The peak magnetic field from the
heart exits the chest on the left side and enters. the ab-
domen lower on the right; the strength and orientation
of the source and hence its magnetic field vary through-
out the cardiac cycle. The magnetocardiogram in Fig. 19
was recorded by the PTB group in Berlin in their mag-
netically shielded room[25]. The noise in this signal, with
a bandwidth of 250 Hz, is a fraction of a picotesla (pT)
(inset) and does not come from the SQUID or the mag-
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Fig. 17. Examples of the use of the MEG recorded with the BTi 37-channel Magnes'™ system for clinical diagnosis and treatment[60]. a)
Sites of abnormal low frequency magnetic activity in a 65 year old woman with transient facial numbness and slurred speech. b) Magnetic
source imaging of focal slow wave activity, indicated by the dots in one of several different slices of the MRI scan, in an 18 year old boy 3
months after a severe beating. c) Magnetic determination that the location of the central sulcus that contains the somatosensory cortex
was at A and not B, thereby allowing surgical resection of the tumor. d) Magnetic determination that the source of recurring, intractable

epileptic seizures was a previously-unnoticed vascular malformation far from the site of two previous resections. (Courtesy of Jeff Lewine
and BTi)



Fig. 18. The magnetic field from the heart at the time of peak
signal.

a)
25pT

0.4s
b)

20ms
1pT

Fig. 19. Unaveraged MCGs taken with the 63-channel SQUID sys-
tem in the low-noise PTB clinical lab on low-noise patients[25]. a)
Two cardiac cycles showing the sharp QRS complex followed by the
broader T-wave. b) An expanded view of the small box in (a) show-
ing the noise, which is from the patient. The sampling rate was
1000 Hz with a bandwidth of 0.016 to 250 Hz. (Courtesy of Lutz
Trahms of PTB)
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Fig. 20. A schematic view of a SQUID gradiometer positioned above
the fetal heart.

netic shield but is magnetic noise from the patient. As we
will show later, a filtered, high-frequency MCG has been
shown to be superior to the comparable ECG measure-
ment. Another promising application of the MCG, being
pursued by Michael Lesh at the University of California
in San Francisco, is to use the MCG to localize noninva-
sively the site of origin of cardiac arrhythmias, such as
those responsible for atrial or ventricular tachycardias, in
advance of a catheter ablation procedure to remove the
source of the abnormal activity. Currently, the invasive
catheterization procedures used to localize an arrhythmo-
genic focus require several hours of concentrated effort by
a large staff, are costly in both personnel and supplies,
are not without risk to the patient, and can result in a
significant X-ray exposure to the patient and particularly
the physicians. Possibly the MCG could mitigate some of
these problems. One of the difficulties is that the ablation
of the site of the tachycardia beat still requires invasive
catheterization. Furthermore, some cardiac arrhythmias
are normally silent, and can be provoked experimentally
only during catheter stimulation and with the adminis-
tration of drugs. Thus the as yet unanswered question
is to what extent the noninvasive MCG study simplifies
or shortens the catheterization procedure required for the
ablation.

The SQUID magnetometers can also be used to record
the fetal magnetocardiogram (F-MCG). Figure 20 shows a
SQUID placed over the fetal heart. Note the substantial
distance between the SQUID and the heart. Figure 21
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Fig. 21. The fetal electrocardiogram and magnetocardiogram. Up-
per: the electrical recording showing maternal (m) and fetal (f)
cardiac signals. Lower: The magnetic recording showing minimal
maternal contribution. (Adapted from{52])

shows F-MCG data from Ron Wakai at the University
of Wisconsin in Madison, where the upper trace is the
electrical recording that shows very strong maternal elec-
trocardiogram (ECG) signals interspersed by small fetal
ECG signals[52]. There are times during the gestation
of the fetus where the fetal electrocardiogram signal dis-
appears because of an insulating layer that covers the fe-
tus. In contrast, the fetal magnetocardiogram in the lower
trace shows negligible maternal contamination, and clear
fetal signals can be recorded throughout the electrically
silent period. The net result is that it should be possible to
build compact SQUID instruments for recording the fetal
magnetocardiogram in the hospital, possibly with digital
SQUIDs. Because of the small size of the fetal heart and
its depth below the SQUID, it is unlikely that mapping
of the F-MCG over the abdomen will produce much more
than a dipolar map, so that it may be sufficient to use
a vector SQUID magnetometer to record three orthogo-
nal F-MCG components[61], which could then be used to
correct at least in part for the effects of the variable and
often unknown fetal orientation. The challenge will be to
develop sufficiently sensitive SQUIDs and suitable noise
rejection algorithms so that signal-to-noise ratios are high
enough that the entire P-QRS-T complex can be clearly
resolved without signal averaging, which could then make
the fetal MCG an invaluable tool for the diagnosis of fe-
tal cardiac arrhythmias and overall fetal cardiovascular
stress.

Another application of SQUIDs to cardiac studies, be-
ing studied by Daniel Staton and me at Vanderbilt, is
the use of a high resolution SQUID to map the spread
of current through thin slices of cardiac tissue, which will
provide information about the electrical properties of the
three-dimensional, anisotropic cable-like behavior of the
heart[62]. Examples of these data will be shown later.

w /W

10 sec

Fig. 22. The magnetogastrogram (upper) from the stomach, and the
magnetoenterogram (lower) from the small intestine, recorded with
a BTi SQUID system at the Scripps Institute in La Jolla. (Adapted
from[63])

3) Gastroenterology: A new application of SQUIDs, be-
ing pursued by William Richards and other members of
our group at Vanderbilt, is the magnetoenterogram. The
electrogastrogram, the electrical signal from electrical ac-
tivity in the stomach, was first recorded in the 1930’s.
David Cohen first recorded the magnetogastrogram, the
magnetic equivalent, twenty years ago. While it is rela-
tively easy use electrodes on the surface of the abdomen
to record electrical signals from the stomach, the mul-
tiple layers of fat and muscle between the small intes-
tine and the abdominal surface make it virtually impos-
sible to record noninvasively the electrical activity of the
small intestine. As with the brain, these intervening lay-
ers serve as a harsh, spatial low-pass filter that smears
and attenuates the electric signals, but this tissue has lit-
tle effect on the magnetic fields. Hence we have been
able to use SQUIDs to record the magnetoenterogram,
which does not have an equivalent electrical recording.
Figure 22 shows typical magnetogastrogram and magne-
toenterogram data[63]. Our signals, recorded for the first
time in humans a year ago[64], may be of potentially great
clinical significance in diagnosing electrical disorders of
the intestine, such as arrhythmias, angina, ischemia, and
infarct: Death often occurs within two days of an intesti-
nal infarct. The SQUID may provide an early, noninvasive
diagnosis.

IV. SQUIDS FOR NONDESTRUCTIVE TESTING

We can now switch and look at applications for SQUID
NDT. As shown in Fig. 23, SQUIDs can be used in a
number of different NDT modes[65]. You can look at in-
trinsic currents, for example in a printed or integrated
circuit[66]-[69]. You can image remanent magnetization,
perturbations in applied currents, or Johnson noise in
metals. You can apply an ac field and image the eddy cur-
rents, or use either cyclic stress or simultaneously applied
ac and dc magnetic fields and look at the hysteretic mag-
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Fig. 23. Modes of SQUID NDT. By scanning the sample beneath the SQUID, it is possible to image a) intrinsic currents, b) remanent
magnetization, c) flaw-induced perturbations in applied currents, d) Johnson noise in conductors, e) eddy currents and their perturbations

by flaws, f) hysteretic magnetization in ferromagnetic materials in the presence of an applied stress, and g) diamagnetic and paramagnetic
materials in an applied field. (From[65], with permission)
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Fig. 24. A schematic representation of an aircraft lap joint that
would be well suited for SQUID NDT and not suitable for ultrasonic
or eddy current tests.

netization in steel, or you can apply a dc magnetic field
and image the magnetization of diamagnetic and param-
agnetic materials.

A. Aircraft NDT

If you ask when one might use SQUID NDT, you
quickly come upon the aging aircraft problem. Airplanes
are aluminum, they corrode and crack, and they must
not fail. In the typical aircraft lap joint shown in Fig. 24,
there are three layers of metal. If there is no sealant or
bonding between the layers, you cannot use ultrasound
to find second and third layer corrosion. The metal can
be sufficiently thick that, because of the skin depth of
eddy currents, conventional eddy current techniques can-
not find the deep flaws and the deep cracks. To give some
idea of the nature of the problem, 7075-T6 is a typical
aircraft aluminum. If you’re trying to find a flaw that’s a
centimeter down through a wing structure in an airplane,
you find that you need to operate at frequencies as low
as 100 Hz. It’s very difficult to obtain adequate sensi-
tivity with conventional eddy current testing at 100 Haz.
SQUIDs work well at 100 Hz, or 10 Hz, or even dc[70],
[71}.

