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Abstract—A prototype of gradiometer for detection and analysis of magnetic signals that are generated by
defects in metal structures and materials in the presence of external magnetic bias is based on dc-current
superconducting quantum interference device (SQUID). A prototype of single-channel SQUID gradiometer
that contains a fiberglass nonmagnetic cryostat, measurement probe with the SQUID sensor and magnetic
flux transformer (second-order axial gradiometer), SQUID electronics, and software for control of SQUID
gradiometer is studied. The prototype exhibits stable operation under laboratory conditions in the absence of
additional magnetic shielding. Upgrade of the SQUID sensors and remaining elements of the prototype of
magnetometer is planned for application in nondestructive testing.
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INTRODUCTION
Nondestructive testing (NDT) is used for detec-

tion, localization, and evaluation of defects in materi-
als and purchased items. Defects can be formed in the
course of manufacturing or result from stress and cor-
rosion under real working conditions. Evidently, the
methods for detection of critical defects are extremely
important for manufacturing and quality testing of
working items, quality testing in the course of produc-
tion, and analysis of malfunctioning. An NDT
method can be based on the analysis of eddy currents
in the conducting samples under study. However, a
disadvantage of the eddy-current method is related to
the fact that it can be used only up to certain depths
under the surface of the samples under study and can-
not be employed for the detection of deep defects.
Such limitations can be eliminated with the aid of
NDT systems based on high-sensitivity SQUID mag-
netometers.

The results of successful applications of the NDT
systems based on magnetometric SQUID systems in
monitoring of materials and structures over the last
thirty years have been analyzed in [1]. The advan-
tages of the NDT SQUID systems in comparison with
alternative devices are related to high sensitivity (10–
100 fT/Hz1/2), wide passband (from zero to several
tens of kilohertz), and wide dynamic range (more than
120 dB). The disadvantages of such systems are related
to the operation at cryogenic temperatures and,
hence, expensiveness of routine measurements. In
spite of relatively high price of cryogenic equipment
and technical difficulties, the SQUID systems are

employed when the needed efficiency cannot be
reached using alternative NDT techniques [2]. The
NDT SQUID systems are developed and employed
for the detection of defects in steel plates [3], study of
stress–strain states in ferromagnetic materials [4],
detection of ruptures in steel ropes of bridge structures
[5], and detection of cracks in turbine blades of aircraft
engines [6].

Extremely high sensitivity of SQUID magnetome-
ters of up to 5 fT/Hz1/2 remains unchanged to frequen-
cies of about 1 Hz, so that the SQUID sensors can be
used for the detection of deep undersurface defects in
conducting materials due to a decrease in the fre-
quency of the excitation eddy currents and a corre-
sponding increase in the thickness of the skin layer.
The NDT SQUID systems based on the eddy-current
method can be used to detect deep undersurface
defects in thick multilayer aluminum structures in air-
craft manufacturing.

The purpose of this work is the construction of a
prototype of a single-channel SQUID system for
applications in NDT systems and the study of the
parameters of such a prototype.

1. EQUIPMENT AND METHODS
1.1. SQUID Sensor for the Prototype 

of Single-Channel SQUID Gradiometer 
and Its Main Characteristics

SQUID sensor is a key element of the magneto-
metric system that determines the requirements to the
remaining components. We have analyzed the pub-
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lished data on the dc-current SQUIDs that are appro-
priate for practical application in the nondestructive
testing of defects in various materials. We have ana-
lyzed both physical characteristics and technological
possibilities for small-scale production needed for the
development of multichannel magnetometers.

Note that only foreign-made SQUID sensors
(SUPRACON AG (Germany) and Star Cryoelec-
tronics (USA)) are commercially available. To develop
domestic technologies of superconducting microelec-
tronics and provide import substitution, we use exper-
imental dc-current SQUID devices produced at the
Kotel’nikov Institute of Radio Engineering and Elec-
tronics [7–9] that can be improved for applications in
the NDT magnetometric SQUID systems.

