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SUPERCONDUCI‘IVE QUANTUM 
INTERFERENCE DEVICE FOR THE 

NON-DESTRUCTIVE EVALUATION OF METALS 

FIELD OF INVENTION 

This invention relates to non-destructive evaluation 
of metals, based on the detection of (a) change in impe 
dance of exciting coils placed near the surface of a me 
tallic specimen or a change in secondary ?ux resulting 
from the defects and ?aws of a metal. More particularly 
the invention relates to high temperature superconduc 
ting interference devices for this purpose. 

BACKGROUND OF THE INVENTION 

Superconductivity was originally discovered by the 
Dutch scientist Heike Onnes in 1911 while he was 
studying the electrical properties of mercury at very 
low temperatures. In more recent times, Ogg (1946) 
studied superconductivity in ammonia solutions and 
proposed that superconductivity arose in these 
quenched metal-ammonia solutions because of mobile 
electron pairs. About 1973, it was determined that cer 
tain niobium metal alloys exhibited superconductivity 
when cooled to liquid helium (4° K.) temperatures. 
Later results in the 1970’s raised this temperature as 
high as 23° K. (—250° C.). Until recently, it was be 
lieved that superconductivity above this temperature 
was not possible. This belief was based on the theoreti 
cal work of Bardeen, Cooper and Schieffer (BCS theo 
ry-l946) which predicted such a limit. In December 
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1986, Bednorz and Muller announced the discovery (G. . 
Bednorz and A. Mller, Z. Phys., B64 189 (1986)) of a 
new ceramic superconducting compound based on lan 
thanum, barium, and copper oxides, whose critical tem 
perature for superconductivity was close to 35° K. By 
the following month, the critical temperature, Tc, for 
the onset of superconductivity was raised to nearly 80° 
K. by C. W. Chu and coworkers (M. K. Wu, J. R. Ash 
burn, C. J. Tang, P. H. Hor, R. L. Meng, L. Gao, Z. J. 
Huang, Y. Q. Wang and C. W. Chu, Phys. Rev. Lett. 58 
908 (1987)). This was achieved by changing the compo 
sition to yttrium barium copper oxide, approximated by 
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the formula: Y1_oBa1_gCu3,0O6_3. Since then, a number of 45 
families of superconducting ceramic oxides have been 
investigated, including: ', 
Bismuth Strontium Calcium Copper Oxide: 
BizSr3_xCaxCu2O 8+y2 
c=ll4° K. 

Thallium Calcium (Barium) Copper Oxide: 
Tl BazCa Cuz07 

Tc= 120° K. 

Tc=30 K. 
There have been some scattered reports of supercon 

ductivity above 162 K., For instance, R. G. Kulkarui 
has reported superconducting oxides having an approxi 
mate composition 0.5 CaO. 0.5 ZnO. lie-204, with criti 
cal temperatures in this range. Ogushi also reported 
superconductivity at room temperature in yet ill 
de?ned niobium strontium lanthanum oxides. While 
these reports have yet to be con?rmed independently 
by other researchers, it is reasonable to expect that 
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2 
superconductors with critical temperatures near to 
room temperature will soon be obtained. 
Niobium-based superconducting alloy wires have 

long been used for detecting small changes in magnetic 
?eld strength. In the prior art, the non-destructive eval 
uation of defects in metals employs an eddy current 
technique wherein the impedance change of the pri 
mary exciting coil is measured and correlated to the 
presence of defects and ?aws within the metal sample. 
The method is cumbersome and must be carried out at 
liquid helium temperatures (~4 K.), which is expensive. 
In this method of nondestructive evaluation, currents 
are caused to flow in a test specimen by placing it 
within, or in close proximity to, the primary magnetic 
?eld of a probe coil (or array of coils). In turn, these 
induced currents generate a secondary magnetic ?eld, 
which, by Lenz’s law, opposes the primary magnetic 
?eld, thus affecting the impedance of the probe or excit 
ing coil. By using Green’s function technique and the 
Born Approximation, one can demonstrate that the 
impedance of a single turn coil, whichsurrounds a con 
ducting non-magnetic cylinder containing a flaw and 
/or defect, will depend on the size of said ?aw, its con 
ductivity, and its depth. 
The change of impedance, DZ, due to the flaw is 

to the change of conductivity 
Do'=-;o'—0'o and the square of the ?aw length. The 
?aw depth affects the impedance change differently, 
depending upon the ratio of ?aw position r’, to the skin 
depth. In certain situations, some aspects of the geome 
try of the ?aw can be determined by measuring the 
probe coil impedance as the probe coil is scanned across 
the surface containing the ?aw. 

I have determined that ‘the use of superconductor 
quantum interference devices to measure ?aws and 
defects in metals produces results much superior to any 
known heretofore, especially when said devices are 
used in conjunction with modulated high frequency 
exciting currents. This is accomplished through exciting 
coils placed around the metal plate, or wrapped around 
a cylinder. The arrangement of the SQUIDs includes an 
alternating bias current, and flux modulation in a locked 
?ux-loop design. This mode of operation ensures mini 
mum noise of voltages produced by the superconductor 
quantum interference devices, which may result be 
cause of critical current fluctuations in the non-identical 
junctions of the superconducting interference devices, 
and also because of ?uctuations in junction resistances. 
I have further established that my new and novel meth 
ods for non-destructive detection of ?aws in metals can 
be applied to both non-magnetic and ferric-magnetic 
materials, in contrast to the prior art. I have further 
determined that the technique of the instant invention is - 
very sensitive, compared to those of the prior art. 

OBJECTS OF THE INVENTION 

Therefore, an object of this invention is to provide 
high-Tc superconductor‘ quantum interference devices 
capable of measuring defects and flaws in any metal. 
Another object is to provide a method of employing 

quantum interference devices to measure defects and 
flaws in any metal at sensitivities not heretofore possi 
ble. Still another object is to provide a method of evalu 

' ating flaws and defects in any metal which is much 
65 easier to apply and which produces results not possible 

before. 
A ?nal object is to provide improved of apparatus 

capable of employing superconductor quantum interfer 



5,004,724 
3 

ence devices to measure and evaluate ?aws and defects 
present in metals. 