The preliminary data obtained so far suggests that
SQUID NDT may live up to its promise of great sensi-
tivity with high spatial resolution[72]-[76], [34]. As can
be seen in Fig. 25, Yu Pei Ma at Vanderbilt took a sec-
tion of simulated aircraft wing that has cracks in both
layers, neither layer, lower layer, upper layer, and found
very clear signatures that were related to the depth and
size of the crack[76]. In Fig. 25, the test sample is made
of two layers of 7075-T6 aluminum panels bolted together
by four 6 mm diameter aluminum flat-head pins and nuts.
Each panel is 25 x 25 mm? and 3 mm thick. The crack
defects beneath the surface are simulated by 6 mm long
EDM slots beneath the fasteners. Adjacent to pin a are
6 mm slots in both the top and bottom layers. Pin b has

Fig. 26. An example of blind convolution for enhancing SQUID
data[77]. a) The magnetic field map from the data in Fig. 25 ob-
tained from a two-layer sample simulating an aircraft lap joint. b)
The results of the blind deconvolution algorithm operating on the
data in a). The signal in the upper right has no cracks, while that
at the upper left has a 6 mm crack in both layers. The signal at
the lower left has a crack in the upper layer alone, while that at
the right has a crack in the lower layer only. (Courtesy of James
Cadzow of Vanderbilt University)

a slot in the bottom layer and pin d has a slot in the
top layer (see cross section AA’ and BB’ in (c)). Pin ¢
is without slots and for reference only. The dashed line
indicates the 150 x 150 mm? mapping area. A sheet in-
ducer, which was a set of strips carrying a current of 15
mA and 1017 Hz in the z direction, was placed below the
sample. The induced eddy current is disturbed by both
the pin and slot. Fig. 25b shows the surface plot of the
magnetic field obtained at a phase angle of 50°. The field
has been squared for better visualization. The signal is
largest for pin a (with slots in both layers), and smallest
for pin ¢ (without slots). In (d), the cross sections are
taken from the peak of the signal. The dashed line was
taken from section AA’, which shows the signal from bolt
b (left) and bolt a (right). The solid line was taken from
section BB’ which shows the signal from d (left) and ¢
(right). Each signal has four peaks: the sharper peaks
reflect the contribution of the current densities near the
surface, while the broader peaks reflect the contribution
of the current densities below the surface, as predicted by
theory. The signal for bolt ¢, which is without the crack,
shows small and symmetrical peaks. The peak signal from
the bolt d, which has a top layer crack, is slightly larger
than the peak signal from the bolt b, which has a second
layer crack. All three signals from the bolts with cracks
show the asymmetric peaks, with the larger peak on the
side for which there is a crack. Figure 26 provides an ex-
ample of how advanced deconvolution algorithms such as
blind deconvolution[77] can enhance the image in Fig. 25.

B. NDT on Steel

Harold Weinstock has done a number of studies over
the years that use SQUIDs to measure the response of
ferromagnetic materials to stress[2], [78]. He has shown
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Fig. 25. SQUID Images of the cracks beneath rivets obtained at Vanderbilt with the BTi/Quantum Design MicroSQUID magnetometer

and a sheet inducer. Top: the ex
the sample. d) Cross-

perimental setup (not to scale). a) The test sample. b) A surface plot of the data. c) A cross-section of
sections of the data through the peaks. See text for additional details. (Adapted from[76])




Fig. 28. Field map of a mild steel plate with heat treated regions
and a manufacturing flaw. A surface plot of the static field above
a sample of mild steel as rolled from the mill, without surface fin-
ishing[81]. Two spots were heated dull red with an oxyacetylene
torch then allowed them to cool slowly in air. Experimental scan-
ning stand-off was about 5 mm and the polarizing field was about 10
mT. One spot feature is larger in amplitude than the other because
that spot was heated slightly more. Also visible is a linear feature
along the plate which was caused by an inconsistency in manufac-
turing, visible on the plate surface as a series of faint bubble-like
marks along the direction the plate was rolled. (Courtesy of Sandy
Cochran and Luke Morgan of the University of Strathclyde)

Fig. 30. Susceptibility images. (a-b) A 25.4 mm square sample
of plexiglas containing five 1.8 mm diameter holes was magnetized
in a 110 T applied field and scanned at a distance of 2.0 mm.
The images show the distribution of diamagnetic material (Adapted
from([84]). (c-d) A nickel NDE sample containing EDM slots with
dimensions of about 100 um was surface decorated with paramag-
netic microspheres. The magnetic field was mapped 2.0 mm from
sample with a 174 uT applied field. The images display the location
and size of surface defects, including one (upper left) that was the
result of a previously undetected scratch. (Adapted from(85])



that a SQUID can remotely detect changes in the flux
expelled from the sample as it is stretched multiple times,
as indicated in Fig. 27. This may have applications to the
nondestructive testing of steel structures.

Gordon Donaldson, Sandy Cochran and their colleagues
at Strathclyde have done a great deal of work on steel
plates[79], [80], [82] and have shown that they can detect
flaws induced in a steel plate both thermally and in the
manufacturing process, as shown in Fig. 28. They can
find hidden, simulated fatigue cracks in a ship hull plate,
shown in Fig. 29. In this measurement, a fatigue crack
was artificially induced in a standard issue UK Admiralty
steel hull plate. The crack grew from the underside in the
view shown in (a), with the tip finally visible over a 137
mm length near its center. Note that crack was uneven; it
developed most near the ends of the loading bar where the
stresses were highest, and towards higher lateral distances
because of the alignment of the three point loading ma-
chine. The eddy current map of the cracked plate in (b)
was made with a induction-coil current of 5.25 mA peak
to peak at 175 Hz (skin depth about 0.5 mm), giving a
field of about 6 uT at the surface of the plate. The stand-
off distance was 3.6 mm. A lock-in amplifier was used for
demodulation of the SQUID signal. In (c), the static field
map of the cracked plate was obtained with a polarizing
field of 20 mT and a stand-off of 4.1 mm. For current
injection into the plate, the inversion in (d) of the mag-
netic map of current flow around the artificially induced
crack was for a 190 Hz, 1.73 A peak-to-peak current was
injected diagonally across the plate between the points
shown in (a); a lock-in was used for demodulation. From
these preliminary data, we see that it may be possible to
use SQUIDs to look deep into steel plates and find cracks
that would not be readily detectable otherwise. A group
at Hitachi has also used SQUIDs to study ferromagnetic
materials[83].

C. NDT on Diamagnetic and Paramagnetic Materials

In a DuPont-funded project, Yu Pei Ma, Ian Thomas
and I found that we can use our MicroSQUID magnetome-
ter to image plexiglas[84], which is a diamagnetic material,
as shown in Fig. 30. We found that it is also possible to
image water, titanium and non-metallic composites mag-
netically[65]. As demonstrated in Fig. 30, we can detect
minute amounts of paramagnetic tracer trapped in flaws
on a surface of test blocks[85], allowing us to detect flaws
with volumes as small as 2 x 10~12 3,

D. Corrosion Studies

In terms of basic studies on corrosion, SQUIDs are ideal
because you can map dc or ac currents without having
to contact the sample. Relative to the sensitivity of a
SQUID, it takes a lot of electric current to dissolve an
airplane - approximately 300 coulombs of charge are re-
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Fig. 27. The test setup (upper) and typical data (lower) from
SQUID measurements on the effects of cyclic stress on the mag-
netic field outside of a steel sample. (From[78], with permission).
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plate[82]. a) A fatigue crack was artificially-induced in a standard issue
ed plate. c) Static field map of the cracked plate in a 20 mT polarizing

field. d) Inversion of the magnetic map of current flow around the crack. A 190 Hz, 1.73 A peak-to-peak current was injected diagonally
across the plate between the points shown in (a). (Courtesy of Sandy Cochran and Luke Morgan of the University of Strathclyde)
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Fig. 31. Cross-section of an experimental arrangement for scanning
an aircraft lap joint[33], in which a pristine lap joint was mounted
on a custom-made fiberglass cell with epoxy. The cell was then filled
with the corrosive agent NaOH and a spatial scan was performed us-
ing the Quantum Magnetics (QM) High Resolution Scanning Mag-
netometer (HRSM) shown in Fig. 8. The HRSM has five sensing
coils which are clustered in a “plus” sign: three channels across and
three vertical with the center common. These coils are 1.75 mm in
diameter and spaced 2.5 mm apart. (Courtesy of Andy Hibbs of
QM)

quired to corrode away a 0.1 mm thick layer of aluminum
from a 1 cm? sample, which would correspond to a cur-
rent of 160 nA flowing for 80 years. SQUIDs can easily
detect nanoamps! Andy Hibbs at Quantum Magnetics
has used their 5 channel high resolution scanning system
to look at corrosion in simulated lap joints and can in fact
image the distribution of currents in the lap joint as it is
corroding[33], as shown in Figs. 31 and 32.

Delin Li and Yu Pei Ma at Vanderbilt have taken a
plate of 7075 aluminum, placed it in salt water, scanned
the magnetometer, and found substantial changes in the
distribution of currents in the sample with time[86], as
shown in Fig. 33. They have shown that the magnetic
fields from corrosion of 7075 aluminum get stronger with
time, whereas those for 2024 get weaker with time. So it
is possible to monitor corrosion not only without touch-
ing but without being able to see the active corrosion in
aluminum.

