SQUID Sensors

Penetrate New Markets

BEEEER ) senvier Oucliene

Su[:l;:ln.-:u1-.|l.|-.'li||.~_; guantum interference devices

(SOUIDE) have long served as extremely sensivive

SQUID devices are

making inroads in
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handfial of commercial companies in the
United States and abroad seeks 1w extend
the application of these devices toeoa vari-

magnetucardiulugy ety of emerging markers, aking advanrage
¥

of recent advances in university and feder

nondestructive 2 laboratories In addition o roday's well-

established biomedical and research appli-

evaluation, explo- cuions, companies are rgeting SQUID

sensors to such areas as magnetocardiolo-

sives dﬂt’aﬂiun-p gy, nondestuctive evaluation, explosives
detection, and geophysics

Fiest developed in 1964, a SCUID is a

device that uses supercon-

ducrivity, the Josephson

eftect, and guantum intederence o convert minuce

and geophysics

changes in current or magnetic leld into a measar-
able roome-temperature voliage. The device consists
of a loop ol superconductor interrupted by one
Josephson junction (radio-frequency SQULDs) or
mwio (direct-current SQUIDSY, When a magnetic
ficld is applied, a SQUID produces a measurable

viltage related to the strength of the magneric field,
£ Ower the first two decades, the SQUID 'r.'c'hm'-|:1_u3.
underwent several major innova-
tions, from incorpoeration of
pieces of minhiwm wire and
machined niobiwm, o the use
of Fully integrated thin-film
devices, according to John
Clarke, professor of physics at
the University of California,
Berkeley, who last year won the
|oseph F. Keithley Award, pre-
sented by the American Physical
Society, for his pienecring work
in SIS

since 1982, licde has changed
in the basic technology for stan
SOUIDE, which

operate ar liguid-helium tem-

dard low-T,
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perature (4.2 K. However, the

- discovery of high-tem peTatuTe supereonductivity in
1986 sparked worldwide inrerest in developing high-

* T SOQUIDs, Although not as

sensiove as the low-T_ devices, high-T_ SOUIDs
offer an obvious potential benefit: they operate at
liguid-nitrogen temperature (77 K) Mot only is
liquid nitrogen less expensive and more readily
available than liquid helinm, bur it hoils away
more slowdy and doesn’t requive refills as often.
‘In the 26 vears since SQUIDs first became
commerciallv available, 5L sensors have
evolved from a specialized laboratory inserument
measunng exotic quantities, such as femeovolis
and nanokelvins, o mmsmruments used in such
diverse applications as medicine, marerials sci
ence, nondestructive testing, and oil explo
ration,” says Robert Fagaly, sice president and
general manager of Tristan Technologies {(San
Diego. CA), which supplies high-T, and low-T,
S0

Only recently, however, have high-T_ SQUIDs

-

IDs for many applications

advanced to the point of sufficient sensitivity for
use in a varety of ememging new applications
and most of the established commercial markets
for SQUIDs siill emplov the low-1 | technology
The most profiable marker for SQUIDs remains
the physics laboratory, where they are used
either in research or as waching tools, notes Ron
Sager, vice president of engineering an Quanmim
Design (San Dicgo, CA). His company olfers
SOUID-based magnetic-property measurement
systemns that characterize materials over a wide

range ol 1|'I11|:'L']".I1'.1Ii'.'1 .1.IlL| e e [ICIiJ.“

Biomedical applications

By far the largest commercial market for low-T,
SOUIDs is for biemedical wses, partcularly imag
ing systems for the brain. The biomedical area
generites revenues estimated ar tens of millions
of dollars annually. in part by sales 1o the $1 bil
lion mapnetic respnance imaging (MR marker
Blomagnerics Technology, Inc. (San Diego, CA)
CTF Systems (Port Coguitlam, BC), and Neuro-
mag (Helsinki, Finland) are the three leading
manufacrurers of multichannel SQUID systems
[ior imaging the brain. Up o 95% of the low-T,
SOUID sensors currently sold are used in beain
IMAEING sysrems CIF's Juri Vrba estimates that
since 1972, when the first such sensors went into
use, until 1992, only ahout 1,000 low-T
SOUIDs were manufactured for all applications
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combined. Since then, approximately
3.000 low-T,. SQUIDs have been
used in multichannel hrain-maging
systems alone

