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1. OVERVIEW OF FLUXGATE SENSORS
Fluxgate sensors measure the absolute strength of a sur-
rounding dc or low-frequency ac magnetic field or the dif-
ference in field strength between two different points within
a magnetic field. They are vector devices, i.e., sensitive to
the field direction. They differ from induction coils, which
respond to the time derivative of the magnetic field strength.
These sensors are capable for measuring weak magnetic
fields. Their measuring range and their resolution are just
within the gap between inexpensive sensors such as the mag-
netoresistive or Hall type sensors and very expensive mag-
netometers based on quantum effects such as SQUIDs and
others.

Fluxgate sensors are solid-state devices without any
moving parts and they work in a wide temperature range.
They are rugged and reliable and may have low energy con-
sumption. They can reach 10 pT resolution and 1 nT long
term stability; 100 pT resolution and 10 nT absolute preci-
sion is standard in commercially produced devices. Many
dc fluxgate magnetometers have a cutoff frequency of sev-
eral Hertz, but when necessary, fluxgate can work up to
kilohertz frequencies. Fluxgates are temperature stable: The
offset drift may be 0.1 nT/�C, and sensitivity tempco is usu-
ally around 30 ppm/�C, but some fluxgate magnetometers
are compensated up to 1 ppm/�C. Most of the fluxgate sen-
sors work in the feedback mode; the resulting magnetometer
linearity is typically 30 ppm.

1.1. Principles of Fluxgate Magnetometers

The detection of the second harmonic component of the
sensor output voltage, performed by means of a phase sen-
sitive detector usually preceded by a bandpass filter is the
most usual method. The classical description of fluxgate
principle is given in [1]. This principle was first used in mag-
netic modulators. The basic principle is illustrated in Fig. 1.
This figure shows the configuration of the most widely used
parallel type of fluxgate, for which both the measured and
the excitation fields have the same direction. (Another type
of fluxgate, not illustrated here, called the orthogonal sen-
sor, has an excitation field perpendicular to the sensitive
axis of the sensor, which is identical to the ideal axis of the
sensing coil.) The excitation current Iexc through the excita-
tion coil produces field that periodically saturates (in both
directions) the soft magnetic material of the sensor core. In
saturation the permeability drops down and the dc flux asso-
ciated with the measured dc magnetic field B0 is decreased.
The name of the device comes from this “gating” of the flux
that occurs when the core is saturated. When the measured
field is present, the voltage Vind is induced into the sensing
(pick-up) coil at the second (and also higher even) harmon-
ics of the excitation frequency. This voltage, proportional to
the measured field, is usually the sensor output. This type
of fluxgate magnetometers has a very large literature, it is
hopeless to detail them. The most important review articles
are given in Section 1.2.

Other methods have also appeared that process the out-
put signal in the time domain. The peak detection method is
based on the fact that with increasing measured field, volt-
age peaks at the sensor output are increasing in one polarity
and decreasing simultaneously in the opposite polarity. The
difference between the positive and negative peak values is
zero for the null field and may be linearly dependent on
the measured field within a narrow interval. This procedure
gives a stable performance only with core material a magne-
tization curve of Z-shape and with a sinusoidal premagneti-
zation current. A minimum detectable flux density variation
of 0.5 nT was reported in [2]. Further magnetometers based
on the pulse-height principle were developed [3, 4] and gave
very similar data. The described principle is not applied
very often because of stability problems with small fields [5].

ISBN: 1-58883-056-X/$50.00
Copyright © 2006 by American Scientific Publishers
All rights of reproduction in any form reserved.

Encyclopedia of Sensors
Edited by C. A. Grimes, E. C. Dickey, and M. V. Pishko

Volume X: Pages (1–27)



2 Pulse-Position Type Fluxgate Sensors

Βo
µ(t)

Iexc(t)

B(t)

Vind

Figure 1. The basic fluxgate principle. The ferromagnetic core is
excited by the ac current Iexc of frequency f into the excitation winding.
The core permeability ��t� is therefore changing with 2f frequency.
If the measured dc field B0 is present, the associated core flux is also
changing with 2f , and voltage Vind is induced in the pickup (measuring)
coil (after [33]). Reprinted with permission from [33], P. Ripka, Sensors
and Actuators A 33, 129 (1992). © 1992, Elsevier.

Probably Marshall constructed the best magnetometer based
on this principle in 1971 [6].

Pulse position type fluxgate sensors represent another,
more promising type of these devices. The description of
these devices, together with their application in a specific
area is the main goal of this chapter, so the details will be
discussed later.

Auto-oscillation magnetometers are considered as a sep-
arate group, although most of them are similar to the
previously mentioned ones. The magnetic multivibrator
constructed by Takeuchi and Harada [7] consists of a single-
core sensor, capacitor and operational amplifier forming the
oscillation circuit. The multivibrator duty cycle depends on
the amplitude of the measured field. 0.1 nT resolution of
this very simple device was reported. A sampling method
was used by Son [8]. The instantaneous value of the excita-
tion current at the time of zero-crossing of the core induc-
tion depends on the measured field. In an ideal case the
sensitivity is not dependent on the excitation frequency,
amplitude or waveform. 0.1 nT resolution and 5 �V/nT
sensitivity was reached. Sonoda and Ueda used a similar
principle in their single-core field sensor [9]. Robertson pre-
sented a 1 mm long single-core sensor. Using differential
peak detection, a similar sensor excited at 40 MHz had
250 pT/

√
Hz@1 Hz noise [10, 11]. The relaxing-type magne-

tometer uses a single-core saturated by unipolar pulses and
measures the length of the relaxation pulse after the exci-
tation field is switched off. The instrument has ±200 mT
range, 5% linearity error and about 0.5 nT p–p noise [12].
Dimitropoulos suggests a new sensor principle combining
fluxgate with Mateucci effect [13]. The amorphous 6 cm long
wire is excited by flat coil pair. Although the precision of
the first prototype is reported to be 60 nT, the device can
be scaled down to 5 mm and further optimized. Fluxgate
may also work in the short-circuited mode (with current out-
put) [14].

1.2. Historical Overview

The basic principle of fluxgate sensors has been known
since the early 1940s, but it was at the beginning of the 1950s
that the development stage of these sensors made their tech-
nical introduction possible. A comprehensive bibliography of

early fluxgate papers was collected by Primdahl [15–17]. The
first patent on the fluxgate sensor (in 1931) was credited to
Thomas [18]. Aschebrenner and Goubau worked on fluxgate
sensors from the late 1920s; by 1936 they reported 0.3 nT
resolution on a ring-core sensor [19]. According to Geyger’s
book [20], they had been working with fluxgate sensors since
1928. Sensitive and stable sensors for submarine detection
were developed during World War II. Fluxgate magnetome-
ters were used for space applications. Since Sputnik 3 in
1958, hundreds of fluxgate magnetometers (most of them
three-axis) have been launched. Fluxgate magnetometers
worked on the Moon [21] and in deep space [22]. Since the
1980s, magnetic variation stations with fluxgate supported by
a proton magnetometer [23] have been used for observing
changes in the Earth’s magnetic field [24].

Later Gordon and Brown [25] and Primdahl [26] wrote
review articles on fluxgate sensors. The most important
source of information about the development of the fluxgate
sensors in Russia and in the former USSR are the books
written by Kolachewski [27] and Afanasiev [28]. Japanese
fluxgate designs are reviewed in [29]. A lot of information
can be found in the VCH monographs on magnetic sensors
and among others on fluxgates [30]. A remarkable advanced
fluxgate magnetometer was designed for the Oersted satel-
lite launched in 1999 to map the Earth’s magnetic field; con-
struction details about that instrument can be found in [31].
The detailed instructions on how to build and calibrate a
simple fluxgate magnetometer can be found in [32].