SUMMARY OF INVENTION 

These objects are attained in a method of nondestruc- 5 
tive evaluation of ?aws in a metal body, comprising the 
steps of: 

(a) positioning a high-critical-temperature supercon 
ductive quantum interference device having a pair 
of insulated junctions in a superconductor loop in 10 
?ux-sensing relationship to a location adjoining 
said body; 

(b) relatively displacing said body and said location; 
(c) while said body and said location are relatively 

displaced, exciting said body with a modulated 15 
alternating current and detecting with said device 
?ux irregularities representing ?aws in said body; 
and 

(d) establishing locations of said flaws by the relative 
positions of said location and said body upon the 
detection of said ?ux irregularities. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other objects, features and advantages 
of my invention will become more readily apparent 25 
from the following description, reference being made to 
the accompanying highly diagrammatic drawing in 
which: 
FIG. 1A is a schematic illustration of a high-Tc super 

conducting DC SQUID according to the invention; 
FIG. 1B is a diagram which shows the bias magnetic 

?eld HDC is required for a ferromagnetic sample 
wherein the solenoid covers entirely the ferromagnetic 
sample; 
FIG. 1C is a circuit diagram which shows the ar- 35 

rangement of the exciting coils c1 and c2, modulation 
coils M1, M2, M3 and M4 and the high-Tc SQUIDs to 
measure the secondary ?uxes that reveal the signature 
of defects and flaws in the metals; 
FIG. 1D is a graph which shows the interference and 

diffraction patterns observed in the current vs magnetic 
?eld applied to a dc SQUID as taken from a published 
Papa’; 
FIG. IE is a circuit diagram which schematically 

how the SQUIDs can be placed remotely from the 
metals to be evaluated; 
FIG. 1F is a sectional view which shows schemati 

cally the high-Tc superconducting switch; 
FIG. 2 is a block diagram which shows schematically 

the electronic circuits employed for noise free and accu 
rate measurements of the fluxes by high-Tc SQUIDs; 
FIG. 3 is a graph which shows schematically the 

general variation of the modulated voltage V", with the 
magnetic flux (4v) relative to the modulating ?ux 4%,; 
FIG. 4, is a graph which shows the general variation 55 

of the modulated voltage V», vs distance X of the metal 
cylinder within the exciting coil with reference to a 
fixed point; 
FIG. 5a is a perspective view which shows schemati 

cally the primary exciting coil and insertion of a metal 
plate for evaluation of defects; . 
FIG. 5b is a perspective view which shows schemati 

cally the windings of the secondary coil P on the metal 
frame F that also contains the structure of FIG. 5a ; 
FIG. 6 is a circuit diagram which shows schemati- 65 

cally the electronic circuits to measure the change of 
impedance of the coils E 8t P due to defects and ?aws 
within the metals; 
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4 
FIG. 7 is a plan view which shows schematically the 

mask of a SQUID; and 
FIG. 8 is a diagram which shows schematically the 

arrangement to direct laser write high-Tc superconduc 
ting interference devices on suitable substrates using the 
mask. 

SPECIFIC DESCRIPTION 

This invention employs high critical temperature 
superconducting materials used in a device known as 
superconducting quantum interference device to detect 
?aws and defects in metals. Such a device (SQUID)s 
consists of two connected junctions 10, 11. The junc 
tions are made of superconductor-insulator-supercon 
ductor. A typical schematic structure of such a device is 
shown in FIG. 1A. According o the macroscopic long 
range quantum interference effect of such a device, a 
total junction current can ?ow even in absence of any 
electric ?eld or magnetic ?eld. However, in presence of 
magnetic ?eld B0 applied perpendicular to the plane of 
the device (in FIG. 1A), the total maximum supercur 
rent shows interference effect as a function of B0 as 
shown in FIG. 1D (Introduction to Solid State Physics, 
John Wiley & Sons, Inc, 1976, p. 394). It is because of 
this phenomena such a device is known as “supercon 
ducting quantum interference device”. As can be seen 
from FIG. 1D, such devices can be easily employed to 
detect magnetic ?elds of a few milligauss. The smaller 
the junction area the more theoretically sensitive the 
device should be to detect smaller magnetic ?elds. This 
invention also relates to techniques of non-destructive 
evaluation of metals wherein said techniques are based 
on the effect of change in impedance of exciting coils, 
or change in the magnetic ?ux linking the said coil, 
placed near the surface of a specimen. Conventional 
SQUIDs thus far have not been successfully used for 
NDE because of the requirement of expensive liquid 
helium which also requires a special container. 

Superconductor quantum interferometric devices are 
highly sensitive devices for detection of small changes 
of magnetic ?eld or ?ux around any point and can be 
used very ef?ciently to detect ?aws in metals, whether 
the said metals are magnetic or non-magnetic. When the 
exciting coils are modulated by an alternating current, 
eddy currents develop in the specimen and give rise to 
a secondary magnetic ?eld. Defects and flaws present in 
the materials being measured act as perturbations to the 
said secondary magnetic ?uxes, and result in changes in 
the resistance and reactance of the exciting coils. It is 
the measurements of either the change in impedance of 
the exciting coils or the secondary magnetic ?uxes 
which allow for the establishment of specimen quality. 
Generally the change in the resistance is positive and 
the change in inductance is negative. For a non-mag 
netic specimen, the variation of the inclination angle of 
the exciting or probe coil (with respect to the surface of 
the conductor) has no influence on the re?ected resis 
tance. But the change in the reactance, as a function of 
inclination angle, is strongest for non-magnetic materi 
als. For materials of poor electrical conductivity (which 
may be magnetic), high frequencies (of order of several 
KHz) are used; for materials of high electrical conduc 
tivity, low frequency excitations are used. 

I have found that superconducting quantum interfer 
ence devices are extremely sensitive, when used for the 
detection of small magnetic ?uxes and magnetic ?elds. I 
have further established that the use of said devices 
markedly increases the limits of sensitivity of detection 
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of changes in secondary magnetic ?eld ?uxes (and con 
sequent detection of ?aws and defects in metals) by 
several orders of magnitude over that previously 
known in the prior art. For example, the superconduc 
ting interference devices can detect ?uxes which are 
integral multiples of the basic ?ux quantum, which is 
2.0678X 10-7 gauss-cm2. So far conventional SQUIDs 
have been made from NbgSn or NbTi superconductors 
with amorphous silicon dioxide or their oxides as insula 
tors. Use of such SQUIDs require liquid helium which 
is expensive and require special container to operate. 
Moreover, when used for detection of magnetic ?uxes, 
they exhibit a predominant l/f noise which arise (i) 
either from an apparent ?ux noise or (ii) from the ?uctu 
tations of the conductance or critical current caused by 
charge trapping in the tunnel barrier (i.e., the supercon 
ductor-insulator junction). With the discovery of high 
temperature ceramic superconductors and the possibil 
ity of room temperature superconductors, high temper 
ature superconductor quantum interference devices 
operating at 100 K. (and possibly at 300 K.) have be 
come feasible. High-Tc SQUIDs will be more advanta 
geous to use than conventional helium SQUIDs, be 
cause of the high-critical temperature superconductor, 
the effect of thermal ?uctuation on the critical current 
on the l/f noise would be much smaller. Moreover 
following a ?rst technique, the l/f noise in the SQUID 
output current-voltages are almost completely elimi 
nated. The ?rst technique is termed as “Flux-loop-lock 
modulation” with alternated bias currents. As part of 
the instant invention, I describe detailed techniques for 
the nondestructive evaluation of defects, ?aws, and 