Frofits from biomedical applica-
tions, however, have been limited
because of the high cost of the large,
complicated systems required for efficiem
operation. Monetheless, “as medical appli
cations grow,” says Fagaly, “the term
S5QUID might become as commonplace as
MRl or X-ray computerized tomography scan-
ners.” The high-speed response by SQUID mag-
netometers allows time-resolved studies of brain
activity in such areas as epilepsy, presurgical cor
tical-function mapping, Alzheimer's research,
and neuromuscular and prenatal-brain disorders
In a more nowel application, the Kanazawa Inst
tute of Technology in Japan has provided the
Massachusetrs Institute of Technology with a
SQUID brain-imaging linguistics lab o study
magnetic signals emirted by the brain as it proc
esses speech and ro locare the specific sector per-
forming that lunction,

Hisashi kade and Tomie Keroda of the Super-
conducring Sensor Lahortory (5510 in Chiba,
Japan, have developed a 256-channel SQUID
systemt that includes a sensor armay o measure
electromagneric fields deep inside the brain
Kuroda maintains that the inlormadon obtained
with this system enables the analysis of the brain
and hearr in real tme and space. This provices
more accurate medical information, especially
when combined with the information obrained
from conventional ulirasound and MREI scans
Furthermore, “the neural activities in the brain
show a very powerful processing capabiliny
beyond the simple siorage ol informaton,” says
Kuroda, “especially that of the cerebral cells,
which use [ar more complex associations than
present computers.” Analvzing these more com-
plicated functions may lead 0 novel high-specd
information processing. ln addition, the 551

group has developed high-T, 16- and 32-chan-
£ nel SQUID systems in conjunction with Sumiw
£ mo Electronics (Japan).

Other efforts aim ar using SOQUID sensors for

|'|1'.L!.;|h'luiilrdlt'lu;;}' Researchers envision the

tech-
nology
as an impor
ant .‘\-ll[:l|?|.L'J:II{'[I| I3
conventionzl imagng tech
nigques in studies of archythmia, e
heart-muscle damage, and feal cardiography, Magne-
sensors (san Diego, CA) is developing a high-T. SQUID
magnetocardiography unit to noninvasively menitor fetal
hean rates in the later stages of pregnancy. Tristan Tech-
nologies also offers a high-T, SQUID magnetomerer for
cardiac measurements

Clarke’s Berkeley group and NKT in Copenhagen
Denmark, are among those who have recorded real-time
clinical-quality magnetocardioprams using multilaver
SQUID magnetomerers in a magnetic ally shielded room
Clarke's team 15 currently developing SQUID-hased gra
diometers for magnetocardiology in unshiclded environ-
ments, At the Instdruee of Thin Film and lon Technologm
in Jiilich, Germany, the primary application of SQUID
sensors in magnetocardiopraphy has been o define risk
profiles for sudden cardiac death, in conjuncrion with
climical partners. This vear the focus has shifted w the
study of cardiac ischemia, which is caused by heart-
arrery blockage.

Other potential medical applications of SQUIDs
include gastreenterclogy, locating blockages to intestinal
blood low, noninvasive liver imaging, and assessment ol

nerve damage

Beyond biological uses
Another promising area for SQUIDs lies in nonde

structive evaluation (NDE). Magnertic field dewection is an
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SQUID microscope
image from a dollar
bill. The ink on the bill
has a magnetic dipole
moment whose inten-
sity varies with ink
density.

advantageous alternarive o such traditional methods as
ultrasound or N-ray testing in monitoring intemal Faules,
especially in meallic structures. By far the most commet-
cially advanced are the SQUID systems developed at the
institure in Jiilich and commonly called Jilich SQUIDs.
One project—in collaboration with the University of
Geissen, Lufthansa, and Airbus—uses SQUID sensors
for aircraft-wheel testing. The sensors will soon be
included in the standard eddy-current wheel tester sys-
tern manufactured by Rohmann Gmbl (Frankenthal,
Germany). Another Jiilich system has been successfully
operated in a prolessional fuselage scanner, yielding
promising inital resulis. Commercial service testing of
critical engine parts has been conducted since 1996
using a stationary elecrronic gradiometer, o technology
recently acquired by a small German company. In this
application, the SQUID is used to locate magnetic impu-
rities. F.1T. Messtechnik GmbH is another
German company thar uses Jiilich SQUID
systems lor MDE applications, as well as for
magnetocardingraphy.