A newer complete review article of fluxgate sensors was
published by Ripka [33], where all aspects of these devices
are considered. Another work of the same author reviews
recent advances and development in the fluxgate technol-
ogy since the previously mentioned review [34]. Some recent
trends are commented in [35]. A broader overview of flux-
gates and other magnetic field sensors and magnetometers
is made in [36]. Comparative study of uncooled magne-
tometers and superconducting quantum interference devices
(SQUIDs) with proposed hybrid systems can be found
in [37].

1.3. Applications

Despite all the efforts on other measuring principles, flux-
gate sensors continue to be used in a wide range of appli-
cations, because of their high linearity and stability, high
direction sensitivity, reliability, riggedness, relative simplic-
ity, and economical operation. Fluxgates have advantages
over other types of field sensors in a certain area of mea-
sured intensities and frequencies. A general overview of sen-
sors, which are based on soft magnetic materials, can be
found in [38]. A lot of valuable information about appli-
cation of fluxgate sensors are collected in [36] and [39].
Unlike the induction magnetometers, which register field
changes only, fluxgate sensors may be used for absolute
measurements. Fluxgates also measure the direction of the
field, compared with the scalar character of nuclear reso-
nance magnetometers, which are in general better in long-
term stability. The fluxgate sensors are more sensitive to the
measured field and less sensitive to vibrations and thermal
changes compared to optical-fibre magnetometers. Fluxgate
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sensors are much cheaper than (more sensitive) SQUIDs
and need no liquid helium.

Fluxgate magnetometers are used in geophysics and for
space applications. Space applications of fluxgate sensors
have been described in references [25, 40, 41], and they were
recently reviewed by Acuna [42]. The Giotto experiment [43]
and Magsat mission [44] were the most important of the
recent fluxgate magnetometer launches.

Three-axis fluxgate magnetometers are widely used for
monitoring variations of the Earth’s field at magnetic obser-
vatories [45, 46], or remote locations [47, 48]. Portable
instruments are used for field and airborne measurements of
local magnetic field anomalies in mineral prospecting. Appli-
cations in archeology are described in [49]. Fluxgate sensors
are used for the measurement of rock magnetism [50], as
the null sensor in coercivity measurement instruments.

Other applications include sensing of the magnetic ink
[51] and magnetic marks on steel ropes [52], location of fer-
romagnetic bodies [53], detection of submarines and vehicles
[54] and missile navigation. Fluxgate sensors are extensively
used in compasses for automobiles [55] and aircrafts. The
fluxgate principle is also used for indirect measurement of
electrical currents in pipelines [56] and in general like cur-
rent sensors and current comparators [57].

Gradiometric sensors are used in many applications, such
as biomagnetic measurement or magnetic testing, where
measured field source is in a very short distance. Although
single-core fluxgate gradiometer sensor was developed [58],
it turned out that for measuring the field gradient using
of two separate sensors and subtracting their reading gives
better stability of the device. When two top-quality sensors
are used, dynamic range of 130 dB for measurements in
the Earth’s field can be reached. The 50� 000 nT calibration
residuals were 2 nT p–p [59, 60].

Magnetic methods of nondestructive evaluation can be
used either to monitor material state and properties (such
as residual stresses) or to find defects. An overview can be
found in [61]. The material properties are tested by using the
Barkhausen effect, magnetoacoustic emission, monitoring of
the hysteresis loop, and magnetoelastic methods. Material
inhomogeneities, cracks, and other defects are monitored by
dc methods: magnetic particle inspection and magnetic flux
leakage method, or by ac eddy currents. Förster [62] started
to use the fluxgate principle for the nondestructive testing
of ferromagnetic materials. He is one of the fathers of this
method and the author of classic papers. He founded a com-
pany that is one of the leading producers of magnetic testing
equipments. A first step towards an integrated array of flux-
gate sensors is presented in [63]. This chip is believed to
arise further possibilities in non-destructive testing applica-
tions in the field of soldering tests or current measurements
with high area resolution. Other designs are used for spe-
cial purposes, such as rod-type sensors for non-destructive
testing or position testing [64].

Pulse-position type fluxgate sensors are believed to be one
of the most promising magnetic sensors in nondestructive
material evaluation, especially in eddy current testing. This
application will be discussed more detailed later.

Summing up the experience in application, it can be stated,
that if resolution in the nanotesla range is required, flux-
gates are the best selection. Compared to high-temperature

superconducting quantum interference device they may have
similar noise level, but the measurement range of fluxgate
is much larger. If pT or even smaller fields are measured,
a low temperature SQUID should be used. Magnetoresis-
tors, mainly anisotropic magnetoresistance sensors, are the
main competitors of fluxgate sensors. Commercially avail-
able AMR magnetoresistors have a resolution worse than
10 nT, but they are smaller and cheaper and may consume
less energy. Linearity of the best present compensated AMR
sensors is 0.05% [65, 66]. It is possible to improve their sta-
bility by ac techniques, but the electronics becomes complex
and consumes more power. According to the present state
of knowledge, if size is not limited, fluxgate sensors are still
the winners [67]. The mostly used modern low-noise flux-
gate magnetometer is the parallel type with ring core sen-
sor. A phase sensitive detector extracts the second harmonic
in the induced voltage, and pick-up coils also serves for the
feedback.

1.4. Future Trends

1.4.1. Miniature Fluxgates
One of the possible future developments of fluxgate sensors
is their miniaturization, because many applications require
very small sensor size. However, the process of the fluxgate
sensor miniaturization is complicated, because the magnetic
noise dramatically increases with decreasing sensor length.
Small-size fluxgate sensors are made of open or closed cores
from amorphous material or permalloy and have simple
electronics [68]. Up to now, the quality of sputtered or elec-
trodeposited permalloy has not been sufficient for low-noise
fluxgate applications, so patterns etched of amorphous tape
are often used for the sensor core. Integrated fluxgate sen-
sors do not have wound coils and therefore they can be very
small and cheap. Their core is made by sputtering or elec-
trodeposition [69–71]. For low-noise integrated sensors, the
cores of amorphous tape are used, as they have better mag-
netic properties [72].

The compensation sensor, manufactured by Siemens-VAC
Hanau (Germany), which has a permalloy wire core may
also work as a single-core fluxgate sensor [73]. A number
of simple multivibrator-type fluxgate magnetometers were
reported from Japan. A 15 mm long hairpin sensor was
made up of a strip with helical anisotropy [74]. This classi-
cal sensor has 5 nT/

√
Hz noise. The simple “PCB” construc-

tion of the 15 mm long fluxgates is described in [75]. The
annealed core made of amorphous foil is sandwiched inside
multilayer printed circuit board. Outer metal layers of PCB
connected by vias form the winding. Resistance of the wind-
ing can be decreased by Cu-electroplating after patterning
of the winding [76].

Planar fluxgate sensor with flat coils was described in [77],
and a similar sensor having three flat excitation coils was
shown in [78]. Further improvement was achieved with sim-
ilar sensor having two layers of ferromagnetic core [70, 71].
Orthogonal fluxgate with flat excitation and pick-up coil
was described in [72]. The sensor resolution is 40 nT and
the linearity error in the 400 mT range is 0.5%. A paral-
lel mode two axis integrated fluxgate magnetometer by the
same authors was developed for a low-power watch compass
[72, 79].
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Solenoid coils have much better efficiency than flat coils,
as they are ideally coupled with the core. However, micro-
machining of solenoids is difficult. Early devices were devel-
oped by Kawahito [80] and Gottfried [81]. The technology
was further devoloped by Liakopoulos and Ahn [82, 83].
UV-LIGA based thick photoresist process was used to cre-
ate electroplated permalloy core and copper coils [84].
New, fully integrated 2D micro-fluxgate magnetometer is
described in [85] and in [86]. The magnetometer is inte-
grated in a standard CMOS process and uses a ferromag-
netic core integrated on the chip by a photolithographic
post-process compatible with the integrated circuit technol-
ogy. The cross-shaped ferromagnetic core is placed diago-
nally above four excitation coils, two for each measurement
axis. A novel electronic signal extraction technique is pre-
sented. The integrated 2D magnetometer exhibits a sensitiv-
ity of 160 V/T and a linear range of ±50 �T. The magnetic
equivalent noise spectral density is 70 nT/

√
Hz at 1 Hz, and

the total power consumption is as low as 17 mW for the
5 V power supply. An integrated array of fluxgate sensors is
described in [63].