At the first stage, we employ hybrid SQUID sen-
sors in the prototype of the SQUID gradiometer. In
such SQUID sensors, the interferometer with the
Josephson junctions is fabricated using the thin-film
technology and the input coil represents a plane helix
containing 20–30 turns of insulated niobium wire that
is placed on top of the SQUID interferometer. The
external feedback coil represents a single turn with a
diameter of 2 mm made of a copper wire with a cross
section of 0.1 mm that is placed under the SQUID
chip. The main problem of the hybrid SQUID sensors
is to realize reasonably large coupling coefficient of
the input coil and SQUID interferometer in order to
decrease loss of the  input signal.

For the solution of the above problem, we use a
modification of the SQUID interferometer (Fig. 1)
that has been proposed in [10]. The SQUID interfer-
ometer contains a square superconducting concentra-
tor of magnetic f lux with an external dimension of D =
2.4 mm and a central square hole with a size of d =
0.07 mm. Two shunted Josephson junctions are placed
on the internal contour of the concentrator, and the

upper electrode of the thin-film structure passes
through the slots of the interferometer contour.

The chips with such SQUIDs are manufactured at
the Kotel’nikov Institute of Radio Engineering and
Electronics using the thin-film technology of super-
conducting microelectronics. The SQUID employs
Nb/Al2O3/Nb tunneling Josephson junctions with a
size of 3 × 3 μm and a critical current of 15–25 μA. For
shunting, we use thin-film molybdenum (Mo) or tita-
nium (Ti) resistors with a resistance of 2–4 Ω. The
intrinsic inductance of the SQUIDs is about 120 pH
and the range of the signal characteristic is 20–30 μV.
The level of intrinsic noise with respect to the mag-
netic f lux is about 3.0 μΦ0/Hz1/2 (here, Ф0 ≈ 2.06 ×
10–15 Wb is the quantum of magnetic f lux). Such
parameters make it possible to construct prototypes of
high-sensitivity SQUID magnetometers for applica-
tions in the NDT systems.

Each input coil for the SQUID sensor is manually
wound using special equipment the main elements of
which are thin axis with a diameter of 0.35 mm made
of hard instrumental steel and a rotating device that
allow simultaneous winding of two ends of niobium
wire in opposite directions with a certain strength. The
niobium-wire helix is wound in a gap between Teflon
plates that are place on the axis and fixed due to the
force of friction. The gap between the plates (about
0.1 mm) determines the thickness of the spiral input
coil. A drop of a BF-4 liquid glue is deposited in the
course of winding in the gap between the plates. After
winding of the needed number of turns over time
interval of no longer than 1 min, the structure is dried
and, then, detached from axis of the winding device
together with the Teflon plates. Then, the plates are
detached using a scalpel or razor blade and the input
coil is ready for use.

The SQUID chip is glued on a fiberglass substrate
with preliminary glued turn of the feedback coil. The
input coil is fixed on top of the SQUID chip with cer-
tain mobility using three or four turns of an elastic syn-
thetic yarn around the substrate. The mutual position
of the central hole of the SQUID and the hole of the
spiral input coil is monitored and adjusted with the aid
of a microscope. Then, the yarn is tightened and glued
on the opposite side of the substrate.

To provide the superconducting contact of the mag-
netic flux transformer (second-order axial gradiometer)
and input coil, we glue terminals in the substrate that
represent two lamellas with a size of 2 × 5 mm made of
niobium foil with a thickness of 0.5 mm. Two
M1-thread holes provide mechanical fixing of the gra-
diometer and input-coil ends. Cleared ends of the gra-
diometer and input coil are pressed to the glued lamel-
las using four M1 screws and two movable lamellas
made of niobium foil with threadless holes with a
diameter of 1 mm.

Fig. 1. Topological scheme of the dc-current SQUID that
is used in the measurement probe of the prototype of the
single-channel NDT system.
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The SQUID sensor in the protoype of the single-
channel NDT system is fabricated as a capsule with
double superconducting screen made of niobium
tubes with external diameters of 10 and 6 mm contain-
ing the dc-current SQUID and the input coil of the
flux transformer (Fig. 2).