15 
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mechanical stress in non-magnetic metals in the form of ~ 
a cylinder by using high-Tc superconductor quantum 
interference devices in the form of a ring. In some cases, 
modi?cations are required for cooling to 78 K- and cool 
ing arrangements are not shown for the ?rst technique. 
FIG. 1B shows how a dc magnetic ?eld can be pro 

duced by a solenoid 13 using a DC power supply 14. 
As can be seen from FIG. 1C an oscillator A of fre 

quency modulation f1, feeds an oscillator B of carrier 
frequency f,, amplitude modulated, and a current ampli 
?er C‘. The sample is the form of a cylinder (SC) in 
which ?aws and defects are to be detected. Two sec 
tions of the primary exciting coils, c1 and 02 in series, 
are wrapped around the said cylinder, with said coils 
being wound in opposite directions. Coils cl and c2 are 
fed by current from oscillator B of several KHz fre 
quency. These currents are amplitude modulated by 
frequency f1 (a few hundred Hz) fed from oscillator A. 
The said opposite windings cancel any undesirable high 
frequency pickup by the two pairs of high-Tc supercon 
ductor quantum interference devices: (sql and sq2) and 
(sq3 and sq4). These two pairs are connected in parallel, 
and their output goes to points C and D which are 
joined with those in FIG. 2. To simplify the procedure 
a single high-Tc SQUID may alternatively be used. 
However use of a number of SQUIDs as shown in FIG. 
1c enhances the sensitivity. For maximum sensitivity the 
SQUID plane should be normal to the axis of the coils. 
In this method, the operation of FIG. 1C is independent 
of the angular orientation of the test object about its axis 
which coincides with the axis of the coils cl and 02. 
FIG. 2 shows the operational scheme of a dc super 

conductor quantum interference device (SQUID), cou 
pled with ?ux modulation and biased alternating cur 
rent which minimizes the voltage noise associated with 
critical current ?uctuations of the junctions of ‘the high 
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6 
Tc superconductor quantum interference devices. This 
particular mode of use of SQUID has been published (S. 
Kuriki, M. Matsuda and A. Matachi J. Applied Phys. 
64, 239 (1988)). Though the advantage of high-Tc 
SQUID is that the noise due to thermal ?uctuation of 
critical current would be smaller than the conventional 
SQUIDs (as discussed earlier), yet, because the super 
conductors are ceramic in nature, it would be difficult 
to make the superconductor-insulator-superconductor 
junctions all identical. Accordingly, critical current 
?uctuations will occur as a function of temperature. To 
overcome this and the problem due to thermal ?uctua 
tion of resistance of the SQUID junctions, a scheme of 
?ux modulation and alteration of the bias currents (con 
trolled by SQUARE WAVES of fm= ~ 150 KHz and 
fb=fm/ 8) is applied. In this design of the instant inven 
tion, the superconductor quantum interference devices 
form one of the arms of a resistance bridge (FIG. 2). 
This reduces transient voltages associated with switch 
ing between V+(¢) and V-(rb). d> represents the mag 
netic ?ux that links the high-Tc SQUIDs devices. This 
?ux arises primarily from the excitation currents or the 
test cylinder containing the defects. The primary excita- . 
tion currents generates secondary ?uxes which depends 
on flaws and defects. The V+ and V- are the voltages 
of a dc superconductor quantum interference device 
driven by positive and negative bias currents. It is this 
technique is termed "?ux-locked-loop-modulation with 
alternating current bias”. The said technique includes: 
modulation of a ?ux (bu/4 at the SQUIDs combined 
with alternating currents at a rate of fb< <fm; The 
quantity¢>a is such that the following relations hold 
good for each junction of the SQUIDs. Z'n'ICRZC 
/¢o=0.5 and 2LIc/¢0= 1.0 --where It, R and C are the 
critical current, shunt resistance and capacitance of a 
single junction of the high-Tc SQUID and L is the in 
ductance of the SQUID loop. ' 

This would give rise to modulated SQUID output 
voltages Vm+(¢) and Vm —(¢). depending on the +ve 
and -ve bias currents. Subtraction between the modu 
lated voltages of Vm'l'and Vm—; and feed back of the 
(V m+ —-Vm—) as the ?ux after integration. The modu 
lated voltage Vm(L)=V(¢+¢,,/4)—V(¢—¢o/4) oc 
curs by a SQUARE. WAVE ?ux modulation of the 
output voltage of the SQUID. The + and - signs refer 
to the positive and negative bias currents. The advan 
tage of this scheme is that it automatically gets rid of the 
shift of asymmetrical ?uctuation of the junction so that 
the subtraction of V,,,- from Vm+ can be performed at 
the demodulator by using a reference signal that has a 
negative phase during the period of the negative bias 
current. The general variation of V,,,(¢) with th is 
shown in FIG. 3. Block B in FIG. 1B is necessary only 
when the specimen is a ferromagnetic sample. This is to 
generate a bias dc magnetic ?eld parallel to the axis of 
the cylinder. The corresponding coils may be wrapped 
around the cylinder. These bias coils may also be made 
of ?exible high-Tc superconducting wires or tubes as 
invented by the author (See Ser. No. 07/300,287 ?led 19 
Jan. 1989). In such cases the bias magnetic ?eld could be 
permanent in nature. Techniques are already known in 
the art to set up magnetic ?eld in persistent mode of 
operation. 