The microfluxgate technology is improving, but at present
AMR sensors have better parameters than fluxgates smaller
than 5 mm.

1.4.2. Digital Magnetometers
One of the possible future trends in the development of flux-
gate magnetometers is their digitalization. The advantage of
using the digital detection is that the reference signal may
have arbitrary shape so that it can perfectly match the mea-
sured signal—even better that the variable-width detector of
the switching type. The present state of art of this problem
is reviewed by Ripka [35, 36].

Fully digital fluxgate magnetometer performs the analog-
to-digital conversion of the sensor output signal right after
the pre-amplification and eventual analog pre-filtering to
suppress the unwanted signals. The feasibility of digital sig-
nal processing of the fluxgate output was shown in [87]. First
real-time fluxgate magnetometer was built in Max-Planck
Institute [88].

The harmonic distorsion in the ADC would cause false
signal output. As the feedthrough changes with temper-
ature, this effect could degrade the offset stability. The
phase-sensitive detection and further filtration is performed
numerically in Digital Signal Processor (DSP). Digital flux-
gate magnetometer was on board of Astrid-2 satellite [89].
Its power consumption was 2 W, which is still about dou-
ble than that of similar analog-feedback magnetometer [31].
The weak point of the instrument was the audio DAC which
had high offset, offset drift and non-linearity. The instru-
ment noise was about 5 times higher than the sensor noise.
Another approach was suggested by Kawahito et al. [90, 91].
They used analog switching-type synchronous detector fol-
lowed by analog integrator and 2nd order �� modulator.

The feedback of the digital magnetometers should include
voltage-to-current converter to eliminate the influence of the
changing resistance of the feedback winding. It should be
noted that the increased noise level of the instruments is not
the property of digital processing, but it is due to the design
compromises to lower the power consumption of the mag-
netometer electronics: digital laboratory lock-in amplifiers

such as SR 830 have very low noise so that they can be used
for testing of high performance fluxgate sensors.

2. PULSE POSITION TYPE FLUXGATE
MAGNETOMETERS

2.1. Principle of Operation

In spite of the fact, that second harmonic fluxgates are the
most frequently used types, the pulse position (or phase-
delay) type sensors recently have been intensively developed,
and they have found their appropriate field of application.
This is a magnetometer with direct encoding of magnetic
fields [92, 93]. The particular advantage of this magnetome-
ter is an output signal that can be simply converted into
a binary signal, which can be understood by microproces-
sors. This measurement principle is directly compatible with
requirements for digital signal evaluation. This is why the
magnetometer can be described as an intelligent sensor
when it is combined with a microprocessor. Further advan-
tages of this fluxgate magnetometer are: high linearity, so
no feed-back is required; simplicity of manufacture; rugged-
ness; small dimensions; great sensitivity with adequate sta-
bility; low cost due to high integration possibility using high
integrated digital circuits as gate arrays.

Figure 2 illustrates the principle of operation of this
method. A simple magnetization characteristics is assumed
without hysteresis and a triangle waveform of the excitation
current is applied. For the time intervals t1 and t2 between
two succeeding output voltage pulses, the following expres-
sions can be written:

t1 = T /2 − 2�t = T /2 − THo/Hm (1)

t2 = T /2 + 2�t = T /2 + THo/Hm (2)

where T is the period of the excitation current, Hm is the
excitation field maximum value, and Ho is the measured
field.

(d)(b)

(c)(a)

T

Φ

Φ
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t
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Figure 2. Principle of operation of pulse-position type fluxgate magne-
tometers: (a) excitation field with dc shift by measured field Ho; (b)
magnetization characteristics of the core; (c) flux; and (d) and induced
voltage (after [33]). Reprinted with permission from [33], P. Ripka, Sen-
sors and Actuators A 33, 129 (1992). © 1992, Elsevier.
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Those relations were used by Heinecke in a digital mag-
netometer, described in [94]. The time intervals t1 and t2
were measured by a counter with the reference frequency n
times higher than the excitation oscillator frequency. If the
time (t2− t1� is equal to N periods of he reference oscillator,
then we can write

t2 − t1 = 2THo/Hm = NT /n (3)

Ho = HmN/2n (4)

The resolution of this method is limited by the maximum
counter frequency. A 2.5 nT resolution was reached with a
10 MHz basic oscillator [94]. The resolution was improved
to 0.1 nT by summing 100 time intervals, but that caused
a significant limitation of the sensor’s dynamic response,
because the excitation frequency was only 400 Hz. The com-
plications with noise from fast digital signals of the counter
and other drawbacks limit the performance of the magne-
tometers based on this method. A magnetometer working
on a similar principle but with analog output is described in
[95]. A Heinecke-type magnetometer with a H-core sensor
design had a resolution of 10 nT, but the stability of such
a sensor is questionable due to an expected large perming
effect [96].

2.2. Sensitivity

The sensitivity S is the difference ratio of a change in the
output signal to the respective change in the input signal,
which is the value to be measured:

S = �Output

�Input
(5)

If the differential ratio is used instead, Eq. (5) has to be
derived with respect to the measured value Hext. Thus the
sensitivity of this type of magnetometer becomes:

S = d��t�

dHext
= T

2Href max
� (6)

where Href is the amplitude of the reference field and T is
the period of excitation. This expression can be written [30]
in the form of:

S = �0�d�T

4k2�1+N��d − 1�	Bsathref max
� (7)

where Bsat is the saturation density, �d is the relative differ-
ential permeability at B = 0 on the magnetization curve and
k2 is constant. It is possible to simplify this equation, due to
the fact that for common probe core materials and common
probe shapes the following two relations can be used:

N � 1
�d − 1

(8)

and

�d � 1
 (9)

Then the sensitivity becomes:

S ≈ ��0T

4k2NBsathref max
(10)

This result is important and interesting, because it shows
that the sensitivity of the probe is independent of the rela-
tive permeability. Thus slight mechanical stress on the probe
core or temperature changes, which could effect a change in
the relative permeability, do not have any influence on the
sensitivity of the probe. Nevertheless, mechanical stress of
the probe have to be avoided as they result in an increase
of the probe noise.

3. FLUXSET SENSOR
A new version of pulse position type fluxgate sensors, which
is named as Fluxset sensor, has been developed recently for
measuring dc and ac (up to 200 kHz frequency) low level
magnetic fields with high accuracy and stability [97]. The
probes are suitable for axial measurement of the magnetic
field. The transverse sensitivity is negligible. The device has
small size, it is versatile, inexpensive and sufficiently robust
to meet the demands of the industry. In the following this
sensor will be described more detailed, and some specific
applications of the Fluxset sensor in the area of nondestruc-
tive material evaluation will be demonstrated.