E. Other Potential Applications for SQUID NDT

If you review the NDT literature[87), [88], you will find
a number of other problem areas that may benefit from
SQUIDs, but have yet to be explored in detail. There is a
need to detect noninvasively the condition of reinforcing
rods in airport runways, bridges and buildings. For ex-
ample, currently the only accepted way to determine the
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Fig. 32. The magnetic signature of a pristine lap joint during active
corrosion with NaOH using the setup in Fig. 31 and one of the chan-
nels of the HRSM(33]. A strong magnetic signal was found around
the rivets located in the upper portion of the lap joint, and a rela-
tively weaker magnetic signal around the rivets located in the lower
portion of the lap joint. Since the upper row of rivets were scanned
before the lower row, the difference in signal strength indicates the
time-varying nature of the corrosion process. It should be noted
that these corrosion activities could not be visually detected from
the side of the lap joint facing the HRSM pickup coils. (Courtesy
of Andy Hibbs of QM)
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Fig. 33. Active pitting corrosion mapped with MicroSQUID[86]. (a) A schematic of the active in-situ corrosion system, with 7075 aluminum
alloy in a solution of 3.5% NaCl + 5ppm Cutt. (b) The maximum magnetic field as a function of time during pitting corrosion. The first
300 minutes represents pit initiation followed by an increase in magnetic field magnitude signifying the onset of the pit development phase.
(c) Images of the magnetic field as a function of time. (Courtesy of Yu Pei Ma of Vanderbilt)
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Fig. 34. Representative data from the high resolution MicroSQUID magnetometer at Vanderbilt. a) Magnetic field (25 pT contours) and
b) current densities recorded 6 ms after the stimulus in a slice of canine cardiac tissue[62]. c) Simultaneous four-channel recordings of two
different single motor units in the human thumb({92]. d) Magnetic field from a 94 hr chick embryo[93]. The embryo is the hook-shaped line.
e) Simultaneous, three-channel recording of the magnetic field from the basic electrical rhythm of isolated prairie dog small intestine[94].
f) The induced magnetization distribution from a 50 um thick slice of pyroclastic rock in a 285 uT applied field with the locations of the
magnetic (circles) and biotite (triangles) inclusions[95] (2 mA/m contour spacing). g) The time-course of the uptake of a 900 p£ sample of
superparamagnetic microspheres by a rat liver[96] in a 171 uT applied field. The applied field in (f) and (g) was provided by Helmholtz
coils outside the cryostat.
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integrity of the reinforcing rod in an aircraft runway is to
core it. The steel industry has a goal of 100% inspection of
all steel production. Detecting corrosion underneath the
lagging in pipes is quite a challenge, particularly when the
lagging is asbestos. There is concern about finding long
term degradation of material in nuclear and conventional
power plants. An interesting problem in nondestructive
testing is to figure out how to measure the thickness of a
beverage can when it’s flying past at 5 meters per second,
which is a rate of 2000 cans a minute. I personally think
that SQUIDs will be a neat way to do it. If you’re trying
to do quality control on a piece of steel or a forging that
is at a thousand degrees centigrade and moving past at
15 meters per second, you may need a dewar anyway to
protect whatever instrument you use. You could just as
well use a SQUID.

V. HicH REsoLuTION SQUIDs

The need for high resolution SQUIDs became apparent
to me after Dan Barth showed how SQUIDs can detect
a variety of signals during epileptic seizures in rats, even
though the SQUID pickup coil was larger than the brain
of the rat[89]. Several years ago I started pushing for
SQUIDS with 1 mm diameter pickup coils 1 mm from
room temperature[90]; I’ve already shown you some data
from our BTi/Quantum Design MicroSQUID and from
the similar Quantum Magnetics system; additional bio-
logical and geophysical MicroSQUID data from Vander-
bilt are shown in Fig. 34[62], [91]-[96]. The Strathclyde
group has also built a high-resolution system for NDT[79].

Some of the more recent SQUID imaging work has used
cold samples, where the SQUID and the sample are in the
same cryogenic environment, and the dewar wall doesn’t
get in the way. The first pretty picture from this approach
came last year from Fred Wellstood’s group in Maryland,
where they used a liquid-nitrogen temperature supercon-
ducting magnetometer to image the magnetic field of a
portion of the face of George Washington on the dollar
bill[97], as shown in Fig. 35. The dollar bill provides an
ideal test sample because the ink is ferromagnetic, to the
extent that it is often necessary to demagnetize the bill
before imaging it. Joe Anderberg at Conductus has built
a higher resolution, liquid-helium temperature instrument
that can give a close-up of the pupil of the eye and the
eyelid of George Washington, as shown in Fig. 36, and can
image sub-micron structures with high sensitivity. Dale
Van Harlingen at Illinois has used a scanning SQUID sys-
tem to study vortex structure and dynamics in supercon-
ductors[98]. John Kirtley at IBM has mounted a very
small SQUID on the end of a cantilever in a scanning
tunneling microscope-type setup{99], shown in Fig. 37,
and has demonstrated that he can image individual flux
quanta trapped in the washer of a high temperature su-
perconducting SQUID at different strengths of trapping

Fig. 35. A magnetic image of George Washington on the U.S. dollar
bill, made with the Maryland YBCO SQUID microscope[97]. Top:
The actual dollar bill. Bottom: The SQUID image. The sample
and the SQUID were both immersed in liquid nitrogen. (Courtesy
of Randy Black and Fred Wellstood of the University of Maryland)
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Fig. 36. A magnetic image of the ink in the region of George Wash-
ington’sright eye in the U.S. dollar bill obtained with the Conductus
Scanning Magnetic Microscope. The position scale in the image is in
microns. The sample was in exchange gas at liquid helium tempera-
ture. (Courtesy of Joe Anderberg and Richard Kirby of Conductus)
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Fig. 37. A schematic of the IBM liquid-helium temperature, inte-

grated, scanning SQUID microscope[99]. (Courtesy of John Kirtley
of the IBM Thomas J. Watson Research Center)
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Fig. 38. Images of magnetic flux trapped in a high-T. SQUID ob-
tained with the IBM scanning SQUID microscope[99]. Both the
scanning SQUID and the sample being examined are at 4.2 K. a)
The image of the high-T. SQUID in a 0.2 uT applied field so that
the diamagnetism of the superconducting films provides sufficient
contrast to visualize the SQUID structure. The black dots within
the square washer are single flux quanta. b) An image after a 60
uT field was applied to the high-T. SQUID and then removed. A
flux quantum of the opposite sign to those in (a) is trapped in the
upper right corner of the washer. c) After application of a 180 T
field, additional flux lines are concentrated along a scratch in the
high-T. film. d) After warming the sample to 77K and applying
240 T field. Note the flux lines trapped in the inside corners of the
hole in the washer. (Courtesy of John Kirtley of the IBM Thomas
J. Watson Research Center)

fields, shown in Fig. 38. He has also used this system
to demonstrate that in particular crystalline geometries,
high temperature superconductors can trap half-integer
flux quanta, thereby providing strong evidence for d-wave
superconductivity[100].

VI. WHAT ARE THE KEY CHALLENGES FOR SQUID
NDT?

We can now ask about the key challenges for SQUID
NDT. There are a number of technical ones such as rejec-
tion of background noise that may be important. When I
talk about background noise I don’t mean only the tem-
poral noise of the environment, but also the spatial noise
from the airplane itself. While airplanes are usually clean
and smooth on the outside, they can be highly irregular
and quite dirty on the inside, as shown in Figs. 39 and
40.

If you’re trying to find corrosion on the fuselage on the
opposite side of a wing or fuselage panel, you have to keep
track of the fact that the back of the panel may in fact
be a complex extrusion (Fig. 39), or there can be all sorts
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Fig. 39. A section from an airplane wing. (Courtesy of Steve Baugh-
man of Lockheed Aeronautical Systems)

Fig. 40. The interior of an aging aircraft. (Courtesy of Richard
Kinzie of Warner Robbins Air Force Base)

Fig. 42. A hand-sized liquid nitrogen dewar developed by Conduc-
tus that has a single high-T SQUID in it. It has an 8 hour hold
time when vertical and a 4 hour hold time in any other orientation.
(Courtesy of Conductus.)

of hardware, tubing, and wiring hidden from view but
detectable by the SQUID (Fig. 40). Figure 41 provides
an example of how SQUIDs can be affected by this and
how properly configured gradiometers can solve it[101];
cancellation plates can be used for removing edge effects
when current is injected into some conducting shapes[102].

Other technical issues include portability, refrigeration,
and robustness. The Conductus hand-held high-T. sys-
tem in Fig. 42 is a step towards a compact, portable
SQUID system that could be field-deployed.