In the present method, voltage noise, caused by asym 
metric ?uctuations of critical currents and other junc 
tion parameters of high Tc superconducting interfer 
ence devices such as resistance, is eliminated while 
voltage signals only due to any ?ux change are pre 
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served. With reference to the experimental arrangement 
of FIG. 1A, the high-Tc superconductor quantum inter 
ference devices may be made in the form of rectangular 
microstrips (see FIG. 1A and also FIG. 7 or rings of 
high-Tc superconducting thin ?lms and insulator junc 
tions denoted by X. The plane of the ring is perpendicu 
lar to the axis of the cylindrical metal rod or cylinder 
whose ?aws/defects or mechanical stresses are to be 
detected, i.e., the plane is also perpendicular to the axis 
of the exciting coils. This arrangement ensures that the 
position of the said rod or cylinder is ?xed rigidly with 
respect to that of the exciting coils. However the rod or 
cylinder can be moved through the coils if necessary. 
The primary ?uxes are produced by ?xed high fre 
quency current (I) through oppositely wound coils cl & 
c2 fed by a frequency f0. This current is B amplitude 
modulated by fm frequency from the oscillator. This 
current is written as: 

4n & qba are the corresponding phases. 
For detection of ?aws on the surface f,, is generally 

high. Because of the modulation and opposite winding, 
the secondary ?uxes consists of mainly low frequency 
f1. 

This primary ?ux will generate voltage in the super 
conductor quantum interference device. Because of the 
particular arrangement, the primary ?uxes are of low 
frequency, f1. This method has a high sensitivity of 
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detection of the output signals due to the primary ?uxes " 
which are of high frequency, f0. This method has a high 
sensitivity of detecting ?aws and defects specially at the 
surface of the specimen. Alternately a single uniform 
exciting coil fed by an unmodulated low frequency 
excitation current can also be used. This latter proce 
dure, though less sensitive can detect ?aws and defects 
in depth of the specimen. The ?uxes would have gener 
ated SQUID output voltages. Now an dc ?ux of 
4)”, =¢o/4 for modulation at a frequency of f,,, is applied 
at the SQUIDs through the modulation coils M1, M2, 
M3 and M4 as shown in FIG. 1C & FIG. 2. This results 
in the modulated voltage of the SQUIDs. The f,,, com 
ponent of the modulated voltage is denoted by Vm(qb) 
where ¢ is the ?ux to be detected and ultimately linked 
to defects and ?aws in the specimen. As mentioned 
before, v,,,(¢)=v(¢+¢o/4)-v(¢—¢o/4). When the 
bias current to the SQUID (see FIGS. 2 & 1c is alter 
natedat frequency fb=f,,,/ 8 then one gets V-m(¢) and 
V+,,,(¢) at the output of the SQUID (not the output 
signal shown in FIG. 2). Both the modulation currents 
and the bias currents are derived from the same oscilla 
tor with the help of frequency dividers. 
At the demodulator (FIG. 2) subtraction of 

V+,,,(¢)—V-,,,(4>) is carried out and then integrated 
and a ?ux proportional to the said difference is fed back 
to the modulation coils when the feed back loop is 
closed. Thus a technique “?ux-lock-loop-modulation 
with alternating bias currents” is achieved. The said 
subtraction is carried out at the demodulator using a 
reference signal with a reverse phase during the period 
of the negative bias current. This is achieved by using 
appropriate delay and dividers in FIG. 2. This method 
eliminates completely any noise that may result out of 
?uctuation of critical junction current and other param 
eters of SQUID which may be symmetric or asymmet 
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8 
ric. The latter type of SQUID has two different values 
of critical currents for the two junctions. 
For clarity it should be noted that a magnetic flux (1) 

through a coil in general is the integration of the in 
duced voltages e= —d¢/dt or d): -— fedt. The point G 
in FIG. 2 is where the modulation coils are connected. 
The other ends of the coils are ground. 

Before inserting the test specimen, the voltage due to 
the primary coil ?ux can be nulli?ed or zeroed by suit 
able adjusting certain circuit parameters such as the 
variable resistor or tank circuit in FIG. 2. This means 
that the superconductor quantum interference devices 
output voltage (see FIG. 2), due to the primary excita 
tion ?ux, is made to be zero by adjustment in the ab 
sence of the test specimen. The test specimen, which in 
FIG. 2 is shown in the form of a cylinder, is inserted 
into the exciting coils cl and c2, depicted in FIG. 1. The 
exciting currents now produce secondary magnetic 
?eld ?uxes whose nature and distribution across the 
specimen depend on the characteristics of the defects 
and ?aw present. Voltage readings of Vm(¢) or the 
output across the resistor (FIG. 2) are Obtained which 
are indicators of the presence of said secondary ?uxes.' 
If the specimen is uniform and without any defect 
throughout, this voltage Vm(cl>) is constant (V a) as the 
specimen is moved by sliding it in and out of the excit 
ing coils c1 and c2. This state is shown by the straight 
dashed line in FIG. 3. If a ?aw is present, the value of 
Vm(¢). or the output across the resistor (FIG. 2) at the 
flaw location deviates from the constant value, V0. The 
shape of the V,,,(¢) (shown by dotted lines) versus the 
position of rod, X, depends on the number of ?aws 
present and their characteristics. A typical ?aw curve is 
shown in FIG. 3 where, at the ?aw location, the V,,,(¢) 
curve deviates from the V0 and one is able to measure 
the extent (the length) of the ?aw by obtaining an aver 
age which is the distance between the half points X1 
and X2. These points are located where the Vm(qb) 
would be half the maximum value, VM, as measured 
from the base line value V0. The value of VM indicates 
the depth and nature of the ?aw as well. FIG. 4 shows 
a typical V,,,(¢), vs qbcurve for positive and negative 
bias currents in asymmetrical SQUID. 

It should be noted that this sensitive method does not 
necessarily require the high-TC SQUIDs to be placed in 
the vicinity of the specimen. The SQUIDs can be 
placed at any suitable location with the help of circuit of 
FIG. 1D. Where the pickup coil P is placed close to the 
specimen and the secondary coil with the help of a ?ux 
transformer T is placed close to the high-Tc SQUIDs. 
The modulation coils M1, M2 etc. should, of course, be 
placed close to the SQUIDs. 

In the case of ferromagnetic materials, mechanical 
stresses induced by thermal treatments affect their mag 
netic properties, especially the Barkhausen magnetic 
noise. This noise is due to the discontinuous change of 
magnetic induction as a function of magnetic ?eld 
strength. I have determined that by periodically sweep 
ing a given ferromagnetic sample with magnetic ?elds 
from superconductor excitation coils, which are fed by 
low frequency current (from a fraction of Hz to 50 Hz), 
Barkhausen noise can be produced and can be picked up 
at much higher frequencies, ranging from several KHz 
to. 100 KHz. The shielding affect of the associated eddy 
currents limits Barkhausen noise to detection from a 
surface layer of limited thickness of the specimen (e.g., 
50 microns). By measuring the magnetic characteristics, 



5,004,724 
I have determined that evaluation of the mechanical 
stresses contained in the ferromagnetic material is possi 
ble. This is accomplished by using the high-Tc super 
conductor quantum interference devices as magnetome 
ters. Non SQUID or conventional SQUID magnetome 
ters are known in the prior art to be useful for studying 
magnetic characteristics and stresses and defects in 
ferromagnetic materials. 