3.1. Construction of Fluxset Sensor

The probe of the sensor (the measuring head itself) is made
of two solenoids wound on each other. The inner and outer
solenoids are called driving and pick-up solenoids, respec-
tively. Elliptical shape driving coil was applied in order to
decrease the air gap between the core and the coil. The
pick-up coil is located outside of the driving coil. The geom-
etry of the probe is shown in Fig. 3. The driving coil has
50–200 turns in single layer with 8–17 mm length (made of
isolated copper wire with 0.07 mm diameter), the pick-up
coil has 30–100 turns in two layers with 5–20 mm length
(made of isolated copper wire with 0.05 mm diameter).

The sensing element of the probe is an amorphous alloy
ribbon with high initial permeability and low saturation. This
core is periodically saturated by triangle shape magnetic
field produced by the current in the driving coil (see Fig. 4).
The signal of the pick-up coil (shown also in Fig. 4) is trans-
formed into pulses, the edge of which controls the counting
of clock rate. As outlined above, without an external field

vs(t)
id(t)

Driving coil

Pick-up coil

Ferromagnetic core

A A

Glass sensor support

Figure 3. The geometry of Fluxset sensor. Reprinted with permission
from [139], J. Pávó, et al., Sensors and Actuators A 110, 105 (2004).
© 2004, Elsevier.
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Figure 4. Oscilloscope plot of the current of driving coil (triangle) and
the voltage induced in the pick-up coil with zero external field at 10 kHz
frequency. (X axis: 20 �sec/div, Y axis: 2 V/div). Reprinted with per-
mission from [97], G. Vértesy, et al., Sensors and Actuators A, 85, 202
(2000). © 2000, Elsevier.

the time intervals between pulses are equal. In an external
field the magnetization cycle of the core is shifted, and the
time intervals between pulses, corresponding to the parallel
and anti parallel saturation will be no longer symmetrical.
Any distortion in the local magnetic field caused by the soft
magnetic core is eliminated by the symmetry of its hystere-
sis loop.

The sensor was driven by rectangular shaped current sig-
nal produced by 6 V amplitude voltage signal from a func-
tion generator and the serial linked 1 kOhm resistor. The
measured magnetic field was generated by calibrated excit-
ing solenoid was driven by function generator. The pick-up
signal was detected and pre-processed by lock-in amplifier.
The block diagram of electronics is shown in Fig. 5.

3.2. Numerical Validation of the Sensor

To investigate the behavior of the sensor, different models
were used, all of them giving useful and important results.
For the simplest sensor model (1D), a theory was developed
based on the assumption that the magnetic field compo-
nents orthogonal of the sensor’s axis are neglected. Expres-
sions for the sensor output voltage, sensitivity, measurement
range and voltage pulse delay were obtained assuming either
piece-wise linear magnetic characteristics or smooth mag-
netic characteristics for the ribbon core. Based on the results

Probe

Calibrated exciting solenoid

HP3312A
function
generator

R= 1k Ohm

Sensor driving

EMG TR458
function
generator

R

Exciting system
TRG

PC
SRS SR830

Lock-in
amplifier

INP

Data acquisition

Figure 5. Block diagram of the experimental set-up. Reprinted with
permission from [97], G. Vértesy, et al., Sensors and Actuators A 85,
202 (2000). © 2000, Elsevier.

recommendations were drawn for the electronic circuit spec-
ification and for B–H characteristic extraction procedure.
The 1D model was found to be very efficient in the under-
standing of the sensor’s behavior.

For the modeling purposes, the core was considered as
an equivalent cylinder with the same cross sectional area
[98, 99]. In this way the field problem became a 2D (axisym-
metric) one. The solution of the problem was obtained by
an original method [98] (the linear PDE for the magnetic
vector potential was solved by the separation of variables
method and the non-linear boundary conditions, which rep-
resents the core was solved by a suitable numerical method,
of Katzenelson type). Based on this model, a computer pro-
gram was developed. It was used to simulate the sensor to
obtain its characteristics and to compute the relative sensi-
tivities to design parameters.

The most accurate models developed for the sensor are
the 3D non-linear ones. Several techniques were used.
The first one is based on Finite Element Method (FEM)
[100], the second one on the Integral Equation Method
(IEM) [98, 99, 101]. To investigate the behavior of the sen-
sor, a three-dimensional finite element mesh consisting of
4,959 second order hexahedral elements with 22,428 nodes
was generated to model one eighth of the core and the driv-
ing solenoid. A linear analysis taking into account of the
eddy currents in the core was first compared with a static
one using the initial permeability of the ferromagnetic mate-
rial. These showed that the eddy currents in the ribbon had
no effect on the field, so a static analysis was sufficient.
A reduced magnetic scalar potential formulation with the
source field of the coil modeled by edge elements was used.
The reference design of the sensor was also analyzed using
a 3D nonlinear integral formulation [98, 99, 101]. In the 3D
analysis, a Picard-Banach iterative algorithm (whose conver-
gence is theoretically guaranteed) was used to treat the non-
linear magnetic constitutive relationship. The calculation of
the output signal of a Fluxset sensor placed in a homoge-
neous magnetic field based on rigorous numerical modeling
of the operation of the sensor has been performed show-
ing a good agreement either with numerical simulation per-
formed by other teams or with the available experimental
data. In addition, in the magnetostatic limit, an axisymmet-
ric model though not giving accurate results in terms of the
output amplitude signals, was able to predict with a reason-
able accuracy the zero crossing points of the output signal
which are directly linked with the external field amplitude.

3.3. Analysis of the Sensor’s Properties

3.3.1. Spatial Resolution, Linearity and
Directional Selectivity

The behavior of the sensor was investigated both by numer-
ical simulations and by experiments. The spatial resolution
of a 10 mm length sensor was tested in an inhomogeneous
magnetic field environment, by a bobbin coil arrangement,
and the spatial resolution of the sensor was found to be in
the order of 0.1 mm.

The linearity was determined by numerical simulation
[102]. In order to investigate the linearity of the sensor, a
finite element model of the core and of the driving solenoid
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was developed. The external field oriented in the axial direc-
tion was modeled by placing a large solenoid around the
arrangement with its current adjusted to yield the desired
value of the field in free space. The flux of the pick-up coil
was calculated by integrating the magnetic flux density over
several cross-sections and the average value was multiplied
by the number of turns. Sweeping the range of the driving
current within a quarter of the period, the time derivative
of the flux was calculated to yield the induced voltage. The
external field was assigned several values in the range of 0.5
to 200 �T. The time shift of the voltage impulse at high val-
ues of the external field was easily recognizable, but it turned
out to be very difficult to determine the time shift if the
external field was low. Therefore, the difference of the time
integrals of the voltage in the ranges of 50 to 75 �s (negative
values of the exciting current) and of 75 to 100 �s (positive
values of the exciting current) was chosen as a measure of
the time shift instead. This value depends on the flux at the
negative maximum of the current, at zero exciting current
and at the positive maximum of the current only The depen-
dence of the flux difference on the external field revealed
an excellent linearity. This is in good agreement with the
experimental results, where the linearity was determined to
be better than 1%, being independent of the applied driving
frequency.

The directional selectivity of the sensor (the sensitivity
of the Fluxset to a magnetic field orthogonal to the ribbon
axis) was tested by several measurements and it was also cal-
culated. Some finite element models of the Fluxset sensor
were developed and compared. The models are of varying
degrees of complexity and can take into account magnetic
non-linearities of the amorphous core of the sensor. The
developed models were compared and discussed in [103]. In
order to find out whether the Fluxset would measure only
the axial component of field, or whether it would be affected
by transverse components of the field, the device was mod-
eled while placed in an external magnetic field at various
angles to the axis of the device. The results would imply
that the device measures the component of field, which is
parallel to its axis. Studying the behavior in fields with non-
zero gradients, it was also found that (at least for uniform
gradients) the sensor measures the average field. The effect
of transverse fields was also measured. A pancake coil was
applied in conjunction with Fluxset. Using a current (and
hence a field) which is even higher than the experimental
one, the voltage trace is rather distorted, but the measure-
ment is not dramatically affected (less than 2%). The direct
measurement of the crossfield effect is difficult, because of
the lack of very precise orientation of the fields with respect
to the sensor axis. Instead of this, the deviation from the
linearity was measured in the presence of orthogonal field,
which is a good characteristic of the directional sensitivity.
The deviation was found to be of the order of 1%, which is
similar to the property of best fluxgate magnetometers.