There is a need for SQUID systems with more chan-
nels that have smaller and closer pickup coils and bet-
ter eddy-current inducers. If high-T, SQUIDs are to be
used in NDT, it may be necessary to use high-T. per-
sistent current magnets, which then raises issues about
flux creap and field stability. To be competitive, it will be
necessary to reduce cost, since some sophisticated SQUID
eddy current systems today cost over a quarter of a mil-
lion dollars. The quantitative interpretation of the data
will require improved mathematical models, and it will be
necessary to develop specialized measurement techniques.
SQUIDs for NDT must be usable on the flight line or a
busy bridge! I expect that the various technical problems,
including the issue of background noise, are all going to
be solved. The key challenge in my mind is to identify
suitable problems for which SQUIDs are the best solu-
tion. The trick is to use this technique to find flaws that
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no one else can find and, most importantly, do so in ways
that the NDT user community likes.

VII. WHAT IS THE COMPETITION?

In order to assess how difficult the problems are, we
need to look at the competition. There are two kinds
of competition: within the SQUID industry and between
various technologies. Table I lists a number of different
companies who are competing within the SQUID industry.
We’ve talked about a lot of them so far. It is important to
realize that not all of them will stay in the game. Siemens
has decided to drop out of the biomagnetic SQUID busi-
ness. Experience shows that while small SQUID com-
panies have come and gone over the past 25 years, con-
servation laws seem to apply to the most highly skilled
personnel. However, whether or not the SQUID industry
will become large may be determined by the competition
with other technologies.

Table I. The competitors within the SQUID industry

Biomagnetic Technologies (Bio*)

Conductus (Lab, NDT, Bio)

Cryoton (Bio, NDT)

CTF Systems/Osaka Gas (Bio, Geo)

General Electric/Mediterranean Quantum Systems (Bio)

Hypres (Digital SQUIDs)

Neuromag/Instrumentarium/Picker (Bio)

Philips (Bio)

Quantum Magnetics (Lab, NDT, SQUIDs)

Brethénhs (Bio)

SQM Technology (NDT)

Superconducting Sensor Laboratory/MITI (Bio)

2-G Associates (Geo, Lab)

Research laboratories: CNR, IBM, KFA, PTB...

Universities: Berkeley, Helsinki, Illinois, Jena, Mary-
land, New Mexico, New York, Open, Pon-
tificia Universidade Catolica do Rio de
Janeiro, Strathclyde, Twente, Vanderbilt,
Wisconsin...

* Bio=Biomagnetism Lab=Laboratory systems
Geo=Geophysics NDT=Non-destructive testing

A. What technologies compete with biomagnetism?

There are a number of technologies that compete with
biomagnetism: Electrical measurements such as the elec-
trocardiogram, the electromyogram, the electroencephalo-
gram, the electrogastrogram, and the electroneurogram
all compete. Bill Richards and I at Vanderbilt are fasci-
nated by the fact that there is no reliable electroentero-
gram in normal subjects - just the magnetoenterogram,
which is possibly the only electrophysiological signal in
biomagnetism without an electrical counterpart. It is also
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Fig. 43. A comparison of the spatial and temporal resolution and
invasiveness of various “windows on the mind.” The MEG is shown
as MSI (Magnetic Source Imaging). (Courtesy of BTi)

important to realize that for many people, particularly
surgeons, invasive surgery is a technology that competes
effectively with noninvasive diagnosis. The most serious
competition, because of the expense of the systems and
their already-widespread acceptance, comes from the clin-
ical imaging techniques such as computerized tomography
(CT), magnetic resonance imaging (MRI), positron emis-
sion tomography (PET), single photon emission computed
tomography (SPECT), magnetic resonance spectroscopy
(MRS), and functional magnetic resonance imaging (F-
MRI).

These classical imaging techniques and the EEG and
MEG all provide “windows on the mind.” They have dif-
ferent characteristics, and hence are difficult to compare.
Figure 43 shows that the relevant phase space has at
least three dimensions. There is the degree of invasive-
ness: depth electrodes implanted into the brain or sub-
dural electrodes placed on the exposed cortex are highly
invasive. Various techniques have different time resolu-
tion: single photon emission computed tomography has
terrible time resolution. If you look at the combination of
spatial resolution, temporal resolution and noninvasive-
ness, magnetic source imaging and the scalp EEG are the
best possible techniques, but they only detect electrical
activity and do not provide anatomical images. As dis-
cussed in a recent review[103], the EEG and the MEG will
always be able to provide electrophysiological information
not available from the other imaging techniques.

Now we need to turn to a long-standing contro-
versy about the relationship between bioelectric and bio-
magnetic recordings and their relative information con-
tent[104], [105]. Human studies involving the statistical
comparison of the ability of the ECG and MCG to de-
tect cardiac abnormalities suggest that the MCG contains



diagnostic information that is complementary to that in
the ECG[106]-{109]. Because electrodes are not required,
the MCG is vastly superior to the ECG for measure-
ments of the steady currents of injury that are associ-
ated with myocardial ischemia[110]. Animal studies and
theoretical calculations in our lab suggest that magnetic
recordings can provide new information about the elec-
trical anisotropy of cardiac tissue[62], [111],[112]. The
arrhythmia localization studies discussed previously are
possible because the magnetic fields outside the body are
less affected by internal electrical inhomogeneities than
are the surface electric fields. If one wanted to screen any
reasonable fraction of the population of an entire country
for cardiac disorders, it would probably be easier to do this
magnetically than electrically, since it would not be nec-
essary to apply electrodes, and there would be no risk of
getting the wrong wire attached to an electrode. Whether
these differences are sufficient to justify the widespread ac-
ceptance of the MCG is as yet unknown. Until low-cost,
hand-held, mechanically refrigerated SQUIDs are created
that can record high quality MCGs in an unshielded hos-
pital environment, MCG studies will probably be used
only in tertiary care settings such as university hospitals.
This could of course change quickly, if, for example, the
fetal MCG proves to be an important clinical tool.

From the point of scientific and commercial competi-
tion, the EEG and the MEG represent significant mutual
competition. Historically, the EEG has been used by clin-
icians who examined 10 or 20 channels of recordings on
a strip chart recorder with little if any signal processing,
enhanced visualization, or inverse solutions. Cognitive
psychologists learned a great deal about brain processes
by careful examination of the time course of signals from
selected electrodes. The magnetoencephalogram was de-
veloped largely by physicists, who were skilled in the mod-
eling of electromagnetic fields and were not subject to the
historical biases intrinsic to the EEG. The MEG proved
conducive to quantitative analysis, advanced signal pro-
cessing, and computer visualization. The physicists build-
ing the instruments established collaborations with psy-
chologists, physiologists, and physicians, so that the MEG
was used to make previously impossible non-invasive mea-
surements, for example the tonotopic mapping of the au-
ditory and visual cortex[36],[37] and noninvasive measure-
ments of the steady currents associated with epilepsy[89]
and migraine headaches[113].

The issue then reduces to which of the two techniques,
MEG or EEG, should be used, or both. Electroen-
cephalography is clearly a cheaper, simpler technology.
It has tiny electrodes and simple differential amplifiers,
rather than SQUIDs with feedback circuits, lock-in am-
plifiers, liquid helium and magnetic shields. But the EEG
has not done all that well as a cutting-edge clinical tool. A
very small community of electroencephalographers, most
notably Alan Gevins of the EEG Systems Laboratory in
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Fig. 44. A 128-channel geodesic net for EEG[114]. (Courtesy of
Don Tucker of the University of Oregon)

San Francisco, began independently of the MEG to de-
velop much improved hardware and software for the EEG.
Some of the difficulties normally associated with the ap-
plication of numerous electrodes to the scalp are being ad-
dressed with the development of high impedance electrode
caps, such as the 128-channel geodesic net in Fig. 44 built
by Don Tucker at the University of Oregon[114]. Gevins
has developed a 128 channel cap and amplifier system that
uses a lap top computer for signal processing[115]. Fig-
ure 45 shows his comparison of a conventional, 18-channel
EEG with a 128-channel high-resolution EEG[116]. The
high electrode densities make it possible to perform so-
phisticated signal processing such as the surface Lapla-
cian and inward continuation of the electric potentials to
the cortex.

With the exception of dc-coupled measurements, the
MEG detects the same sources as the EEG, and there is
no real issue about fundamental differences in informa-
tion content (slowly varying electrode and skin potentials
generally preclude dc-coupled electrical recordings). How-
ever, the EEG and MEG have differing spatial sensitivi-
ties, as shown in Fig. 46, which can work to the advantage
of one technique or the other, depending upon the loca-
tion, depth and orientation of the particular source being
studied. As the most fundamental difference, the EEG
can detect radial dipoles in a perfectly spherical brain
whereas the MEG can only detect tangential dipoles, but
heads are rarely perfectly spherical. Some people think
this radial/tangential difference is an advantage for the
MEG, while others view it as a disadvantage; the two
techniques together may be much better than either used
alone.