Jilich SQUID sensors have also been
used to evaluate aging prestressed-concrete
structures, such as bridges, in a program
that is now entering its second phase,
a::mrding to Alex Bragi:nﬁki, who heads the
effore ar Jiilich. His group provided its first
prh'l".:itivc SOQUIDS to a German government
materials 1esting authonty and a commer-
cial company that conducts bridge tests,
which used the Jilhch equipment alongside
their conventional equipment. In 1993, the
Julich system derecred a dangerous crack in
a major freeway near Nuremberg, which the
conventional equipment could not derect.
iﬁ‘aynsk.i‘b group is now developing proto-
pypical arrays of mohile SQUIDS to scan
bridges and other structures more quickly.

Quanmm Magnetics (QM) in San Diegn, Califomia,
is targeting its low-T_SQUID systems 1o the security
incdustrv—specitically for the detecrion of plastic explo-
sives in aifline luggage. which cannot be detected using
conventional X-ray systems. M uses a echnique called

Pancara, inc

nitelear quadmpcﬂc resonance [NOR), which emplﬂ}@;
radio waves 1o look for specific chemical signatures, “An
explosive has characreristic NOR frequencies from nitro-
gen, which are very well defined,” Clarke says, “So you
employ SQUIDs e look for these specific frequencies,
which may indicate the presence of an explosive.” QM
was recently acquired by EnVision (San Diego, CA), a
leading supplier of Xeray luggape scanners for commer-
cial airhnes.

O particular interest w QM is a technigue called sin-
gle-sided magnetic resonance. Here the magnetic licld is
projected outside an MRI machine, enabling examina-
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tion of very large ohjects such as aircralt or bridges.
“We're hoping 1o develop machines along those lines as
an extension of our magnetic resonance for luggage
scanning,” says QM spokesman Andy Hibbs, “The only
sensor that will work for that is a SQUID, You need the
sensitivity, the bandwidth, and you need o be able w
operate at very low frequencies.”

Because human-made objects alfect the sunounding
magnetic hield, SQUIDs are also well suited for military
or other surveillance tasks. Roger Koch of IBM's T. |.
Watson Research Cenmer (Yorktown Heights, NY) is
working on high-T, SQUIDs ro detect submarines and
mines. Although he has achieved suceess under labora-
tory conditions, he notes thar the U.S. Nawy's interest in
the rechnology 15 dwindling. “The mend in the Nawy
right now is o0 have cheap sensors that may he lower in
performance, but to have more of them,” he says,
“superconducting sensors are expensive and very high-
performance.” Magnesensors is also developing high-T,
SQUIDs to detect explosive marterial in plastic land
mines using MR

SQUID microscopes

Scanning SQUID microscopes TEPTesent another
promising development. According 1o Fred Wellstood,
prolessor of physics at the University of Maryland, Col-
lege Park, these systems work by scanning a sample
closely under a low-noise de SQUID. A computer
records the ourput rom the SQUID and convens the
resuliing daea into a false-color image of weak magnetic
fields coming from the sample. Such microscopes are
now used to study the pairing symmetry of high-T,
superconductors, o image high-frequency fields up 1o
200 GHz, and 1o locare shomed current paths in micro-
electronic chips. For example, IBM's John Kinley devel-
oped such a device to image new superconductors and
determine the symmeny of the Cooper pairs,

The most recent scanning SCUID microscopes can
image room-remperature samples. Wellstood's systems
allow a high-T_ SQUI 1o be brought within 25 gm of a
room-temperature ohject, separared by a small vacuum
space and a thin sapphire window. Clarke’s group has
constructed a high-temperature scanning SQU'Iﬁ l:m
scope for examining samples at room t-qmgerltql'cf i
in a distance of 15 wm. Neocera (Beltsville, hﬂ:}}
developing a prototype high-T, SQUID- ba:ﬂ!d, _.
seope, based on Wellstood's :h:sj.gn for unagng sant-
ples ar room [empernmmmﬂkuﬁﬁ o
commercially svailable this year.