The SQUID independently works as a high-sensi-
tivity magnetometer, since the SQUID interferometer
represents a conventional superconducting film loop.
The experimentally measured intrinsic resolution with
respect to magnetic field is better than 100 fT/Hz1/2.
For the protection against external magnetic fields, we
employ a structure that consists of two cylindrical
superconducting screens. The first screen with the
smaller diameter covers the substrate region with the
SQUID chip and input coil. The second screen pro-
tects the lamellae region, where the gradiometer and
input-coil ends are fixed. The end surfaces of the sen-
sor screens are also covered by niobium items and have
small holes with a diameter of 0.5 mm for the end of
the twisted pair of gradiometer on the one side and the
feedback coil on the opposite side.

Experiments are performed to determine the con-
figuration of spiral with the maximum coupling coef-
ficient with the SQUID interferometer. For this pur-
pose, we use several spiral input coils with 10, 20, and
30 turns. For each coil, we preliminary measure the
inductance at liquid-helium temperature. The spiral
coils are mounted on the SQUID chip using the above

procedure. Then, a twisted pair made of copper wire is
connected via two 100-kΩ resistors instead of the gra-
diometer to the input terminals of the SQUID sensor.
A test signal of a low-frequency oscillator with a fre-
quency of 8–10 Hz is fed to the SQUID input coil via
the twisted pair. The SQUID sensor with the con-
nected circuit of the test signal is fixed on a probe for
the study of the SQUID characteristics at working
temperature. The probe is connected to magnetometer
electronics, and the signal characteristic of the
SQUID is observed using an oscilloscope in the
regime of the open feedback. Under a variation in
the output voltage of the oscillator, a test signal that
corresponds to a single quantum of magnetic f lux in
the SQUID is fed to the input coil. The division of the
measured output voltage of the oscillator by the resis-
tance of the circuit (200 kΩ) yields the main parameter
of the SQUID sensor, which is coefficient КА-Ф of the
conversion of input current into SQUID magnetic
flux (i.e., the current in the input coil that generates a
single quantum of the SQUID magnetic f lux). We
must determine the configuration of the spiral input
coil that provides the minimization of the coefficient
(i.e., maximization of mutual inductance М = 1/КА-Ф
of the input coil and SQUID interferometer).

The experiments show that the best result with
respect to coefficient КА-Ф is obtained for spiral coils
with 20 turns, an inner hole diameter of d = 0.35 mm,
and an outer hole diameter of D = 2 mm. At an induc-

Fig. 2. Photograph of the inner structure of the SQUID sensor for the measurement probe of the prototype of the single-channel
NDT system (in the absence of external shields): (1) niobium housing of the SQUID sensor, (2) niobium lamellas for fixing of
the niobium-wire ends of the input coil and gradiometer, (3) thin-film SQUID with the input coil on top, (4) output connector.
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tance of Lhc ≈ 0.8 μH, coefficient КА-Ф is about
0.8 μA/Ф0.

The mutual inductance of the input coil and
SQUID for the above hybrid sensor (М ~ 2.5 nH) is
comparable with the inductance (М = 2.6 nH) of a
SUPRACON AG CCblue fully integrated SQUID
sensor, in which the spiral input coil is fabricated using
the thin-film technology on top of the SQUID inter-
ferometer.

1.2. Measurement Probe of the Prototype 
of Single-Channel SQUID Gradiometer

The measurement probe of the prototype of
SQUID gradiometer (Fig. 3) is based on fiberglass
tubes and consists of the following elements: (i) trans-
former of magnetic f lux representing a second-order
axial gradiometer, (ii) SQUID sensor with the dc-cur-
rent SQUID and input coil, (iii) superconducting bal-
ancers for mechanical balancing of gradiometer in the
presence of uniform magnetic field, (iv) upper cover
with balancing screws, electric socket, and fitting for
liquid helium.