3.3.2. Time Dependent Behavior, Effect of
Eddy Currents in the Sensor Core

The impact of the eddy currents induced in the core of
the Fluxset probe was investigated [104–107]. Due to the
conductivity of the magnetic core, at high frequencies the

skin effect may in fact delay the penetration of the flux
generated by the driving solenoid, with a consequent alter-
ation of the output signal. For the unsaturated material the
skin depth for the fundamental harmonic of the triangu-
lar current waveform spanned from 21 �m at 66.7 kHz to
0.39 mm at 200 Hz, and the critical value � = h/2 was found
to correspond to a frequency of about 35 kHz and a pene-
tration time of 30 �s. Nevertheless, numerical experiments
found the growth-time of the magnetic flux to be 3–4 orders
of magnitude faster. The explanation of this phenomenon,
which occurs in both linear and non-linear cases, was given
in [104]. It was outlined here, that two different time scales
characterized the diffusion process. While the flux reaches
the final value after a few tens of ns, the flux density is at that
time far away from its uniform distribution. Field and fluxes
can have very different time constants, due to the magnetic
nature of the slab and to its finite height. The penetration
time of the magnetic flux into the ferromagnetic core of the
probe was determined using analytical and numerical calcu-
lations. In the non-linear case it was found about 5 ns, that
almost coincides with the penetration time of the magnetic
field.

The numerical analysis was also carried out using a 3D
finite element differential and integral formulation. The
numerical integral formulation solves the integral equations
in the conducting and in the ferromagnetic domain, in terms
of the sources of the magnetic field, namely the current den-
sity, expressed in terms of edge element shape functions, and
magnetization vector, assumed to be uniform in each finite
element within the iron. In spite of a small number of finite
elements along the thickness, the penetration time has been
found in excellent agreement with the approximate analyt-
ical value tsat = 5
2 ns. In the linear case, corresponding to
small exciting currents, the time scale for the field penetra-
tion is about 0.2 �s, but the magnetic flux rise is much faster.
The explanation is related to the magnetic nature of the slab
and to its finite height. Consequently, it was found that the
eddy current effects can then be neglected in the range of
frequencies from DC to about 100 MHz. Therefore, a mag-
netostatic model is acceptable for the characterization of the
sensor at its terminals.

3.3.3. Network Model of the Sensor,
Investigation and Design of the
Overall Performance

Non-linear circuit modeling the operation of the entire
Fluxset sensor was developed and tested by comparing the
simulated output with the measured one [108, 109]. The net-
work consists of three sub-circuits interconnected by means
of controlled sources: one for the driving coil, one for the
pick-up coil and the third one for the magnetic circuit. This
model takes into account several types of parasitic field
effects, such as, eddy currents in the ribbon core, widening of
the hysteresis loop, capacitive effects between the windings,
etc. Parameters of the circuit model are determined by the
results of the rigorous electromagnetic field modeling of the
sensor (e.g., results of the calculations mentioned above can
be used for the purpose) or by the analysis of experimental
results. Details concerning the parameter extraction proce-
dure are presented in [110] and [111]. The non-linear circuit
is analyzed using the SPICE network analysis package.
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The developed circuit model allows both the analysis of
the sensor behavior in a broad frequency band (including
computation of the sensor’s sensitivity) and the evaluation
of the frequency bandwidth for an imposed measurement
error. Since the circuit parameters are depending on the
physical parameters of the sensor, the circuit model together
with the parameter extraction procedure can be effectively
used for the optimization of the sensor.

3.3.4. Calibration of the Sensor
The case of a uniform field Bext directed along the ribbon
axis was simulated [112, 113] computing the resulting time
shift �D, as defined in [112]. The ratio knum = Bext/�D is the
numerical Fluxset calibration constant, which is in very good
agreement (around 2%) with the experimentally measured
calibration constant.

The effects of non-uniform fields, moving Fluxset along
the axis of some Helmoltz coil pairs, were also investigated.
First one coil pair was used. These results showed that if
we assume that Fluxset measures the average of the mag-
netic field, the calibration constant is suitable also for this
non-uniform field. In this case there is a very strong corre-
lation between the average field and the field at the center.
This means that using another calibration constant it is pos-
sible to get a very good agreement between the measured
field and the field at the center as well. A further simula-
tion was performed as well with three coil pairs, so that the
magnetic field variations are on a spatial scale smaller than
the dimensions of Fluxset. In this case, the average field and
the field at the center of the core are not correlated. For
strongly non-uniform fields Fluxset can be assumed to mea-
sure a weighted average of the magnetic field in the region
of the core.

Based on the Fluxset sensor model, the measurement
chain was simulated and a general software package was
developed. This package is able to simulate the output volt-
age of the sensor and of the measurement chain, starting
from the geometrical data and external magnetic field. This
package was extremely useful to check the new designs of
the sensor. It takes into consideration all essential effects,
such as: non-linear B–H characteristic of the ribbon; hys-
teresis effects in the ribbon; eddy current in the ribbon;
capacitive effects between coils. In order to improve the per-
formance of the measurement chain, some further improve-
ments can be done, such as: the use of differential tech-
niques in order to improve the sensor’s sensitivity; the use
of sigma-delta feedback in order to control in the accurate
manner the measurement chain.

3.4. Design of the Sensor Core

3.4.1. Material Choosing and Processing
For the best operation of the device, the material of the
sensing element should be chosen very carefully. It is diffi-
cult to discuss the selection of the core material generally,
because it depends on the type and the geometry of the sen-
sor, on type of processing of the output signal, and also on
the excitation frequency and required temperature range.
However, there are general requirements for the material
properties, which are the following: high initial permeability,

low coercivity, low magnetostriction, low Barkhausen noise,
low number of structural imperfections, smooth surface, uni-
form cross section and large homogeneity of parameters,
low saturation magnetization and high electrical resistivity.
All known studies of core material composition and pro-
cessing parameters have shown that the minimum noise is
achieved for near-zero magnetostriction alloys. References
[1, 26, 114] discuss the sensor core material properties.

Amorphous magnetic alloys, which are produced by rapid
quenching, represent an excellent type of soft magnetic
materials, and they are very suitable for the core mate-
rial of fluxgate magnetometers. Manufacturing techniques
and properties of amorphous magnets are well known for
a long time and a number of monographs devoted to these
aspects have been published (see, e.g., [115–117]). They
started to be used for fluxgate cores from the early 1980s.
Properties of these alloys as sensor materials are discussed
in [118]. A study concerning the noise of the amorphous
magnetic materials was performed in [119]. For Fluxset
sensor 0.6 mm wide amorphous alloy ribbon core was pre-
pared by the melt spinning method. The chemical composi-
tion, Fe7Co53Ni17Cr3Si5B15, was chosen to provide the lowest
magnetostriction.

The amplification, the sensitivity and the signal-to-noise
ratio of the Fluxset sensor highly depend on the shape and
on the slew rate of the induced pulses in the pick-up coil.
The influence of the processing of the core material on
the operation of the device was investigated [120]. It was
found that the proper heat treatment, which followed the
mechanical surface polishing improved both the sensitivity
and signal/noise ratio. In another work the polishing process
was improved by applying new, chemical and electrochem-
ical methods, and interpretation of the effect of polishing
on the device’s sensitivity was given [121]. The influence of
chemical etching was also studied in [122].