I have determined also that the same experimental 
arrangement as shown in FIGS. 1A, 1B & 1C and FIG. 
2 also can evaluate ?aws and defects in ferromagnetic 
samples. However, one must include a dc bias magnetic 
?eld Hpc as shown in FIG. 13 along the axis of the 
cylindrical sample. One can accomplish the dc bias 
magnetic ?eld in a persistent mode through the use of 
?exible high-Tc superconducting wires or tubes (see 
Ser. No. 08/300,287 ?led 19 Jan. 1989). This means that 
the solenoid in FIG. 1B should then be made of the 
high-TC superconducting wires or tubes. In such case a 
high-TC superconducting switch as shown in FIG. 1F is 
needed. The coil P in that switch is the same as that 
wound around the solenoid in FIG. 1B. In FIG. 1F, the 
high-T,- superconducting switch is a combination of a 
small size-high-Tv superconducting coil ‘S’ and a resis 
tor heater. ‘S’ is connected parallel to the coil P which 
is the same as the main ?eld coil 13 of FIG. 1B. These 
are connected to the main power supply and immersed 
only in liquid nitrogen. To establish currents in P, the 
resistor heater is turned on until S becomes normal with 
resistance of several ohms; Voltage then develops 
across S and establishes current and hence magnetic 
?eld in P. The desired magnetic ?eld is reached, the 
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resistor is turned off and electrical current then circu- . 
lates through P and S in a persistent mode. 
The same electric circuit as shown in FIG. 2 for the 

use of high-Tc SQUID can be used for the detection of 
the magnetic fluxes associated with the Barkhausen 
noises in the Ferromagnetic material. The magnetic 
?eld would be in a persistent mode. The direction of the 
?eld determines the directions along which ?aws can be 
determined, i.e.—-should coincide with the direction of 
movement of the rod within the excitation coils. Fur 
thermore, instead of high frequency excitation currents, 
I have determined that I need excitation currents of low 
frequency. By periodically sweeping the ?elds gener 
ated by these low’frequency excitation currents I can 
generate Barkhausen noise of high frequency, as stipu 
lated earlier. 

In yet another aspect of my invention, referred to as 
the second technique, high-Tc SQUIDs, are used to 
measure the change in impedances of the exciting coils 
surrounding the metal plates that contain the ?aws and 
defects in the plates. The latter affect the impedances of 
the coils. 
FIG. 5a shows a frame F into which a metal plate M 

is introduced at a given speed. Frame F is made of 
non-conducting non-ferromagnetic material and is in 
the form of a rectangular hollow box. The box is 
wrapped with a primary excitation coil denoted by E. 
This coil is made of several turns of moderately thick 
copper wire. Reference character C denotes cables 
connected to BNC or other connectors. This frame is 
also wrapped (see FIG. 5) with a secondary coil or 
pick-up coil as denoted by P, with a large number of 
turns of ?ne wire. The metal plate to _be tested for ?aws 
is slowly inserted into the frame at a ?xed speed. In the 
case of detecting defects in metal bodies of cars and 
airplanes, where the body to be analyzed is large, the E 
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& P combinations are made deliberately small in a rect 
angular or circular form, connected to ?exible cables. 
This structure is then moved at a constant speed across 
the surface of the said body to be analyzed. 
FIG. 6 illustrates operation of the electronic circuits 

employing high-T, SQUID, to measure the change in 
mutual inductance of the between the primary and the 
secondary coils. This can then related to the defects and 
?aws in the metal plate. The electronic circuit to mea 
sure the change in mutual inductance between coils is 
similar to that published by S. Barbanera, M. G. Castel 
lano and V. Foglietti in Rev. Sci. Instrument 59, 103_1 
(1988).) Only one superconducting quantum interfer 
ence device is shown but there may be several con 
nected in series to the ampli?er. This enhances the sensi 
tivity of the overall measurement. The superconducting 
quantum interference devices are made of high-Tc su 
perconducting materials. The plane of the said devices 
in FIG. 6 is arranged so as to obtain maximum ?ux from 
coils S & Q . T is a matching transformer of nominal 
ratio of 10:1. Because the superconducting quantum 
interference devices 21 are made of high-Tc supercon 
ductors (T c= ~ 100 K.), they need to be placed in liquid 
N; or liquid oxygen. Their small size allows them to be 
inserted in glass tubes 20 as shown in FIG. 6 which are 
cooled by liquid N2. If room temperature superconduc 
tors are used, such cooling is not necessary. 
The great advantage of this technique is' that the 

SQUIDs need not be placed in the vicinity of the speci 
men to be evaluated. In this mode, the superconducting 
quantum interference devices operate by means of am 
plitude modulated feed-back-loop null detection. In this 
method, the apparatus, as depicted in FIG. 6, becomes 
sensitive to an inbalance of the two magnetic ?uxes due 
to changes in mutual inductance only. This design has 
proven to be totally insensitive to resistance variations 
of the input circuits caused by temperature changes. 
Defects in metals can be measured by changes in the 
mutual inductance of these coils, as well as their impe 
dance. Both the primary coil E and the pickup coil P, 
are affected by a net change of magnetic ?uxes when a 
defect is present in the metal. However, I have found 
that the magnetic ?uxes due to the primary excitation 
coil and the eddy current generated by it in the metal 
plate do not directly affect the voltage or the current of 
the high-Tc superconducting quantum interference 
device. The latter is made to be affected only when 
defects and ?aws are present in the metal. 
With reference to FIG. 6, a current, I, is supplied to 