One of the earliest commercial ses for SQU]]] IIIEE;
netomerers came in oil exploration, where a echnigue
known as magnetotellurics was used to determine the
electrical resistivity of the Farth's crust by measuring its
electric and magnetic fields. The iechnique is alse wsefu
for mapping carthquake faults. Although the :rned o use




liquid helium in the past and the cument low p ice ol
has dimiished oil-company interest in using
[or geophysical exploration, a solid niche marl
for labaratory instruments, according o Bill Go
heacs 2G (Mountain View, CA), a maker off]
SQUID systems for geophysical research. The ¢
specializes 1n magnetometers that measure ma
properties of rock, “There's not much growth in
market, but it does support a small given research s
ment,” Goree says. At Jilich, portable and econom
small high-T_ SQUID magnetometer systems are bein
developed for ficld vse, in collaboration with Metronix
GmbH, a manufacturer of geophysical field equipment.

OF course, SQUIDs still find applications in basic
research. For example, Clarke's team wses SQUIDs as
sensitive transducers for detecting nuclear magnetic res-
onance and NQR, which are impormant for studying
chemical structure on a molecular scale. More exotic is
the use of low-T, SQUIDs as transducers on gravitation-
alwave antennae, as well as the use of SQUID sensors
to detect axions, one of the candidaces for the dark ma-
ter helieved to comprise most of the universe's mass,

In the area of biological physics, Clarke studies mag-
netotactic hacreria, which conrain a permanent magner-
ic dipole thar can be rracked and measured with high-T,
SQUID microscopes to yield important information on
the bacteria’'s dvmamics. The next step is o study these
bacteria carrving out bioremediation. “One hopes to use
bacteria to ear contaminants like oil in the environ-
ment,” Clarke says. “But then vou are placing the organ-
isms 0 an opague porous medium where they can't be
seen. We can track them magnetically wich SQUIDs. "

Future challenges
Despite the growing number of successful laboratory
applications of both low-T_ and high-1,. SQUIDs, major
technical and commercial challenges remain. First and
foremost, says Clarke, 15 the cooling requirement, an
added inconvemence and expense for many potential
markets. From a manufacruring perspective, the produc-
tion of state-ol-the-art high-T_ Josephson junctions s
ot as' eloped as. the process for low-T, devices.
whlch s the sznsm.qns: and may limir the com-

ization of high-T, SQUID systems.

1o ‘F::emusz SQUIDs are s0 sensitive, any
i tmqgrwnc fields can affecr measure-
ns, such as geophysics, the
fluctuation is a pri-
[din metometers. Biomedical
Hmcﬂ:r hm"!: been conventionally car-
ly magnetically shielded environments.
nel systems reduce noise by way of syn-
eters thar act as spatial filters. “They
it c&:aemially near-sighted.” says Yrba,
E‘IE‘I:IL fields that come from a distance,

The key, says Jo
sultant who spent many
develop novel systems in cooperan
customers of SQUIT products. This is sumflhmg that is
emphasized more in Europe and Japan than in the Unir-
ed States, Jilich SQUID applications are being devel-
oped in conjunction with targeted customers and small
industrial partners. Japan's 551 was founded by the
Japanese Technology Center with support from 10 pn-
vae companies, including such indusiry gianes as Toshi-
ba Corp,, Hitachi Lid., Seiko Insoruments, Inc., and
Sumitomo. 5517 protowype low-T, multichannel systems
have been installed ar university medical facilities for
joint research. “The work at Jilich is an example of how
to collaborate with potential customers in the develop-
ment of a number of high-T_ SQUID-system applica.
tions,” Rowell says. “The U.S, companies, with one or
oo nomble exceprions, have nor shown the same imag-
ination and marketing skills.”

Even Braginski is realistic about the obstacles to
broad commercialization of SQUID rechnology, despine
his group’s success with licensing its prototypes.
SQUIDs, he mainiains, will only penerrate specific,
high-value markers where the economic rradeoffs pained
from improved sensitnaty justify the additional expense.
“The customer must feel that the SQUID brings him
something that he otherwise cannot achieve, making the
extra inconvenience of dealing with the cooling require-
ments worthwhile,” he says. “If you can do it any other
way, vou shouldn't use a SQUID.”

Clarke points oul, however, that SQUIDs are still the
most sensitive detectors of magnetic Mux over a frequen-
oy range that spans 13 decades, from 10" Hz (geo-
physicsd o 10" Hz (axion derecrors). Says Clarke,
“There is a lot of scope left for innovative and money-
malang ideas " ®
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