From the perspective of the inverse problem of comput-
ing cortical sources from measurements of scalp potentials
or fields, the EEG has a severe problem with its sensitiv-
ity to the differences in the conductivities of the scalp,
skull and brain, which work in concert to produce a low-
pass filter that causes the scalp potentials to be a highly
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Fig. 45. EEG imaging of brain function[116]. Left: a conventional,
two-dimensional, 18-channel topographic map evoked by repetitive
electrical stimulation of the left middle and right index finger. As
brain electrical activity is conducted through the skull, important
spatial details become distorted, to the extent that there is no use-
ful localizing information. Right: A three-dimensional, 122-channel
high-resolution topographic map of neural potentials evoked by the
same stimuli. The scalp EEG data has been mathematically de-
blurred and projected down to the surface of the subject’s brain
and combined with 3-D structural images of the brain from mag-
netic resonance images.. The image shows that the left and right so-
matosensory cerebral cortical areas, corresponding to the right and
left hand fingers, have been activated. (Courtesy of Alan Gevins of
the EEG Systems Laboratory)
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Fig. 46. The lead-field lines for EEG electrodes and MEG gra-
diometers{118]. The direction of the lines shows the direction of
dipole sources to which the detector is sensitive, and the spacing
of the lines is proportional to the sensitivity. (Courtesy of Jaakko
Malmivuo of the Ragnar Granit Institute of the Tampere University
of Technology)

blurred and distorted representation of the cortical poten-
tials. While it has been shown that the EEG can be used
to localize dipolar sources, the EEG studies of localization
accuracy have in general not been as rigorous as those for
the MEG. (It is important to distinguish between imaging
and localizing resolution[117]; while localizing resolution
for the EEG and MEG may be a few millimeters for least-
squares fits to multiple measurements, imaging resolution
may be several centimeters and is determined primarily by
source-to-detector spacing and noise.) Simultaneous EEG
and MEG localization studies with state-of-the-art elec-
trode arrays and SQUID helmets are needed and should
be forthcoming. My personal view is that MEG local-
ization will inherently be more accurate than EEG local-
ization, primarily because I believe that uncertainties in
the scalp and skull conductivities, variations in the loca-
tions of the sensors, and the ill-conditioned nature of the
inverse problem will limit the EEG more than the MEG.

At present, the MEG seems easier to use and math-
ematically more robust than the EEG with a compara-
ble number of channels. As multichannel SQUID hel-
mets become less expensive and more readily available,
the price differential between the EEG and MEG may
become less important. At some point, the cost of the
computer and the programmers who develop the software,
and the elapsed time expended by the medical technicians
who perform the studies and the physicians who interpret
the data will set the effective price of an EEG or MEG
procedure, rather than the amortized cost of the actual
sensors. For now, there seems to be greater clinical and
research interest in MEG systems, and the concomitant
financial commitment, than in advanced EEG systems.
The recent introduction of numerous helmet MEG sys-
tems worldwide may provide sufficient clinical evidence of
the utility of the MEG that the EEG might not be able to
catch up, even if the recent solutions to its technical limi-
tations are widely adopted. In any event, it may be wisest
to use the EEG and MEG simultaneously while remem-
bering that these two techniques are the only windows on
the mind with adequate bandwidth to record the detailed
electrical activity of the brain[103],[119].

B. Is biomagnetism worth pursuing?

Based on studies such as those presented in this brief
overview, I believe that we can answer the question “Is
biomagnetism worth pursing?” with a definitive “Yes”.
Clinical measurements with SQUIDs are often easier than
the corresponding electric measurements, in part because
there is no need to attach electrodes. As SQUID systems
are built with more and more channels, the data is getting
more and more useful. The cost of competing technolo-
gies can be considerable: positron emission tomography
requires a cyclotron and a radiopharmacy!

Obviously, the majority of the clinical applications of
SQUIDs discussed so far require a capital investment of
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drawing by BTi)

one million dollars or more. With this in mind, the goal
that has been pursued most aggressively is to use clinical
magnetometry to replace costly, invasive procedures with
cheaper noninvasive ones. For example, an intraopera-
tive study to map epileptic activity prior to surgery might
cost as much as $50,000; an MEG study that could pro-
vide much of the same information might cost one tenth
of that. Figure 47 shows how Magnetic Source Imaging
(MSI) with the MEG might fit into a decision tree that
is followed prior to epilepsy surgery. If in fact an MSI
study can support a decision to go directly to surgery
or rule out the possibility of surgery without the inva-
sive and expensive cortical or depth-electrode monitor-
ing, there can in fact be a substantial cost saving. In
balance, one of the difficulties with the commercializa-
tion of the MEG is that there is not a gigantic volume of
epilepsy surgery cases, approximately 1,500 during 1991
in the United States[120], and now estimated at several
thousand annually worldwide and growing rapidly[121].

C. What technologies compete with SQUID NDT?

In terms of SQUID NDT, there are almost innumer-
able techniques that can compete, including eddy current,
magnetic particle inspection, acoustic emission, magneto-
optical inspection, x-ray, ultrasound, thermal imaging,
Barkhausen noise, optical/laser interferometry, and neu-
tron radiography, just to name a few. If you're trying
to find a crack in a bolt hole in an aircraft engine be-
ing serviced in a maintenance hangar, you may decide to
use a rotating eddy current probe rather than a SQUID.
Neither an aircraft maintenance hanger nor a completely
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Fig. 48. The PRI magneto-optical inspection (MOI) system being
used to find fatigue cracks in an airplane fuselage. (Courtesy of
Gerald Fitzpatrick of PRI)

assembled jet engine are magnetically friendly, and eddy
current probes are small, portable, hand held, and rela-
tively cheap.

Probably the strongest competition for SQUIDs in air-
craft NDT is a technique termed magneto-optical in-
spection (MOI) developed by Physical Research, Inc.
(PRI)[122]. It is a video imaging technique that uses a
magneto-optic crystal and polarized light to obtain mag-
netic images of cracks and flaws. A sheet inducer pro-
duces planar eddy currents in the test object and thereby
eliminates much of the extreme sensitivity to separation
between the eddy current probe and the sample, termed
liftoff, that plagues conventional eddy current measure-
ments. The MOI is being accepted by an increasing num-
ber of aircraft manufacturers, airlines, and aircraft main-
tenance organizations. The unit in Fig. 48 costs approx-
imately $30,000, which is not that different from what a
few channel SQUID might cost in a year or two. The
MOI has three major problems: It has limited sensitivity;
because it uses a hysteretic magneto-optical crystal as an
integrating, imaging memory, it provides no phase infor-
mation; and as a result it has some difficulty in detecting
cracks or corrosion in the second and third layers of an
airplane. While SQUIDs may eliminate some of these
problems, it is important for us to keep in mind that this
is what the successful competition looks like and how it
needs to be used and work. I believe that SQUID NDT
can give MOI a run for its money, but only if SQUIDs are
used cleverly.

VIII. THE MARKET

A. The Biomedical Marketl

Eighty-nine million Americans suffer neurological im-
pairments. Each year, in excess of 289 billion dollars is
spent in the United States on the diagnosis and treat-
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Mental lliness $918

Speech, Hearing & Language $30B

Alzheimer's and Other Dementias $90B

Fig. 49. The annual costs of functional disorders of the brain for
the United States. (Adapted from a graph from BTi, which was
based upon data from the NTH, the Office of Science and Technology
Policy, and the American Psychiatric Association)

ment of these patients, divided as shown in Fig. 49. There
is a tremendous need for the development of new, cost-
effective diagnostic procedures and treatments, and hence
the market opportunity for biomagnetism may be excel-
lent if it can be shown to aid substantively in the diag-
nosis or treatment of one or more of these disorders. It
is important to realize that much of the academic work
worldwide in biomagnetism has concentrated on epilepsy
and on cognitive science, and to a lesser extent on stroke
and trauma. The other areas in the chart are only now
being explored; cardiac, fetal, or intestinal applications
may provide an additional market.

The rate of growth of the biomagnetism market will in
part be determined by its successes. The difficulty is that
while the cost per SQUID channel is dropping, users are
demanding more and more channels. The system costs
must come down, particularly in light of concerns regard-
ing the high cost of medicine. But as we have stated al-
ready, SQUIDs offer the potential of replacing even more
expensive alternatives. The total worldwide sales for CT
and MRI systems was almost 20 billion dollars in 1991,
and somewhat less more recently; while SQUIDs are un-
likely to approach this scale of market, there is clearly
plenty of room for growth.

B. The NDT Market

The NDT market is a bit more complicated, and I want
to go into it in a little greater depth to give you some idea
of the size of the numbers and the problems. It is clearly
recognized that existing NDT techniques for aircraft are
inadequate. Certain critical flaws cannot be found before
they have grown unacceptably large, and existing tech-
niques are labor intensive and prone to operator fatigue
and error. In the most extreme cases, the first demonstra-
tion of a flaw is when the technician sticks a finger through
the wing or fuselage of the airplane. That is not satisfac-
tory. The United States Air Force spends between 700
million and one billion dollars annually on corrosion[123];
the amount for inspection and maintenance of structural
fatigue damage is also significant. The entire U.S. Depart-

ment of Defense spends an estimated 4.3 billion dollars a
year on corrosion[124]. Some of that is for detection of
corrosion damage, but much is for repair and prevention.
The civilian aircraft market is equally interesting: as of
1990, there were 806 DC-8 and DC-9 aircraft[125] and
1200 Boeing aircraft[126] that were beyond their 20-year
design lifetime. The age of these aircraft and the discov-
ery of classes of structural flaws that were not included
in the original design has led the FAA to issue multiple
airworthiness directives that specify the nondestructive -
evaluation of literally millions of individual fasteners each
year[127], and the FAA has not yet fully addressed the
issue of nondestructive testing and airworthiness of com-
muter aircraft. The capabilities of SQUIDs, coupled with
the limitations of other techniques and the need to ex-
tend the service life of many aircraft, provides much of
the impetus for the development of SQUIDs for aircraft
NDT.