The second-order gradiometer is made of insulated
niobium wire with a diameter of 0.1 mm using the
2 : 4 : 2 configuration (two lower, four central, and two
upper turns) on a graphite substrate with a diameter of
16 mm. The diameter of the receiving turns of the gra-
diometer is 15.8 mm and the size of the base is 55 mm.
The initial unbalance is no greater than 0.1%. The gra-
diometer ends are mechanically fixed on niobium
lamellas of the SQUID sensor for the connection to
the SQUID input coil.

For operation in the absence of magnetic shielding,
the gradiometer is equipped with additional system for
mechanical balancing in the presence of uniform mag-
netic field based on superconducting balancers that
can be shifted in the region of the receiving loops of
gradiometer with the aid of dielectric links and screws.
The mechanical balancing makes it possible to
decrease the unbalance of gradiometer to less than
0.01%. The balancing of gradiometer is performed
using the procedure that is similar to the procedure of
[11]. The difference lies in the fact that the minimiza-
tion of the test signal of the uniform magnetic field at
the output of the SQUID gradiometer that is gener-
ated by the Helmholtz coils along the X, Y, and Z
directions is performed using the mechanical dis-
placement of the corresponding superconducting bal-
ancer.

In the tests of the gradiometer in such a configura-
tion, we experimentally obtain the coefficient of con-
version of input magnetic field Вin into SQUID mag-
netic f lux Фhc (4–6 nT/Ф0) that corresponds to an
equivalent sensitivity of gradiometer with respect to
magnetic field of 12–18 fT/Hz1/2 at a SQUID intrinsic
noise of about 3 μФ0/Hz1/2. Such a sensitivity is suffi-
cient for application of SQUID gradiometers in the
NDT systems.

1.3. Electronics and Control Unit of the Prototype 
of Single-Channel SQUID Gradiometer

SQUID electronics of the prototype of the magne-
tometric system is mounted on an aluminum unit with
sizes of 157 × 82 × 17 mm (Fig. 4), located in the vicin-

Fig. 3. Photograph of the measurement probe of the single-channel SQUID gradiometer with mechanical balancing of the signal
gradiometer. The intrinsic noise of the SQUID magnetometer is estimated to be 12–18 fT/Hz1/2 .
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ity of the cryostat, and connected to the measurement
probe using a cable with a length of 70 cm. The
SQUID electronic system contains analog and digital
circuits. The analog part contains the conventional
modulation circuit of null detector and the circuit of
negative feedback with respect to magnetic f lux. The
analog circuit provides the tuning of the SQUID
working parameters. The digital circuit make it possi-
ble to switch the tuning and working regimes of the
SQUID gradiometer and control the system using a
PC. The SQUID electronics is connected to the con-
trol unit with the aid of a 5-m-long cable.

The preamplifier of the electronic unit is based on
a Toshiba K-369 low-noise FET in the cascade circuit.
The intrinsic noise of the preamplifier is no greater
than 0.7 nV/Hz1/2.

A single-pole integrator generates the feedback sig-
nal that is fed to the modulation coil via a feedback
resistor. The voltage across the feedback resistor is
used as the output signal of magnetometer. The elec-
tronic system works at a fixed feedback coefficient of
about 2 V/Φ0. The gain of the electronic system is
about –3 dB in a frequency interval of 0–16 kHz when
the feedback circuit is closed and the input signal is
equivalent to 0.1 Φ0 in the SQUID.

The control unit of the magnetometric system con-
tains stabilized power supply sources, additional
amplifier of the input signal, and circuits of micropro-

cessor control that are used for tuning and switching of
working regimes of the SQUID system.

The working regimes of the prototype of the
SQUID system are controlled using codes that are
generated by digital circuits of the control unit when
the corresponding buttons are pressed in the main
window of the control software on the monitor. The
output signal of the magnetometer is fed to the oscil-
loscope or spectrum-analyzer input for the further
analysis. The front panel of the unit also accommo-
dates a connector via which the test signal from the
output of the audio-frequency generator can be deliv-
ered in the course of tuning of the SQUID working
parameters.