The modification of the core material is characterized the
best by the signal of the pick-up coil. The largest improve-
ment was achieved by chemical etching. This method yields
good homogeneity over the ribbon surface, it can be well
controlled, it gives reproducible result in repeated treat-
ments, and it gives the best sensitivity of the device.

For the interpretation of the processing, different effects
should be taken into account. The reduction (by about 25%)
of the magnetic cross section (volume effect) of the core
decreases the magnetic field, by which the core can be sat-
urated, contributing such a way to the increase of sensitiv-
ity, because the pulses of the pick-up coil become narrower.
However, the improvement of the sensitivity, as a function
of the removed layer of the surface has a maximum, further
decrease of the thickness starts to spoil the device charac-
teristic. This can be attributed to the appearance of new
surface inhomogeneities after a long etching. All types of
the surface polishing also significantly improved the surface
smoothness. Any surface roughness contributes to the coer-
civity [123], this is the reason why the polishing decreases the
coercivity, and increases the mobility of the domain walls in
the material. This phenomenon can be seen by the lowering
of the saturating field in dynamical hysteresis measurement,
which leads to the narrowing of the pick-up coil signal. The
static hysteresis measurements don’t reveal this modifica-
tion, because in the static saturation-to-saturation hysteresis
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curve mainly the domain wall nucleation processes are dom-
inant. Electron probe microanalysis, performed on the air
side of the ribbons, before and after polishing, revealed a
slight change in the chemical composition of the surface; the
ratio of Co decreased by about 0.5%, and ratio of Ni and
Si increased by about 0.2% after polishing, compared with
the original, as-quenched surface. This can be attributed to
the removing of the chemically different surface layer. Dur-
ing the quenching a composition gradient can rise in the
ribbon, which was indicated by the electron probe micro-
analysis. The slightly different chemical composition, mainly
the different Co content, leads to different magnetic proper-
ties. Such a way the magnetic behavior can be improved to
make the ribbon more homogeneous by removing the sur-
face layer. Theoretical calculations of the eddy current effect
in the core showed [104] that during the fast magnetization
of the ribbon, the magnetic flux density is larger in the sur-
face region that in the inner part of the material. The mag-
netic flux penetration has the time-constant in the range of
some hundred ns, depending on the actual phase of the mag-
netization. The flux-penetration effect becomes important
only above 100 MHz magnetization frequency. Nevertheless
this effect has strong influence on the phase detection of
the pick-up signal, which limits the sensitivity of the device.
This shows the important role of the surface during the
periodic magnetization of the core, and explains why the
magnetic behavior of the core becomes better by improv-
ing the homogeneity of the surface region. Most probably,
the joint effect of different contributions is responsible for
the observed improvement of the sensitivity. The different,
analyzed effects can not be separated, because any kind of
polishing has simultaneous influence on the surface quality,
on the volume and on the gradient of the chemical composi-
tion, too. Another, important result was also achieved by the
surface treatment, the significant increase of the operation
frequency of the device. The frequency of the driving cur-
rent was increased from 100 kHz to 200 kHz, which allows
an operation frequency of the device over 100 kHz. This is
very important in different applications of the device, mainly
in the eddy current nondestructive testing of materials (see
later).

3.4.2. Extracting the Magnetic Parameters
The B–H characteristic extraction, using non-uniform field
devices is anything but straightforward. This problem is an
inverse one and it is important from a theoretical point of
view. The approach proposed for extracting the B–H char-
acteristic from external measurement in non-uniform field,
by solving the inverse problem is considered an important
original contribution by the scientific community [124–126].
Usually, the B–H curve is obtained via an appropriate scal-
ing of the flux-current experimental data, assuming a uni-
formly distributed magnetic field inside the specimen. This
is not the case of the magnetic core of the Fluxset sen-
sor. Therefore, an inversion procedure for this more realis-
tic situation, where magnetic induction, magnetic field and
magnetization vectors are space dependent was discussed. In
particular, the problem of the uniqueness of the solution of
the inverse problem and of the computation of the numer-
ical errors due to the inversion procedure were addressed.

For what concerns the first problem, it was shown that the
relationship between the relative permeability and the mea-
sured mutual inductance M of the system (the slope of
the linear flux-current �-i characteristic), is a continuous
increasing function. With reference to the second problem
it was shown that, by using complementary formulations,
upper and lower bounds for the reluctance of the system
can be found as functions of the relative permeability. These
bounds give also the confidence interval on the estimate of
the relative permeability.

3.4.3. Shape Design of the Core
The shape design of the core is also an important task.
From the operational principle of the Fluxset sensor it is
obvious that the shape of the output signal has an impact on
the sensitivity of the sensor, that is, in addition to the chem-
ical and thermal treatment of the core material, the shape
of the core also affects the output signal. It was assumed
that the more homogeneous the magnetization of the core
material, the better the sensitivity of the sensor. Numerical
analysis and an optimization method were developed that
were used to find the optimal core shape for a given excit-
ing field. As a result it was concluded, that an elliptical-like
shape would provide the best output signal. However, from
the calculations we also concluded that the difficulty of man-
ufacturing the complicated shape was not worth the small
gain due to the slightly better signal shape. At the same
time, from other experiments and parallel calculations, it
was found that the length of the core has a larger impact on
the signal shape (see next point). Finally it was concluded
that the conventional rectangular core shape was more suit-
able by taking into account all aspects of sensor manufac-
turing and application.

3.4.4. Optimization of the Size of the Core
The size of the probe core has a large effect on the sen-
sitivity of the device, too. Different numerical models of
the sensor core based on electromagnetic field calculation
were applied. The results of these simulations were tested
by the comparison of the calculated relative sensitivities with
the measured ones [127]. The sensitivity means two differ-
ent things at the same time: the amplification of the device
and the level of the noise. In the above-mentioned work
the amplification of the sensor was investigated. The simple
geometry of the device makes relatively easy the numerical
simulation of the sensor.

Three different numerical models based on electromag-
netic field calculation were investigated. The relative change
of the sensitivity is shown in Table 1, using the results of
these three models. The relative sensitivity (S) means the
modification of the sensitivity due to the change of the inves-
tigated sensor parameter. The three applied models were
the following: 3D FEM model [100, 102] for S1; Axisymmet-
ric (2.5D) analytical model [100] for S2 and Integral equa-
tion model (3D) [98, 128] for S3.

As it is seen in Table 1, the most deterministic parameter
seems to be the length of the ferromagnetic core, because
each model predicts a significant increase of sensitivity by
increasing the core length. The influence of other param-
eters is much less, and the scatter of values, by comparing
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Table 1. The calculated S relative sensitivities. Reprinted with
permission from [127], G. Vértesy and A. Gasparics, J. Elec-
trical Engineering 53, 53 (2002). © 2002, Slovak University of
Technology.

Parameter S1 [%] S2 [%] S3 [%]

Pick-up coil length −14 −12.66 −13.72
Driving coil length −157 0 32.97
Solenoid diameter 2 18.3 10.92
Relative permeability 28 1.62 1.59
Core length 280 147.87 131.79
Core width 7 — —
Core thickness 37 — —

different models is also large. Because of this, in the exper-
iments the attention was focused to the study of the core
length.

The Fluxset sensor converts the value of the measured
magnetic field to the time-shift of the induced voltage
pulses in the pick-up coil. The amplification means the ratio
between this time shift and the measured magnetic field.

The core material and its geometric parameters (core
width and thickness) were also fixed during the experiments.
Only the influence of the core length was investigated and
the experimental results were compared with the numeri-
cal ones. As discussed above, the results of the calculations
show that the core length has a strong, positive influence
on the sensitivity (Table 1). The experimental results show
two different reasons of this phenomenon. These are: (i) the
modification of the saturation field, which means that lower
value of driving field can be applied, which improves the
sensitivity and (ii) the sensitivity also increases by increasing
the core length, even the driving field is kept fixed.

