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ABSTRACT BY = 2nv /i + 2eR/if (1)
Supercencucting Quantum Interference Devices where n and ¢ are the electronic mass and charge re-
(SCUIDs) have been extensively studied over the last  Spectively, vg 1s the velocity of the superconguct-
decade and a half. They have been developed to a ing electrons, A is the vector potential, ard h is
: . ' ividn 4y e Fhoe n
point vherc a variety of measurements are now passi- Planck’s constant divided by 2. The one oiher con-
ble with a sensitivity that wasn't censidered feas- cept needed to uncerstand a superconducting magneto-
ible 15 years 2go. This paper reviews the physical meter is that, according to Josephson's theory, the

principle behind the operation of these devices. oQur Phase changes in crossing & weak link by an zmount
intention is to enable the reader with limited femil-

jarity with suserconductivity to understarnd their N

basic operation, as well as to understand their sen- 8o = sin=d (15/1¢) (2)
sitivity and potential for further developrent.

1. INTRODUCTIGH where I. is the electrical current in ti2 vexc Tink
and 1. 1s the paximum pessible supercurrent or
The development of SQUIDs is a direct conseguence critical” curreat. The exact mature of the process

of theorctical predicticns made in 1562 (Josephson, vhich gives rise to the &30 is not usdersicod for
1962). Josephscn predicted that a “supercurrent” all weak links. However, thal such a phese could
cesld flow between two suporconductors without & change should cccur is fairly clear.
voltage drop, even thouch they were physically sep- . .
eveted by a sn2ll insulating gap [see Figuee (1)]. ' If we consider two, separate bulk pieces of
Vs prediction was confirimed experimentally a year superconductors, the wave funct1?n in e%chﬁT; con-
leter (Anderson and Rowell, 1963). 1t has been stant throughout, but the value in one is indspen-
found that other types of structures {"weak 1links") dent of the otyer. If the two are brought tugether,
2lse exhibit the "dc Josephson effect” as well. tﬁe wave'fuqctlons arranqe tﬁcqsn1ves to be the sama
Seme examples of Josephson "weak Vinks" are shown since this is the state of minimum energy. In the
in Fig. (2). intermadiate case, where the two are very wzaXly
connected, the phases are coupled. A supercurient
Josephson's prediction, coupled with the macro- I can flow throush such a weak 1ink with ne volt-
scopic quantum nature of the superconducting state, age drop, and this supercurrent causes a phase difi-
has lod to the development of the highly sensitive erence f£4,0 to occur across it since the weziness
50010 magnetoreters discussed here. This quantum of the coupling doesn’t allow the superconductor to
nzture permits us to describe the superconducting maintain zero phase difference. The Josephson
state Ly a single wavefunction v = |Zlel¥ where ¢ coupling energy filc/2c has a value of 3.3 x 10722
is the phase. In order that the wavefunction be for an 1. of 1 pA.~ This is en order of magaitude
sinrgle valued in traversing any closed lecop path larger tnan the energy contained in thermel fiuc-
within the superconductor, its phase may change by tuations at 4.2 K. Thus, thermal noise is not a
at most 2vn where nois an integer. (A cendition serious consideration n most properties of SCUIDs.
eguivalent to the Bohr-Sonmerfeld gquantization of .
the hydrogen etem.) Thus the absolute value of The totel critical current o that can flow
is rot importent; however its spatial variation is. before a voltage is developed is determined by the
The difference in phase between two points within a properties of the two weakly coupled supercenductors
supzrconcuctor is related to the canonical momentun ard is typicelly 1-10 A for the weak 1ink in a SCUID.
b
Y II. PRIKCIPLES OF OPERATICH
Mdork perforied under the auspices of the U.S. 3 Periving the essential properties of a SCUID
Department ¢f Energy. ¥s now quite streightforvord (Silver and Zirmerpen,
1967). If we censider the change in phase in tra-
7*5a1id State Science Division, Argonne Hationa) versing the integretion path shown in Fig. {3) which