1.4. Fiberglass Cryostat of the Prototype 
of Single-Channel SQUID Gradiometer

Figure 5 presents the photograph of the helium
cryostat of the prototype of single-channel SQUID
gradiometer.

The inner diameter of the neck and tail of the cryo-
stat is 17 mm. The distance between the outer and
inner surfaces in the tail in the cooled system is no
greater than 6 mm. The working time of liquid helium
(1.2 L) in the cryostat is about 2 days. The cryostat
parameters are as follows: outer diameter, 110 mm;
length, 500 mm; outer diameter of the tail, 45 mm;
outer length of the tail, 230 mm; inner diameter of the
neck, 17 mm; inner diameter of the cryogenic f lask,

Fig. 4. Photograph of the SQUID electronics and control unit of the prototype of the single-channel SQUID gradiometer.
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80 mm; diameter of the inner tail, 17 mm; inner length
of the tail, 290 mm; heat–cold distance, 6 mm; vol-
ume of liquid helium, 1.2 L; time of the total evapora-
tion of liquid helium, 48 h; and weight of empty cryo-
stat, 1.2 kg.

The cryostat volume is relatively small, so that the
filling procedure is relatively simple and takes several
minutes. The small volume of helium and the presence
of safety valve provide the safety of cryostat when vac-
uum conditions in the space between the inner and
outer walls are violated.

2. EXPERIMENTAL RESULTS
The above elements are used to construct a working

prototype of the SQUID gradiometer. The prototype
is practically tested under laboratory conditions and
the main working parameters are studied. A Stanford

Research low-frequency spectrum analyzer is used to
study the noise characteristics of the output signal of
the prototype of SQUID gradiometer. Figure 6 pres-
ents a typical noise spectrum of the output voltage of
SQUID gradiometer that is measured at the center of
Moscow.

The noise spectra are measured in a frequency
interval of 1–50 Hz. A noise spectral density of 11–
12 μV/Hz1/2 measured at a feedback coefficient of
КFB = 2 V/Ф0 and coefficient КА-Ф of the conversion
of magnetic field into the SQUID magnetic f lux of
about 5 nT/Ф0 corresponds to an equivalent noise with
respect to magnetic field of about 30 fT/Hz1/2. Such
noise levels of the SQUID gradiometer indicate suffi-
cient balancing and prove that such devices can be
employed in the NDT systems. The SQUID gradio-
meters can be used to develop multichannel SQUID
systems but, in this case, the electronic balancing must
be preferred to mechanical balancing.

CONCLUSIONS

The proposed prototype of the dc-current single-
channel SQUID gradiometer exhibits stable opera-
tion under laboratory conditions in the absence of
additional magnetic shielding and can be used for the
development of a multichannel magnetometric
SQUID system for NDT of defects in metal struc-
tures and materials.

The experimental results show that a fully inte-
grated SQUID sensor must be developed, since the
application of the thin-film input coil of the trans-
former of magnetic f lux in the SQUID will make it

Fig. 5. Photograph of the fiberglass helium cryostat of the
prototype of SQUID gradiometer.

Fig. 6. Noise spectrum of output voltage of SQUID gradio-
meter Uout (f) measured under laboratory conditions in the
absence of additional magnetic shielding. The cursor posi-
tion corresponds to a frequency of f = 19.4 Hz and a noise
spectral density of the output voltage of Uout =
11.44 μV/Hz1/2.
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possible to increase the coupling coefficient of the
input coil and SQUID inductance by a factor of
greater than 2. Thus, the resulting sensitivity of the
SQUID gradiometer can also be increased by a factor
of greater than 2. The topology of the SQUID interfer-
ometer must have the gradiometer structure to sup-
press the direct effect of external magnetic fields
including the magnetic biases that excite eddy currents
in the samples under study. Such an approach will
make it possible to substantially simplify the structure
of the superconducting shields of the SQUID sensor.
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