Six millimeters length driving coil was applied in the mea-
surements, and three, different length core was used. It
can be observed well (Fig. 6), that the longer the core is,
the lower driving field is necessary to saturate it, because
the width of the induced voltage pulses is narrower in the
case of 15 mm than in the case of 7 mm length core. The
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Figure 6. The induced voltages pulses in the pick-up coil in the case of
7 mm (solid line), 10 mm (dashed line) and 15 mm (dotted line) length
core material at 10 kHz frequency driving field. Reprinted with permis-
sion from [127], G. Vértesy and A. Gasparics, J. Electrical Engineering
53, 53 (2002). © 2002, Slovak University of Technology.

Table 2. The necessary amplitude of driving field
and the relative sensitivity (S). Reprinted with per-
mission from [127], G. Vértesy and A. Gasparics, J.
Electrical Engineering 53, 53 (2002). © 2002, Slovak
University of Technology.

Core length 7 mm 10 mm 15 mm

Driving field [%] 100 72 52
S [%] 100 140 190

amplification of the sensor is larger when the amplitude of
the driving field is lower, because the sensor compares the
measured field to the driving field. The calculated relative
sensitivities (S) can be seen in Table 2. If the driving field
is decreased according to Fig. 6, the base of the calcula-
tion was the amplitude of the driving field in case of 7 mm
length core.

The amplification depends not only on the amplitude of
the driving magnetic field. In the case of the same driving
field the sensitivities were measured by a dc magnetic field,
which was generated by the driving coil with dc component
driving current in it. During this measurement the time-shift
was recorded. This time-shift with respect to the time of the
magnetization cycle can be seen in Fig. 7 as a function of
the measured dc magnetic field in case of 7, 10 and 15 mm
length core.

The measurements were performed by studying the sig-
nal of the pick-up coil. As it is shown, a significant decrease
of the width of induced voltage pulses was found with
increasing core length, leading to the improvement of the
sensitivity, through the possible decrease of the driving field
amplitude. The amplification of the sensor was also found
(with fixed driving field amplitude) to increase if the length
of the core is increased. In the case of 15 mm length core
about 90% increase of sensitivity was observed, with respect
to the case of 7 mm length core.
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Figure 7. The amplification of the Fluxset sensor in the case of 7 mm
(solid line), 10 mm (dashed line) and 15 mm (dotted line) length core
material at 10 kHz frequency driving field. Reprinted with permission
from [127], G. Vértesy and A. Gasparics, J. Electrical Engineering 53, 53
(2002). © 2002, Slovak University of Technology.
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There are also some more variable parameters of the sen-
sor (for example, pick-up coil length, driving coil length,
solenoids diameter) and some relationships between the
parameters (for example the ratio of the driving coil length
and the core length), which could be useful in the future for
testing of the sensor model, however the influence of these
parameters have not been investigated yet.

On the base of the experimental results, quantitative
determination of the sensitivity of a given arrangement can
be done. Increasing the core length up to 40 mm, 10 pT res-
olution can be achieved. In majority of eddy current testing
applications short, 5 mm core length is advantageous, how-
ever even in this case 10–20 nT sensitivity can be achieved,
which is fairly enough for good sensitivity detection of mate-
rial inhomogeneities.

3.5. Characterization of Fluxset Sensor

Based on the above considerations, it turned out clearly,
that different types of sensor should be developed for high
sensitivity and for high frequency applications. The demand
of the application determines, which version can be applied
most successfully.

3.5.1. High Sensitivity Version of the Sensor
The high sensitivity version operates in dc or in low fre-
quency ac (below 100 Hz) range, the size of the probe is rel-
atively large (20–40 mm). The output signal of the sensor as
a function of magnetic field is shown in Fig. 8. The linearity
is better than 1%, the calibration is 0.12 mV/1 nT. Reference
measurements were performed in the Tihany Geophysical
Observatory, simultaneously using this version of the sensor
and a standard observatory “Kvarc 2” type, torsion mag-
netometer. The change of the vertical component of the
magnetic field of the Earth was measured through 24 h.
The results are shown in Fig. 9. The low field stability
and the large sensitivity of the device were proved by this
measurement.

The low frequency and high sensitivity version of the
sensor was tested by the detection of the generated mag-
netic field in natural (unshielded) environment. The sensor
can produce one data in each period of the driving sig-
nal, so we can determine its bandwidth by the half of the
driving frequency—which is 2.5 kHz in case of the applied
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Figure 8. The calibration of Fluxset sensor. (Y axis: the output of
the sensor in Volts, X axis: current of the calibration coil in mAmps,
1 mA = 156 nT). Reprinted with permission from [97], G. Vértesy,
et al., Sensors and Actuators A, 85, 202 (2000). © 2000, Elsevier.
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Figure 9. The change of the Earth’s magnetic field, simultaneously
measured by a standard observatory magnetometer (above), and by the
Fluxset sensor (below). The outputs of both magnetometers are given
in arbitrary units (Y axis), the time is given in hours (X axis). Reprinted
with permission from [97], G. Vértesy, et al., Sensors and Actuators A,
85, 202 (2000). © 2000, Elsevier.

5 kHz frequency driving signal. The bandwidth of the whole
measurement system (not only the probe) was reduced by
increasing the applied time-constant of the lock-in amplifier.
Three different arrangements were investigated in order to
determine the noise limited sensitivity of the sensor. The
noise signal of the whole measurement system (System noise)
was recorded when the sensor had no core material. After
that, the core was inserted into the sensor and the noise of
the external magnetic field together with the system noise
was detected (Measured noise). Additional sinusoidal mag-
netic field with 1 nT amplitude at 2 Hz was applied in order
to calibrate the output signal of the measurement system
(Measured field). The results of these measurements can be
seen in Fig. 10. It can be well observed that in this case
the noise became much larger. The source of this noise can
be the noisy magnetic environment, or it can origin from
the ferromagnetic core by itself. The sensitivity of the sen-
sor was determined by the spectral analysis of the detected
signals. The system has approximately 20 Hz bandwidth so
this frequency range was investigated. The amplitude spec-
trums can be seen in Fig. 11. The calculated average lev-
els of the noise and its 2 Hz frequency component together
with the equivalent magnetic field value are summarized in
Table 3.

The results show that the noise limited sensitivity of
the measuring system, which means, how small signal can
be separated from the noise, is in the range of 10–50 pT.
(The measured magnetic noise of the environment is two
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Figure 10. The amplitude spectrum of the detected signals. Reprinted
with permission from [97], G. Vértesy, et al., Sensors and Actuators A
85, 202 (2000). © 2000, Elsevier.

or three times higher: 50–150 pT.) The reachable level of
the sensitivity depends on the bandwidth of the measure-
ment system obviously: the smaller the bandwidth, the larger
the reachable sensitivity is, e.g., in Fig. 11, where the band-
width was 20 Hz, 56 pT resolution was detected. By decreas-
ing the bandwidth down to 1–2 Hz, 10 pT resolution can be
achieved (7.6 pT at 2 Hz; see Table 3.) In general, it can
be concluded that Fluxset sensor has about 100 pT sensi-
tivity, which can be higher or lower in accordance with its
application.