Leboratory, Argonne, 1L 60439, starts end cnds at point x, we have



2o o= 4 v <47 + fP ¢ R-di + &bt (3)
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where the first two toerms come from the cemplete
line integration through the superconductor, and
the third term comes from the phase change across
the weak Yiek. For devices of interest to geo-
physicists, we can neglect the first term, and by
naring use of the fact that the coemplete line inte-.
gral of the vector potential A gives the enclosed
magnetic flux Pp ., we have that

_ 2e -1
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In the presence of an externally applied dc flux
&y, the interral flux will be partially shielded by
a circulating supercurrent I so that

=@

®onc = Oy *+ LIg ' (5)

viiere L is the inductance of the loop. Combining
these last two equations allows us to solve for Cenc

ne,)l  (6)

enc
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enc X ¢ Sn t 3; (¢

vherz Oy the "magnetic flux quantum" is the amount
in wnich flux would be quantized in a bulk, hollow
cylinder containing no week 1ink (%, = h/2e =
2x10-15 Wh). Because of the tern £5.4, the pre-
sence of a weak Tink allows magnetic flux of other
than @ multiple of ¢, to be trapped in a SQUID.
Conscquently, changes in the trapped flux of less
than . can be measured. The solution to £q. (6)
for ene particular value of critical current is
shown in Fig. (4). This figure illustrates the
essential features nceded to understend the be-
hevior of a SGUID. Starting at point A in Fig. (4),
the external flux g, is increased to point D.
Dur1n9 this time shielding currents are set up in
the ring partially counteracting the external flux
s0 that the enclesed flux increzses only slightly.
Beyord point B the shielding currents have exceeded
the critical current of the weak 1ink and one flux
guantum s admitted to the SQUID bringing it to
C. At the time a flux quantun is sdmitted, the
shielding currents decay to zero and we are left
viith flux treppcd in the ring and no circulating
current. If J is now recuced, the upper path
is followed tc D due to shleld]ng currents flowing
in the opposite sense as before at which point the
critical current is anain exceecded and a transition
returns it to the lower path. The area enclosed in
the hysteresis locp ABCD s approcinately “a and
*Fe total energy d1591pe10d in traversing it is
YU/L (approx1t3tc1y 1621 Joules). In practice,
tf” 5GUID is operated at scme ri freguency v of order
J; (Zimmerman, 1972) which causes a power of or-
Cnr ¢- DL E 10714 vatts to be dissipated. This is
guite ca51ly c¢etected and forms the basis for the
cperation of these devices.

Aosinplificd circuit diagran is shown in Fig. 5.

fnorf oscillator drives a “tenk circuit" which is

inductively coupl=d to the S04ID. The volteaes de-
veloped in the toi-% cirtuit when the DGUID traverses
a hysteresis Jocr zre amplified and detected by reom
temperature C]OCl’ﬁnlCJ. The output frem these elec-
tronics can be ¢isplayed in the manner of Fig, 6.

hs can be seen, 12 response is peviodic as a func-
tion of erternal figx v, and a sall frociion of

¢ can be detzcioz.  In practice, chanoces of less
than 10-% 'o €an t= resolved, Although the generel
features discussea here are velid, a precise descrip-
tion reguires a considerably more comnlex circuit
analysis of the catire systen (Silver and Zimmerman,
1967). Cormercially aVal]LbIE instrurents make

use of some variz<ion of the basic “"rf SQUID" de-
scribed abeve. Scme examples of rf SGUIDS are shown
in Fig. 7. :

Thﬂre is a s=cond type of device, the “"dc SQuUID,"
which isn't as wi<2ly used as the rf S“UID even .
though its sensitivity is at least as good. Since
the same general guantum mechanical principles are
used in cescribir] the behavior of this device,
which is made up of two weak links in 2 loop of
superconductor, w2 will refer the reader interested
in a complete description to the article by Clarke
(Clarke, 1973). EIxamples of dc SQUIDs are-shown in
Fig. 8.
I, SENSITIVITY

K11 S0Y12s must be made from superconducting
materials; consecizntly they require dewars, cryo-
genic 1iquids or refrigeretion devices to maintain
Tow enouceh temper:ztures (near or balow 15 ¥). Vhat
advanteges ¢o SQU have over conventional devices?
The answer is both sensitivity end frequoncy re-
sponse. Various —2asures of sensitivity can be used
which depend on 1%z intended application. FHowever,
the intrinsic sersitivity of a SQUID is best measured
in terms of its encsrgy resolution; thet is, the wini-
muR energy which, when applied to the input of the
device, produces 2 measurable response.  Present
commercial SQUIDs_have an energy resolution of
approximately 107+~ Joules when neasured with a
1 Hz output bendwidth. To cive some idea of how
sensitive those czvices are, we note that this
energy resolution corresponds to the kinetic energy
that a single hycreaen aton would gain falling a
distance of only 2.1 mm in the earth s gravitationa)
field.