Earlier, we mentioned the need for improved NDT tech-
niques for reinforcing rods and concrete in airport run-
ways, bridges, and buildings. This represents a 400 mil-
lion dollar a year problem, but it is sobering to realize that
of that, only 25 million dollars is equipment[87]; the rest is
service. The annual NDT market, as a whole estimated at
450 million in the US, and 1.2 billion dollars worldwide, is
considered a small market from the perspective of world
trade[128]. There is a limited industrial customer base
for NDT today: principal users are the aerospace, chem-
ical/petrochemical, utilities, and casting/forging sectors.
1t is generally accepted that the NDT market is probably
going to grow slowly. but there are notable exceptions:
the eddy current market share grew from 5% in 1950
to 11% in 1990[129]; thermography was a $106,000,000
market in 1992 and is predicted to be $190,000,000 in
1997[128].

The fundamental problem with the NDT market is that
given all of the various applications and competing tech-
nologies, the industry is highly fragmented: The total
worldwide volume is 36,000 units annually[130], but there
are only 5 or 6 NDT instruments or units that sell at vol-
umes greater than a thousand a year. However, I doubt
that the existing SQUID community would mind being
limited to selling a thousand SQUID magnetometer sys-
tems a year. The real challenge is going to be to in-
sert SQUID NDT into the marketplace without becom-
ing a service industry. Can you find people who will buy
SQUIDs to find flaws in airport runways without having
to do it yourself? Because of the conservatism and the
legal ramifications, penetration into the NDT market will
in fact be very difficult. Small start-up companies may
have a harder time at this than large, vertically organized
ones that have access to a captive, internal market.



Fig. 50. A pair of mechanically refrigerated CryoSQUIDs operating
with the 5-channel SQUID system are arranged to monitor the re-
sponses in 3 cortical regions when a subject participates in a forced-
choice sensory-motor task[131],[132]. The CryoSQUIDs, built in a
BTi/New York University collaboration, required no liquid helium
and could operate upside-down. (Courtesy of Sam Williamson of
NYU)

IX. WHAT ABOUT REFRIGERATORS?

People often ask about refrigerators. In 1988, in coop-
eration with Sam Williamson and with Air Force Office
of Scientific Research funding, BTi built a pair of me-
chanically refrigerated SQUIDs that were used in any ori-
entation for studies of the magnetoencephalogram [131],
[132]. As shown in Fig. 50, it can be done. There are
all sorts of problems: power consumption, expense, size,
weight, vibration and magnetic noise. The benefit is the
absence of liquid cryogen. It may be that systems such
as Bill Little’s microminiature refrigerators[133], [134] will
get around some of these problems. One way or the other,
these technical problems are going to be solved and I fully
expect that refrigerators will become an important factor
in the acceptance of the technology.
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X. WILL SQUIDs ALWAYS BE CONFINED TO
MAGNETIC SHIELDS IN LABORATORIES?

Environmental noise is a real problem for both SQUID
NDT and biomagnetism. Figure 51 is a plot of magnetic
field noise versus frequency, ranging from the low field in
the Berlin magnetically shielded room to the seven-orders-
of-magnitude larger magnetic noise in a Helsinki hospital.
The challenge is to be able to measure magnetic fields of
the brain at the level of a few femtotesla in the presence
of all this noise. In support to my answer of “No!” to the
question of whether SQUIDs are doomed to remain inside
shields in research laboratories, we need to look at some
of the tricks that are being used to get SQUIDs out of
shielded rooms.

Gradiometer pickup coils can be fabricated in various
configurations to reject the background noise, as shown in
Fig. 52. Most of the biomagnetic measurements to date
have been done with axial gradiometers that are hand-
wound with wires on a cylindrical substrate (Fig. 52b)
so that they measure 8B, /8z. With care, this type of
gradiometer can be balanced to a part in 108, i.e. to pro-
vide a common mode rejection ratio for uniform fields
of 120 db. This approach can be quite successful: in
1973, Doug Brenner, Lloyd Kaufman and Sam Williamson
used this approach to measure evoked responses in an un-
shielded room on the ninth floor of Meyer Hall of Physics
at New York University, 12 floors above the BMT subway,
although they subsequently found that wide-bandwidth
measurements were easier in a shielded room. The Finnish
Neuromag system uses a pair of orthogonal planar gra-
diometers that measure 8B, /8z and 8B, /8y; when used
together they provide a vector representation of the ap-
proximate strength and direction of the current source
beneath the gradiometer. The advantage of the planar
gradiometers is that they can be mass-produced with thin-
film technology using either low or high temperature su-
perconductors, and can either be fabricated on the same
substrate as the SQUID, or coupled to the SQUID as a
“flip-chip.” Their disadvantage is that they are less sensi-
tive to deep sources than are long-baseline axial gradiome-
ters, but it is difficult to mass produce axial gradiometers,
except by wrapping a flexible, planar coil around a cylin-
drical substrate, a technology that has yet to be extended
to high temperature superconductors. NDT measure-
ments have been made with axial and planar gradiome-
ters, including the radially symmetric configurations in
Fig. 52e and f, which measure 8B,/0r and 82B,/8r2.
The relative merits of various gradiometer configuration
are still being discussed, and undoubtedly more work re-
mains in this area.

A reference magnetometer can be used with a set of coils
to cancel external fields. David Cohen at MIT had such a
system for his shielded room. Between 1983-1988, Andrey
Matlashov and his colleagues at the Institute of Radio
Engineering and Electronics of the Russian Academy of




108

7
IO E "" ¥ L] 'I'I”l T T IIIVIE
F_ Hospital -
C (Helsinki) ]
- Lab. E
6 |(Helsinki) Laboratory
10 E (Berlin) 3
~ 5 A\
N 10 —
- N \ Typical geomagnetic \
. L activity
~ 9
~ [ (Stanford)
[
= |O4 .y -
N o 3
S o [ 3
n L ]
& 3| \
o '0F E
Z —~ -
0 i Eddy current 1
I i shielded room .
w | 2 Tampere )
S E
i Magnetically h
g shielded room E
{
10 F _...(_M'.ILI_)._.__:
F Sensor limit 3
H Magnetically e
I shielded room
i (Berlin) h
| I BYTH | s banl PN N
=l | 2
10 [ 10 10

FREQUENCY (Hz)

Fig. 51. The frequency dependence of environmental magnetic noise.
The sensitivity of SQUIDs has improved substantially since this
drawing was made in 1982! (From [135], with permission)
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Fig. 52. Various SQUID pickup coil configurations. a) Magnetome-
ter. b) First-order axial gradiometer. c) Symmetric second-order ax-
ial gradiometer. d) Second-order asymmetric gradiometer designed
for increased face-coil sensitivity. e) Planar first-order gradiometer.
f) Planar second-order gradiometer. (Adapted from[136] and([80])

Sciences in Moscow used three fluxgates and a set of coils
for active cancellation of the external ac noise field that
allowed them to make biomagnetic measurements with a
1 channel SQUID gradiometer that was balanced to only
one part in a hundred. Since then, it has been recognized
that the canceling field need not be applied externally, but
could be applied directly to the pickup coils of the SQUIDs
as long as there was little direct pickup by the SQUIDs
themselves. This has led to the concept of a SQUID sys-
tem that contains not only the standard pickup coils, but
also one or more reference magnetometers. Direct feed-
back, simple off-line subtraction, or adaptive signal pro-
cessing can then be used to remove the background con-
tamination from the desired signal; depending upon the
spatial variation of the noise field and the characteristics
of the primary magnetometers or gradiometers, it may be
necessary to utilize first order reference gradiometers as
well.

This concept can be taken even further to form a large
array of synthetic gradiometers. The group at CTF has
invested a great deal of work in developing 64 and 140
channel systems that synthesize second and third-order
gradiometers from data acquired from first order gra-
diometers[27], [28]. A proprietary calibration process and
algorithm are used to determine fixed weighting coeffi-
cients that are then used to combine the outputs of 140
signal channels and 28 reference channels. The data in
Figs. 53 and 54 show that this approach is successful and
can be used to measure auditory evoked responses in an
unshielded environment. It is important to note that even
outside a shield, their system is close to the brain noise
limit!