the exciting coil 22, through a resistance R); of about 
100-1000 ohm, in series with the coil 22. A Hewlett 
Packard model 3325A synthesizer 23 may be used for 
this purpose. The current is adjusted so that a peak ?eld 
of ~16 is produced within frame F (FIG. 5a). The 
frequency. of excitation current is dependent on the 
nature of defects and ?aws and also types of metal to be 
investigated. This has been mentioned earlier. Similarly, 
a secondary generator supplies currents, Is, to coil, S, 
which couples another coil, Q, by mutual inductance, 
Msq. When the mutual inductance of E and P is Mep, the 
coils are designed so that Msq and Mep are almost 
equal. Though it is not a necessary condition, this mode 
simpli?es the operation of the device for the non 
destructive evaluation of metals: 
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Excitation current, 1, results in a magnetic ?ux, 4),", 
which is proportional to the mutual inductance Mep 
between coils, E and P. A magnetic flux, 4),], alternating 
at the same frequency, f,,, is also coupled to the circuit 
by means of mutual inductance, Mqs, between coils Q 
and S. This ?ux is fed by a secondary generator through 
resistance, kg. The amplitude and phase of this genera 
tor is controlled by the feedback loop to ensure the 
nulling of the two ?uxes at the SQUID, and the two 
generators are phase locked to each other. T is a match 
ing transformer with nominal ratio of 10:1. This will 
enhance the coupling of ?uxes to the SQUID. For maxi 
mum sensitivity, the plane of the thin ?lm high-Tc 
SQUID should be normal to the magnetic ?uxes. One 
initially works with the ?rst generator, setting its ampli 
tude to a suitable constant value by noting the supercon 
ducting quantum interference device output voltage. 
Then with the ?rst generator switched off and the sec 
ond oscillator switched on, the amplitude is again set to 
achieve an output voltage equal to that of the previous 
step. 
With the two generators now turned on simulta 

neously, the relative phase between them can now be 
carefully adjusted in order to null the emf generated due 
to the two resulting ?uxes 4)," and ti)‘, in the supercon 
ducting quantum interference device. The feed back 
loop is then closed and the superconducting quantum 
interference device output is passed through a lock-in 
ampli?er 25 referenced at the working frequency. The 
lock-in output is connected to the amplitude modulation 
input of the secondary oscillator (see FIG. 4). As qbm 
and (#4 are balanced, ?rst the lock-in output and then the 
feed back signal are zero. This is the null condition. 
The metal plate to be tested for flaws is then inserted 

in frame F of FIG. 5A (Note that the same coils E and 
P are in FIG. 6) The resulting change in the mutual 
inductance Mep offsets the previously obtained null 
condition and even a small offset in ?ux is greatly mag 
ni?ed by the transformer, T, and a signal due to which 
is detected by the lock-in ampli?er. This signal is then 
used to adjust the amplitude of the second oscillator to 
a new equilibrium value. (The signal from the ?rst gen 
erator is ?xed after the ?rst null condition is obtained). 
The output signal of the lock-in ampli?er is also the 
output of the entire feedback system. The transfer func 
tion of the system in closed-loop con?guration is deter 
mined by the reverse transfer function due to the high 
value of the open-loop gain: 

where V0," is the lock-in ampli?er output; DMep is the 
change of the mutual inductance due to the defects in 
the metal plate; and a is the amplitude modulation coef 
?cient of the second oscillator. The value of Msq can be 
determined, for example, at the open loop by turning off 
the second generator and measuring the amplitude of 
the ?rst oscillator and the output of the superconduc 
ting quantum interference device. The detection of 
DMep is due to the defects and ?aws, present in the 
metal. 
To obtain precise information about the defects, their 

nature must ?rst be understood: their size, shape and 
depth beneath the surface of the metal, and the changes 
of mutual inductance DMep of the coils of given con?g 
uration such as those in FIG. 6. To accomplish this, an 
identical but defect free metal plate M is slowly inserted 
at a ?xed speed in frame F (FIGS. 50 and 6). The previ 
ously obtained null condition then changes and the X-Y 
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recorder records signal (Sp) due to the faultless metal 
plate. After this plate is removed, the same null condi 
tion is ensured to exist in the output of the high-Tc 
superconducting quantum interference devices. The 
metal plate with faults is then inserted into the frame at 
the same speed. The exact location of where faults lie is 
indicated in the signal recorded in the X-Y recorder by 
marked changes in the signal output (Sf). Since the 
speed of insertion of the plate is known, the X-axis of 
the X-Y recorder indicates the X position of the metal 
plate relative to the frame. Thus the positions of the 
defects in the plate are detected by comparing the two 
signals Sp and Sf. If the defect sizes are large or very 
close to the surface, changes in signals Sf- 8;, will be 
stronger at that point. The pro?le of the Sf— Sp signals 
indicate the X-pro?le of the faults in the metal plate. 
Similary, the Y-pro?le can also be obtained by rotating 
the plate through 90° and following above procedures. 
To detect defects and ?aws which are buried deep 
beneath the surface, the frequency of excitations (gener 
ators 23 and 24 in (FIG. 6) is reduced and the amplitude 
of oscillations is increased. High frequency limits the 
penetration of the primary excitation to the skin depth 
of the metal. Reducing the frequency allows defects at 
greater depths to be measured. To measure defects in a 
ferromagnetic material a dc magnetic ?eld bias should 
be provided. This can be done as discussed before with 
?exible high-TC superconducting coils or tubes in a 
persistent mode. 
The SQUID circuit can be fabricated in a simple way. 

This schematically shown in FIG. 7. The mask for the 
SQUID of proper design is prepared (See FIG. 8. In this 
mask the high-Tc superconducting lines are shown as 
transparent to the incident light (UV) and the insulating 
junctions are opaque. The mask is kept as shown in 
FIG. 8 and exposed to ArF excimer laser light from a 
laser source 32. The laser light passes through the trans 
parent portion of the mask 32 and enters the chamber 
31. In the chamber 31 the substrate 33 on which high 
Tc SQUID is placed on the substrate stage 34 as shown. 
This substrate is coated with insulating materials like 
MgO, S102, SrTiO; about l-3 micron thick. The sub 
strates can be chosen as mentioned earlier. It is heated 
to 200° C. The substrate stage is grounded as shown in 
‘FIG. 8. A ring electrode 35 creates oxygen plasma 
when connected to about 1000 V in a glow discharge. 
Oxygen gas from the cylinder 36 passes through the 
mixture containing stoichiometric ratio of TMC, TMY 
and TMBa. TMC stands for trimethyl copper; TMY 
stands for trimethyl yttrium and TMBa stands for tri 
methyl barium. These are liquids at room temperature 
but vaporizes easily when a gas passes through the 
liquid. The mixture is such that it contains the ratio of 
the metals say Y, Ba and Cu in the same ratio as they 
appear in a high-Tc superconductor ceramic composi 
tion. 
The pressure of the vapor mixtures in the chamber is 