The most sersitive SQUIDs produced to date have
been made at the Iz Themas J. Watson Research
Laboratory {Voss, Laihowitz, Ketchen, and Broers,
1980). They have reported sensitivities greater
than 2x10733 J/Hz. This is within a factor of 3 of
Planks constant h 3nd therefore within a factor of
6 of the ultinate limit of epproximately h/2

(Tesche and Clarks, 1977). However, this final
increase of sensitivity, while welcome, is unlike-
1y to have major izpact on geophysical neasurements.

As discussed by S. Breiner in an accompanying
article, conventieral dnduction coil magretometers
can conpete fevorzsly with SGUIDs in the frequency
range above 1 Hz. However, @s shown in Fig. 10,
measurenents nade 2t these "high" freauencies can be
sensitive to relztively shallow depths, depending on
the conductivity ¢f the earth 2t a particular loce-
tion. 1t is at "low frequencies, below 1 Hz, where
the extrenely low 1/f noise of a SQUID offers its
greotest adventags while the SQUID and induction



coil magneteomoteor nay hevo roﬂlhiy icentical sen-
sitivities at 1 Hz, the SCUID is feur orders of
ragnitude better at 01 Mz, There is a clear adven-
tzce in T applications where it is nocessary to
invert lew frequency data to high precision.

Due to the zero electrical resistance of a
superconducting coil, it is possible to induce a
non-decaying current by application of a stztic maa-
netic field. As depicted in Fig. 11, this makes it
possible to wied a flux transrn:.ar which induces a
static magnetic field in the secondary due to the
application of a dc field to the primary (Giffard,
Webb, and Wheatley, 1972). If the primary is care-
fully wound as tvo identicel, separate coils in
opposition, the secondary will only carry a current
{and hence produce a magnotic field) if a magnetic
field gradient exists ncar the primary. Any cffects
due to dc fields, such as from the earth, are reduc-
ed very effectively using these first derivative
gradiometers. The presgnt limit on gradient sensi-
tivity is roughly 2x107" y/m with a spatial reso-
lution of 20 cm (Gillespie, Podney, and Guxton,
1977). 1In the case of gradiometric data, the S“UID
is unrivaled at all frequencies. A SQUID gracdio-
neter offers its high gradient sensitivity with a
spatial resolution of much less than 1 weter. Also,
unlike operating two magnetometers in opposition,
the SQUID gradiometer coils are rigidly coupled so
that balancing, motional stability, end vibrational
problems are eliminated. Uhere gradicmetric data is
required, as in location of lateral spatial inhomo-
geneities, the extremely high sensitivity of a SQUID
coupled with its spatial resolution of less than
20 cm, makes it highly advantagecus.

It should be pointed out that higher order der-
ivatives with comparable sensitivites cen also be
easily ohtained using SQUIDs end progerly wound flux
trensformers.

Other SQUID systems of interest to geophysicists
include rock magnetcmeters (Goree and Fuller, 1576)
and susceptomzters {Philo and Fairbank, 1977). The
rock nggnnto weters have magnetic moment sensitivities
of 1079 emu along 3 axes over sample velumes as
large as 10 cr diameter. Susceptometers offer the
same level of 10nt sﬂns1t§v1ty, susceptibility
sensitivity of 10 L enufen? at 1 kG, and frequency
response up to a few kHz. In both cases, improve-
ments of several orders of magnitude can be expected
in the future.

1v.  SUMMARY AND CONCLUSION

We have deoscribed the physical principles under-
lying the operation of SQUIDs. The sensitivity of
current cenmercial devices as well as projected
future increases in sensitivity have also been dis-
cussed to enable comparison with competing, conven-
tional devices.
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