There are two possible limitations to the synthetic gra-
diometer approach as presently implemented: the coef-
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Fig. 54. An auditory evoked field experiment in an open environ-
ment using the CTF 64-channel MEG system. The second and’
third gradient signals are synthesized from signals from multiple
first-order gradiometers. (Courtesy of Jiri Vrba of CTF)
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Fig. 55. The KFA rf SQUID system with digital feedback electron-
ics[139]. (Courtesy of Helmut Soltner of KFA)

ficients are fixed to form third-order gradiometers that
rely solely on the rapid field fall-off from distant sources,
and substantial capital is tied up in the reference chan-
nels, which contribute SQUID noise to the synthetic gra-
diometer output but do not contribute any signal. (While
the SQUID noise for the primary and reference sensors
should be uncorrelated and hence would add in quadra-
ture, it still represents a net loss in sensitivity. Note that
this also occurs in a similar manner with standard gra-
diometers, in that the signal energy that is coupled into
the reference coil is not coupled to the SQUID; the use
of asymmetric pickup coils as in Fig. 52d can minimize
this effect but not eliminate it[137]). The solution to the
first problem might be to use adaptive weighting coeffi-
cients, but it is not clear how stable such a system would
be for time-dependent noise sources with differing spatial
characteristics. A possible solution to the second prob-
lem was proposed by Steve Robinson of the University of
New Mexico: Place all of your SQUID sensors adjacent to
the field source, for example the scalp in a MEG helmet
system, and use numerical cross-correlation and inverse
techniques to solve for the location of all effective signal
sources. The sources outside of the helmet are assumed
to be noise and are simply ignored, and those inside of
the helmet are assumed to be signal. While conceptually
elegant, this approach is not yet proven.

XI. IS THERE A ROLE FOR DIGITAL SQUIDs?

We need to consider the future role of digital SQUIDs.
There are two different flavors: room temperature and
superconducting. Drung at Karlsruhe[138], Vrba at
CTF[27], Alex Braginski’s group at KFA in Jiilich{139],
and others replace the analog feedback loop with an
analog-to-digital converter, a digital signal processor, and
then a digital-to-analog converter, as shown for the KFA rf
SQUID in Fig. 55. This process linearizes the flux-voltage
characteristics, replaces many of the room temperature
subsystems such as the electronic lock-in amplifier with
signal processor code, and avoids interchannel phase de-

lays arising from differences in component values in the
analog circuitry. I expect this will prove to be a powerful
approach that will reduce the cost of SQUID electronics.
Other approaches may also lead to low cost electronics;
in no design has the volume of SQUID electronics sales
reached a level where the cost savings from mass produc-
tion can be fully realized.

The more challenging approach is the integrated dig-
ital SQUID, where the pickup coil and the SQUID are
on the same substrate as the Josephson digital logic re-
quired for feedback. In 1988, Fujimaki at Fujitsu used
a SQUID comparator and an up-down counter to add or
subtract flux quanta from an integrating loop, and the
signals from the counter also provided the digital signals
that were brought to room temperature(140]. The Fujitsu
SQUID had limited dynamic range and sensitivity, but
demonstrated the feasibility of the concept.

Integrated digital SQUIDs are quite appealing. The
room temperature electronics would be inexpensive, since
in principle only a modest preamplifier and a counter are
required. A digital SQUID would have a high slew rate,
set by the internal clock frequency, and a dynamic range
that is limited only by the critical current of the feed-
back circuit. If the digital counter is placed on the chip,
phenomenally high slew rates (10° ¢o/s) could in the-
ory be achieved. The combination of high slew rates and
dynamic range would allow the SQUIDs to treat as sig-
nal what is normally a major limiting factor in SQUID
performance: rf interference. With such SQUIDs, it
may eventually be possible to use SQUID magnetome-
ters rather than gradiometers, which in turn would sim-
plify the mathematical rejection of noise in large arrays;
similarly, digital SQUIDs would simplify or eliminate the
requirements for magnetically shielded rooms. Most im-
portantly, it is easy to multiplex the digital signals from
multiple SQUIDs, and it hence would be unnecessary to
have signal and feedback wires between each SQUID and
room temperature. The net result is that you can have
a thousand channel SQUID array with ten wires com-
ing to room temperature instead of six thousand. The
potential applications of this approach will include mul-
tichannel systems and magnetic cameras. Since it will
be possible to mass produce a complete SQUID magne-
tometer on an integrated circuit production line, and then
mount the finished, packaged chips in a small dewar, the
cost of the systems should plummet. This in turn could
promote the large-volume production of inexpensive, com-
pact, portable magnetometer systems.

Digital SQUIDs are getting quite close to commercial-
ization. Figures 56 and 57 show the layout of one of sev-
eral digital SQUIDs under development at Hypres. The
circuit shown has a measured dynamic range of 80 db, a
sensitivity of 104 ¢,/Hz!/2, and a slew rate of 10% ¢,/s
with a 100 kHz clock. Ongoing improvements, described
elsewhere in these proceedings{141], [142], include the ad-
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Fig. 56. A circuit design for one of the Hypres digital SQUIDs[141].
(Courtesy of Masoud Radparvar of Hypres)

dition of a SQUID preamplifier in front of the comparator,
with an expected dynamic range of greater than 160 db, a
sensitivity of better than 10=% ¢,/Hz!/2, and a slew rate
of 10° ¢,/s with a 10 MHz clock. Figure 58a shows, for a
square wave input signal, how one side of the bipolar out-
put has no 50 kHz counter pulses when the field changes
in one direction. If you integrate the up-down signals cor-
responding to a triangular input signal (Fig. 58c), you
get the triangular output signal in Fig. 58d. Thus digital
SQUIDs are a reality; I think they will be doing quite well
before too long.

XII. WIiLL SQUIDSs USING HIGH-TEMPERATURE
SUPERCONDUCTORS BE OF ANY PRACTICAL USE?

A lot of people ask “Do high temperature SQUIDs have
any value?” Innumerable groups are developing high-T,
SQUIDs, as indicated by the numerous papers in these
proceedings. The simple and inexpensive Mr. SQUID*™
sold by Conductus has already been used for an NDE
demonstration[143], [144]. Figure 59 shows the very low
1/ f knee that has been achieved with the KFA rf high-T,
SQUID[145]. Figure 60 shows the results of a collabo-
rative project between John Clarke’s group at Berkeley
and PTB in Berlin[146], [25], and demonstrates that high
temperature SQUIDs can provide the very respectable
white-noise floor of 18 fT/Hz'/? and a 1/f knee at 1 Hz.
This is quite respectable and 10 years ago would have
been a state-of-the-art low-temperature SQUID, as can
be seen by comparing this graph to the “sensor limit” in
Fig. 51. The performance of high-T. SQUIDs continues
to improve, as shown by Fig. 61.

It’s important to realize that high temperature SQUIDs
are already adequate for clinical magnetocardiography.
There is an ongoing study by a collaboration between the

Fig. 57.
SQUIDs[141].
put/feedback coil; the octagon at the lower left is the comparator,
and the structures to the right are the write gates. (Courtesy of

The circuit layout for one of the Hypres digital
The large square structure at the top is the in-

Masoud Radparvar of Hypres)
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Fig. 58. Demonstration of one of the Hypres integrated digital
SQUIDs[141], [142]. a) Square wave input signal of approximately
50uA. b) Bipolar digital output with a 50 kHz clock. At this time
scale, the individual clock pulses are not resolvable, but the dropout
of the lower trace with the rising edge of the input signal and the
dropout of the upper signal with the falling edge are evident. In
actual use, a faster clock would be used so that the settling time in
the feedback circuit would be shorter. c) A triangular test signal.

d) The reconstructed output obtained by integrating the bipolar
digital output. (Courtesy of Masoud Radparvar of Hypres)
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- Fig. 59. Noise spectrum of the KFA single-layer YBagCu3O7 rf
SQUID magnetometer with a direct-coupled pickup coil and a flip-
chip flux transformer[145]. The field noise at 1 Hz is < 40 fT/Hz!/2
at 77 K and in a magnetic shield. (Courtesy of Helmut Soltner of
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Fig. 60. RMS magnetic field noise versus frequency at 77 K for a 16-
turn multiloop magnetometer involving YBA2 Cu307-_5-SrTiO3—
YBA;Cu; O7_, multilayers[146] and[25]. The noise is 18 fT/Hzl/2
at 1 kHz and 37 fT/Hz1/2 at 1 Hz. The device (inset) is only 7 mm
in diameter. (Adapted from[146] and[25], courtesy of John Clarke
of the University of California at Berkeley)
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function of time. (Courtesy of John Rowell of Conductus and John
Clarke of the University of California at Berkeley)
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Fig. 62. Identification of patients prone to malignant cardiac
arrhythmia using a bandpass-filtered, signal-averaged MCG]J108],
[109]. The LTS (low temperature superconductivity) MCGs were
recorded with the PTB magnetically shielded room and liquid-
helium temperature SQUID system of 1990, and the HTS (high tem-
perature superconductivity) MCGs were recorded with the KFA rf
digital high-T. SQUID in liquid nitrogen. The high amplitude of the
HTS MCQG is due to the reduced distance from the skin. Filtering by
nonrecursive binomial filters allows the analysis of the entire QRS
interval for high frequency components. When comparing healthy
and VT-patients, the fragmentation of the filtered QRS-complex of
the MCG appears to be significantly more pronounced for patients
with sustained ventricular tachycardia. Similar, however less signif-
icant results were found for the ECG. One should keep in mind that
VT-patients are under medication. (Courtesy of Helmut Soltner of
KFA and Lutz Trahms of PTB)

PTB in Berlin and KFA in Jiilich in which the PTB group
has been studying the high-frequency magnetocardiogram
of healthy individuals and individuals with arrhythmias,
where they are trying to identify which of these arrhyth-
mias are potentially life threatening[108], [109]. As indi-
cated in Fig. 62, the group at KFA has shown that their
new magnetometer, which has a 24 fT/Hz/2 noise at 1
Hz, provides comparable data. The HTS signals are big-
ger because the magnetometer is closer! As I have in-
dicated before, the rapid (1/r® or faster) fall-off of the
high spatial-frequency information with distance from the
source makes close magnetometer spacing worthwhile in
most applications, and HTS SQUIDs should make this
easier.