controlled by regulating the oxygen ?ow as shown. The 
ArF excimer laser pulse should be around 8-12; the 
repetition rate should be around 100-120 pps. Laser 
light then reacts photochemically with the vapors and 
deposits metals from the vapor on to the substrate. It 
may also deposit same on the entrance window. There 
fore oxygen is led to ?ow over the window in order to 
prevent blocking of the window by the deposited metals 
and vapors. If the oxygen pressure is around 50-100 m 
torr then diffusion of the deposited metals outside the 
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projections corresponding to the transparent lines can 
be minimized. This will led to writing of ?ne metals 
lines which is the uniform and stoichiometric mixture of 
three metals say Y, Ba and Copper. After depositing the 
metal ?lm of appropriate thickness which depends on 
vapor pressure, laser light intensity, pulse width, pulse 
rate and substrate temperature, the ?ow of TMC, TMY 
and TMBa vapors are discontinued. The oxygen ?ow is 
still maintained and oxygen plasma between the ring 
electrode and the substrate stage is created by applying 
dc potential of the order of 300-1000 volts depending 
on oxygen pressure. A typical oxygen pressure could be 
around 1 111 ton. The substrate temperature may be 
raised to about 400° C. The annealing of the said depos 
ited metal ?lms would make the ?lms high-Tc supercon 
ducting in about 30-60 minutes. This process can be 
improved by those skilled in the art to suppress com 
pletely any probable diffusion of the photolytic metallic 
fragments on to the neighboring microstrip lines. Such 
process then will become very ef?cient 
By this technique of direct laser writing of microstrip 

superconducting lines SQUIDs can be prepared with 
out going through details of photolithographic pro 
cesses and thus will save considerable time and labor. 

EXAMPLES 

l. The apparatus of FIG. 1C is used. Before inserting 
the metal test specimen, the primary coil ?ux signal is 
nulled by adjusting the output voltages of the superconf 
ductor quantum interference devices, as described 
above. The test specimen is next inserted within the test 
coils at a controlled speed. If the specimen is uniform 

15 

20 

25 

30 

and without defects, a continuous voltage line will re- - 
sult. Any defects present will cause a deviation from the 
said line. The point of deviation can be correlated to the 
speci?c point within the specimen where the enclosed 
defect lies. In most cases, there will be a number of 
defects present and a “?aw curve” 'will result. The 
extent and length of any sizable flaw can be directly 
measured by using an average deviation from the base 
line. 

2. In the case of ferromagnetic materials, the appara 
tus of FIG. 1C can also be employed. I can use a uni 
form dc magnetic ?eld (FIG. 1B) parallel to the axis of 
the cylindrical ferromagnetic material. The ?eld is pro 
duced by a solenoid shaped coil that covers the entire 
length of the cylinder. In such cases all other coils like 
c1, c2, M1, M2 of FIG. 1A & FIG. 1B should be inside 
the solenoid coils. For persistent mode of operation this 
do ?eld could be generated by a high-Tc superconduc 
ting ?exible coil as mentioned before. The electrical 
supplies for the superconductor excitation coils are fed 
a low frequency current ranging from a few Hz to about 
50 Hz. This induces a Barkhausen effect in the specimen 
which is shielded by the associated eddy currents. The 
output of the superconductor excitation coils is con 
nected to a magnetometer. The low frequency current 
is swept through the said coils in a cyclic manner while 
the specimen is being moved ‘through the magnetic 
?elds produced by the superconductor excitation coils. 
A correlation of the magnetometer signal with position 
of the specimen within the said coils allows the detec 
tion of flaws within the ferro-magnetic specimen being 
tested. 

3. It should be noted that this sensitivity does not 
necessarily require the high-Tc SQUIDs to be. placed in 
the vicinity of the specimen as is shown in FIG. 1C. The 
SQUIDs can be placed at any suitable location with the 
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help of circuit of FIG. 10. Where the pickup coil P is 
placed close to the specimen and the secondary coil 
with the help of a ?ux transformer T is placed close to 
the high-Tc lfcSy SQUIDs. The modulation coils M1, 
M2 etc. should of course be placed close to the 
SQUIDs. This arrangement can increase the maneuver 
ability of the apparatus. 

4. With reference to FIGS. 5a, 5b and 6, a current, I, 
is supplied to the exciting coil, E, through a resistance 
of about 100-1000 ohm. A Hewlett-Packard model 
3325A synthesizer may be used for this purpose. The 
current I is adjusted so that a peak ?eld of ~16 is 
produced within frame F (FIG. 50). Similarly, a second 
ary generator supplies currents, Is, to coil, S, which 
couples another coil, Q, by mutual inductance, Msq. 
When the mutual inductance of E and P is Mep (see 
FIGS. 5a, 5b and 6), the coils are designed so that M5,, 
and Mep are almost equal. This mode simpli?es the oper 
ation of the device for the non-destructive evaluation of 
metals. The metal plate to be tested for flaws is then 
inserted in frame F of FIG. 5a. (Note that the same coils 
E and P are shown in FIG. 6). The resulting change in 
the mutual inductance Mep offsets the previously ob 
tained null condition and a signal is detected by the 
lock-in ampli?er. This signal is then used to adjust the 
amplitude of the second oscillator to a new equilibrium 
value. (the signal from the ?rst generator is ?xed after 
the ?rst null condition is obtained). The output signal of 
the lock-in ampli?er is also the output of the entire 
feedback system. The transfer function of the system in 
closed-loop con?guration s determined by the reverse 
transfer function due to the high value of the open-loop 
gain. 
The sensitivity of the detection will increase signi? 

cantly if the coils E & P are made of ?exible high-Tc 
superconducting wires. 

I claim: 
1. A method of nondestructive evaluation of locations 

of flaws in a metal body, comprising the steps of: 
(a) positioning a high-critical-temperature supercon 

ductive quantum interference device having a pair 
of insulated junctions in a superconductor loop in a 
?ux-sensing relationship to a location adjoining 
said body; 

(b) relatively displacing said body and said location; 
(0) while said body and said location are relatively 

displaced, exciting said body with a modulated 
alternating current and detecting with said device 
flux irregularities representing ?aws in said body; 

(d) establishing locations of said flaws by the relative 
positions of said location and said body upon the 
detection of said flux irregularities, a plurality of 
said devices being connected in series are juxta 
posed with said body; > 

(e) demodulating a signal generated by the series-con 
' nected devices to form an output; and - 
(i) connecting respective modulating coils induc 

tively coupled to the respective high-critical-tem 
perature superconductive quantum interference 
devices and connected to said output in a feedback 
path to form a ?ux-locked loop with said high-criti 
cal-temperature superconductive quantum interfer 
ence devices. 

2. The method de?ned in claim 1 wherein said body 
is excited in step (c) by passing an alternating current 
through two series-connected coil wound in opposite 
senses around said body, said alternating current having 
a frequency between substantially 1 kHz and 1 MHz 
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and being modulated with a modulating frequency 
which is a fraction thereof. 

3. The method de?ned in claim 2, further comprising 
the step of energizing said modulation coils with a 
square-wave signal of a frequency of 10 kHz to 500 kHz 
modulated with a frequency of i to 1/20 of the fre 
quency of the square-wave signal. 

4. The method de?ned in claim 3 wherein said square 
wave signal is modulated with a frequency which is i of 
the frequency of the square-wave signal. 

5. The method de?ned in claim 2 wherein said body 
is composed of a ferromagnetic material, further com 
prising the step of applying a constant unidirectional 
magnetic ?eld to said body as a bias magnetic ?eld 
during nondestructive evaluation of the body. 

6. The method de?ned in claim 2 wherein four of said 
high-critical-temperature superconductive quantum 
interference devices are juxtaposed with said body and 
constitute two parallel-connected pairs of series-con 
nected high-critical-temperature superconductive quan 
tum interference devices. 

7. A method of nondestructive evaluation of locations 
of flaws in a metal body, comprising the steps of: 

(a) positioning a high-critical-temperature supercon 
ductive quantum interference device having a pair 
of insulated junctions in a superconductor loop in a 
flux-sensing relationship to a location adjoining 
said body; 

(b) relatively displacing said body and said location; 
(0) while said body and said location are relatively 

displaced, exciting said body with a modulated 
alternating current and detecting with said device 
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?ux irregularities representing flaws in said body; . 
and v 

(d) establishing locations of said ?aws by the relative 
positions of said location and said body upon the 
detection of said flux irregularities, said location 
being defined by a coil juxtaposed with said body 
and connected in series with a coil located remote 
from said body, said high-critical-temperature su 
perconductive quantum interference device being 
juxtaposed with said coil located remote from said 
body. 

8. A method of nondestructive evaluation of locations 
of flaws in a metal body, comprising the steps of: 

(a) positioning a high-critical-temperature supercon 
ductive quantum interference device having a pair 
of insulated junctions in a superconductor loop in a 
?ux-sensing relationship to a location adjoining 
said body; - 

(b) relatively displacing said body and said location; 
(c) while said body and said location are relatively 

displaced, exciting said body with a modulated 
alternating current and detecting with said device 
flux irregularities representing flaws in said body; 

(d) establishing locations of said ?aws by the relative 
positions of said location and said body upon the 
detection of said ?ux irregularities, said location 
being de?ned by a coil juxtaposed with said body 
and connected in series with a coil located remote 
from said body; and 

(e) inductively coupling said coil located remote from 
said body with said high-critical-temperature su 
perconductive quantum interference device. 

9. An apparatus for nondestructive location of flaws 
in a metal body, comprising: 

a high-critical-temperature superconductive quantum 
interference device having a pair of insulated junc 
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tions in a superconductor loop disposed in flux 
sensing relationship to a location adjoining said 
b?dy; 

means for relatively displacing said body and said 
location; 

means for exciting said body with a modulated alter 
nating current while said body and said location 
are relatively displaced, whereby said device de 
tects flux irregularities representing ?aws in'said 
body; 

means for establishing locations of said ?aws by the 
relative positions of said location and said body 
upon the detection of said ?ux irregularities, a plu 
rality of said devices connected in series being 
juxtaposed with said body, 

means for demodulating a signal generated by the 
series-connected devices to form an output; and 

respective modulating coils inductively coupled to 
the respective high-critical-temperature supercon 
ductive quantum interference devices and con 
nected to said output in a feedback path to form a 
?ux-locked loop with said high-critical-tempera 
ture superconductive quantum interference de~. 
vices. 

10. The apparatus de?ned in claim 9 wherein said 
body is excited in step (c) by passing an alternating 
current through two series-connected coils wound in 
opposite senses around said body, said alternating cur 
rent having a frequency between substantially 1 kHz 
and 1 MHz and being modulated with a modulating 
frequency which is a fraction thereof. 

11. The apparatus de?ned in claim 10, further com 
prising means for energizing said modulation coils with 
a square-wave signal of a frequency of 10 kHz to 500 
kHz modulated with a frequency of 5 to l/20 of the 
frequency of the square-wave signal. 

12. The apparatus de?ned in claim 9 wherein said 
body is composed of a ferromagnetic material, further 
comprising means for applying a constant unidirectional 
magnetic ?eld to said body as a bias magnetic ?eld 
during nondestructive evaluation of the body. 

13. The apparatus de?ned in claim 9 wherein four of 
said high-critical-temperature superconductive quan 
tum interference devices are juxtaposed with said body 
and constitute two parallel-connected pairs of series 
connected high-critical-temperature superconductive 
quantum interference devices. 

14. An apparatus for nondestructive location of ?aws 
in a metal body, comprising: 

a high-critical-temperature superconductive quantum 
interference device having a pair of insulated junc 
tions in a superconductor loop disposed in ?ux 
sensing relationship to a location adjoining said 
body; 

means for relatively displacing said body and said 
location; 

means for exciting said body with a modulated alter 
nating current while said body and said location 
are relatively displaced, whereby said device de 
tects flux irregularities representing flaws in said 
body; and 

means for establishing locations of said ?aws by the 
relative positions of said location and said body 
upon the detection of said flux irregularities, said 
location being de?ned by a coil juxtaposed with 
said body and connected in series with a coil lo 
cated remote from said body, said high-critical 
temperature superconductive quantum interfer 
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ence device being juxtaposed with said coil located 
remote from said body. , 

15. An apparatus for nondestructive location of ?aws 
in a metal body, comprising: 

a high-critical-temperature superconductive quantum 
interference device having a pair of insulated junc 
tions in a superconductor loop disposed in ?ux 
sensing relationship to a location adjoining said 
body; 

means for relatively displacing said body and said 
location; 

means for exciting said body with a modulated alter 
nating current while said body and said location 
are relatively displaced, whereby said device de 
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18 
tects ?ux irregularities representing ?aws in said 
body; 

means for establishing locations of said ?aws by the 
relative positions of said location and said body 
upon the detection of said flux irregularities, said 
location being de?ned by a coil juxtaposed with 
said body and connected in series with a coil lo 
cated remote from said body; and 

means for inductively coupling said coil located re 
mote from said body with said high-critical-tem 

- perature superconductive quantum interference 
device. 
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