One of the difficulties with high temperature supercon-
ducting materials is that it is not yet possible to fabri-
cate low-noise, persistent current axial gradiometers since
there is no suitable wire. Planar gradiometers as in
Fig. 63a have been demonstrated, but there are problems:
if you want lots of sensitivity, you need a very large chip;
it is hard to shield the SQUIDs from rf interference[147];
and these multilayer devices at present seem to be prone
to flux noise and low process yield. An alternative ap-
proach is to use two or more simple magnetometers and
to subtract their outputs electronically[148], [149], as in
Fig. 63b, but this approach requires that the feedback
loop of each SQUID maintain lock independently. The
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Fig. 63. Four approaches to high-Tc gradiometers. a) Planar gra-
diometer with thin-film gradiometer pickup coil, either on the same
substrate as the SQUID or as a flip chip. b) Two SQUIDs whose
outputs are subtracted electronically. c-d) Three-SQUID gradiome-
ters[150],[151] with c) a SQUID and d) with a fluxgate as a reference
magnetometer. (Adapted from a drawing by Roger Koch of the IBM
Thomas J. Watson Research Center.)
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Fig. 64. Magnetocardiograms recorded inside and outside a shield
with a KFA-type electronic gradiometer of first and second order
using two or three washer-type rf SQUIDs with 25 mm flux con-
centrators and digital electronics[148], [149]. (Courtesy of Helmut
Soltner of KFA)

data in Fig. 64 from KFA demonstrates that this is pos-
sible, and that high quality MCGs can be recorded in an
unshielded environment. The solution devised by Roger
Koch at IBM is elegant[150], [151]. As shown in Fig. 63c,
the three-SQUID gradiometer uses a reference SQUID and
two sensor SQUIDs. The reference SQUID feeds back to
the other two input circuits and cancels at each sensor
SQUID the field sensed by the reference SQUID. Even if
the reference SQUID is noisy, its noise is coupled equally
to the two sensor SQUIDs, which can be very sensitive,
and the differential amplifier removes any common-mode
noise introduced by the reference SQUID. The neatest as-
pects of this approach are that the reference magnetome-
ter can be a fluxgate magnetometer, only the SQUIDs
need to be superconducting, and the SQUIDs can be in
separate dewars. When fields from distant sources are de-
tected, for example from submarines or mines, it is pos-
sible to achieve long baseline gradiometers without large
dewars. Thus two high-T. SQUIDs and a fluxgate with
a clever feedback system can give you a very high sensi-
tivity, high temperature SQUID gradiometer with a high
degree of balance and no need for superconducting wires.

There are, of course, a number of problems yet to be
solved with high temperature SQUIDs, most notably the
relatively high frequency at which the 1/f knee occurs
with some junction technologies, and the problems of ex-
cess noise that arises from flux creep in the pickup coils
when the SQUID is moved in the earth’s magnetic field.
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Fig. 65. Estimated annual SQUID production for biomagnetism
and NDT as of October, 1994. Top: Number of SQUID channels.
Bottom: Number of SQUID systems.

XIII. WILL ANYONE EVER MAKE MONEY WITH
$QUIDS?

Another big question is whether anyone will ever make
money making or using SQUIDs? I think they will, but
it’s not guaranteed. Figure 65 shows my estimate, ob-
tained by polling companies and research groups that
are major SQUID builders,of the annual production of
SQUIDs for biomagnetism and NDT for the past 24 years,
both in units and in the number of systems sold. Some of
these SQUIDs systems were sold, and some were produced
for internal use in labs or companies and never delivered to
a customer. These numbers probably err on the low side,
since some companies chose not to report the internal de-
velopment systems. Also, these numbers do not include
SQUID sensors and electronics sold separately. The 1994
data includes systems that have been sold and scheduled



for delivery in 1994 but had not been completed by Octo-
ber 1994. Over the past few years, the number of channels
sold is reasonably accurate because it is driven by a few
large array systems produced by four groups: BTi, CTF,
Instrumentarium, and SSL.

The number of systems sold is being increasingly dom-
inated by NDT systems, but these systems typically have
very few channels and contribute negligibly to the SQUID
channel statistics. Because of the difficulty in accounting
for a number of single channel systems built by research
groups, by CTF and BTi in their early days, and by com-
panies that are no longer manufacturing SQUIDs, such as
Develco and Siemens, the error in the annual number of
systems may be as large as +50%. By my estimates, this
year is the first time that SQUID production has crossed
the thousand channel mark, and it appears to be rising
very quickly. I estimate that a total of about 3000 func-
tioning SQUIDS have been produced worldwide in the
past 24 years, and that they have been used in around
200 systems. In comparison with biomagnetism, the NDT
market is still young and small - I estimate between 15 and
20 NDT systems worldwide were built in the past year or
two, containing less than 40 SQUIDs.

XIV. WHAT DO WE NEED IN THE FUTURE?

We can conclude this paper by asking what we need to
do in the future; obviously any list I provide will be in-
complete, and cannot reflect future discoveries, but will
provide some idea of the direction of current research
in SQUIDs for NDT and biomagnetism. SQUID NDT
is gaining in popularity in part because of the increased
public emphasis on our aging technological infrastructure;
however, our biological infrastructure is also aging, and
I expect that SQUIDs for biomagnetic NDT will find in-
creasing utilization for the study of dementias, stroke, and
cardiac and intestinal disease. For both structural and hu-
man NDT, we need improved synthetic gradiometers and
active noise cancellation: we can and will be more clever
in using the capability of SQUIDs to eliminate more noise.
We need more advanced imaging algorithms that provide
better and more realistically constrained solutions to the
inverse problem. I believe that we need to devise measures
of distributed brain activity to compete with the slow,
metabolic images provided by positron emission tomogra-
phy. There is no magnetic equivalent yet. Particularly in
the NDT applications, it is necessary to develop simple,
user-friendly control systems — the NDT industry is used
to simple screen displays on an eddy-current instrument,
or visual images that don’t require hours on a supercom-
puter to produce. Obviously, virtually every application
I have mentioned will benefit from adding more channels,
eventually to the extent of producing a SQUID magnetic
camera. Helmet MEG systems need to have their pickup
coils closer to the scalp, and the systems need to be made
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more compact and easier to manufacture. The price of
MEG systems must be brought down. Integrated digital
SQUIDs may provide the path to follow.

It is also important to recognize what types of appli-
cations might benefit from SQUIDs. So far, we have
shown that SQUIDs should be used when the application
requires high sensitivity between dc and 10 kHz, wide dy-
namic range and linearity to track noise, and gradiometers
to reject distant noise sources. The ability to operate at
dc or frequencies below 100 Hz will prove useful when
it is necessary to detect deep flaws. Superconductivity
makes it easy to apply steady or strong magnetic fields.
The small size of SQUIDs is useful when you need high
spatial resolution or multiple channels for simultaneous
field mapping, high scanning speed, or noise correlation
studies. SQUIDs are ideal for measuring diamagnetic or
paramagnetic susceptibilities. SQUIDs are ideal for mea-
surements at a distance.

As a closing word of caution, one of the lasting impres-
sions that I gained during the early years of biomagnetism
is that many physicists and engineers were intrigued with
and challenged by the construction of SQUIDs, and while
few knew any medicine or physiology, many became con-
vinced that SQUIDs would undoubtedly help solve some-
one’s medical problem. Biomagnetism earned a reputa-
tion of being a solution in search of a problem. After
20 years of research by a number of dedicated individ-
uals and companies such as BTi, and the investment of
substantial amounts of governmental and commercial sup-
port, biomedical applications are now being identified that
may be ideally suited for SQUIDs. When these applica-
tions are proven and accepted, biomagnetism will judged
on its merits and not its history. Today, with the advent
of high temperature SQUIDs, we have a new generation of
SQUID builders in search of applications for their devices
and funding to support further development. The shift of
our nation’s attention from new technology for medicine
to our aging infrastructure places nondestructive testing
in a position similar to that held by biomagnetism 10 to
20 years ago: a promising technique that seems destined
to solve someone’s NDT problem. Lest we repeat the long
time between device development and commercial appli-
cation, it is important at the outset to identify problems
that are suitable for SQUIDs, to establish collaborations
with people who need to have these problems solved today,
and at every step to keep track of what competing tech-
niques have to offer. Ideally, the applications for SQUIDs
will be ones where SQUIDs are the best, and hopefully
the only solution. It is most important, in the words of
Harold Weinstock, to use SQUIDs only when nothing else
will suffice.
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