The temperature dependence of the output signal of the
probe (the measuring head only) was measured, keeping the
probe in fixed position in the laboratory, without magnetic
shielding. The temperature of the probe was modified from
−196 �C till 200 �C, and the output signal was measured by
5 s sampling. The time of the complete measurement was
70 min. The result of the measurement is shown in Fig. 12.
In this case the sensor was in large external magnetic field
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Figure 11. The time dependent output signal of Fluxset sensor. Without
core (System noise), with core (Measured noise) and in the presence
of 1 nT amplitude ac magnetic field (Measured field). Reprinted with
permission from [97], G. Vértesy, et al., Sensors and Actuators A 85, 202
(2000). © 2000, Elsevier.

Table 3. The calculated average levels of the noise and its 2 Hz fre-
quency component together with the equivalent magnetic field values.
Reprinted with permission from [97], G. Vértesy, et al., Sensors and
Actuators A, 85, 202 (2000). © 2000, Elsevier.

Measured Determined Calibrated Determined Calibrated at
signal: [V] [pT] at 2 Hz [V] 2 Hz [pT]

System noise 0.06554 56.1 0.0089 7.592
Measured noise 0.18094 154.9 0.0564 48.300
Measured field 1.16832 1000 1.1683 1000

during the measurement, and Fig. 12 shows that the output
signal in this resolution doesn’t depend on the tempera-
ture of the probe. However, this measurement shows only
the large field temperature stability of the probe. To get
information about the temperature dependence of the noise,
the noise was also measured, similarly to the measurement
shown in Fig. 11, as a function of the temperature, at three
temperature values (−196 �C, −97 �C and +20 �C), and the
amplitude spectrums were calculated. The result is shown
in Fig. 13. In this case 0.8 Hz frequency pulses were used
instead of the sinusoidal excitation. The temperature depen-
dent measurements proved the large thermal stability of the
probe considering both the average level of the output signal
and the noise of the device.

3.5.2. High Frequency Version of
the Sensor

In certain application areas, a wide frequency range of oper-
ation is needed, and the extremely high sensitivity is not so
important. A high frequency version was developed mainly
for the application in eddy current testing (see below). By
decreasing the size of the sensor core the frequency range
of the sensor was extended up to 200 kHz driving frequency,
which makes possible to measure ac magnetic fields of up
to 100 kHz frequency. In this version the size of the probe
is small (5 mm), and the sensitivity is not so high as in the
case of the other version (10 nT). The other main advantage
of this version is the high spatial resolution.
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Figure 12. Temperature dependence of the output signal of the probe.
Reprinted with permission from [97], G. Vértesy, et al., Sensors and
Actuators A 85, 202 (2000). © 2000, Elsevier.
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the detected signal. Reprinted with permission from [97], G. Vértesy,
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4. APPLICATION OF FLUXSET SENSOR
Fluxset sensor can be used very well for geophysical, geo-
logical applications and in detecting of low and middle
frequency electromagnetic smog. In differential mode of
operation this device is suitable for the measurement of
stray and residual fields, which makes possible to detect
the presence of different ferromagnetic impurities in the
non-ferromagnetic materials. By the application of a sensor
matrix the magnetic image of different objects can be taken.
Because of the negligible transverse sensitivity, 3D magne-
tometers can be built using Fluxset sensors. The advanta-
geous properties of the high frequency version of the sensor
(relatively large sensitivity, relatively wide frequency range,
small size, and good spatial resolution, together with the
simple construction) make this device ideal in eddy current
testing [129].

4.1. Eddy Current Testing

Non-destructive measuring techniques, based on electro-
magnetic principle have become recently a common tool
for investigation of material defects and degradation. The
Fluxset sensor can be effectively utilized for the detection
of defects in conducting materials using eddy current test-
ing (ECT) measurements. Eddy current testing is one of
the most frequently used nondestructive testing methods.
The magnetic field generated by eddy currents induced by
an exciting coil in the tested components is monitored and
its perturbation is considered as an indication of an inter-
nal defect. In a conventional ECT system the field per-
turbation detector is the exciting coil itself. Most of the
present-days magnetic field sensors used in ECT are induc-
tive devices. The shape and size of the detected defect can
be calculated from the measured signal [130–133]. The sen-
sitivity of conventional inductive sensors is proportional to
the field frequency, and therefore they cannot be used at
low frequencies. This is why the commercial ECT systems
are sensitive mainly for defects on the surface of the tested
component, as high frequency electromagnetic field is being
attenuated in depth.

In order to eliminate this disadvantage, but to save the
simplicity and the low cost of ECT method, Fluxset sensor
was used in ECT magnetic field measurements [134]. The
principle of this technique is based on the combination of
the detection of changes in the eddy current magnetic field
and the variation of magnetic polarization of the sample due
to the presence of the defect.

The ECT probe is constructed by attaching the Fluxset
probe to an exciting coil. Depending on the thickness, elec-
trical conductivity and relative magnetic permeability of the
sample, the optimal exciting frequency is typically in the
1–100 kHz range. The main advantage of the presented
technique compared to the conventional ECT methods is
the significantly improved sensitivity and lateral resolution
in the X and Y directions, simultaneously. Considering that
the sensitivity of the device is not dependent on the fre-
quency, the exciting frequency of the eddy current measure-
ment can be reduced, obtaining such a way information from
the deeper region of the sample to be investigated. By scan-
ning the ECT probe over the sample surface the magnetic
image of the sample can also be obtained. Figure 14 illus-
trates the scheme of the eddy current measurement system.

4.1.1. Quantitative Eddy Current Testing
Using Field Probe

A numerical tool was developed, which was able to fully
simulate an ECT apparatus based on a Fluxset sensor [135].
The resulting tool is extremely useful in understanding more
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Figure 14. Fluxset type eddy current probe over a square shape plate
specimen containing an ID type crack. Top and cross-sectional views.
Reprinted with permission from [139], J. Pávó, et al., Sensors and Actu-
ators A 110, 105 (2004). © 2004, Elsevier.
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deeply the behavior of the sensor in a typical ECT applica-
tion (i.e., in the presence of the exciting coil and the cracked
specimen). This is fundamental if the inverse problem (given
the measurements provided by the sensor, find the crack)
must be solved. A non-linear model of the sensor was cou-
pled to a numerical scheme able to simulate the effects of
cracks in conducting bodies in terms of magnetic field per-
turbation. For the non-linear model of the Fluxset sensor a
finite element mesh (40 elements) of the core was given, and
a piecewise linear B–H curve was assumed with only one
breakpoint. In Fig. 15 the comparison is shown between the
experimental and numerical traces of the flux in the pick-
up coil as a function of the current in the exciting coil. The
agreement is very good, especially considering the simple
approximation of the magnetic characteristics used.

The perturbation of the magnetic field, due to a thin rect-
angular crack (length 9 mm, depth 0.75 mm) was simulated
in a 1.25 mm thick INCONEL 600 specimen. (The border
effects were taken negligible.) A pancake-type coil (inner
diameter 8.5 mm, outer diameter 3.5 mm, height 5 mm, lift-
off 0.5 mm, 110 turns fed with 120 mA rms at 20 kHz) was
used to induce the eddy currents in the body. The mag-
netic field sensor is placed in the y direction (normal to the
crack plane) 0.5 mm above the specimen, centred on the
exciting coil axis. Thanks to superposition, only the region
close to the crack must be meshed. The meshed volume
was 30 mm× 8 mm× 1.25 mm; the mesh was made of 1200
hexahedral elements, with 1266 degrees of freedom. The
unperturbed solution was computed analytically. In Fig. 16
the amplitude of the magnetic field perturbation is shown,
as a function of the two spatial co-ordinates x and y. The
crack is located in the y = 0 plane, from x = −4
5 mm to
x = +4
5 mm. One key feature, which is worth of noticing
is, that the magnetic field perturbation in the y direction
vanishes, for symmetry reasons, at the crack plane, while
the other components (as well as the impedance variation
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Figure 16. Amplitude of the magnetic field perturbation due to a crack
located in the y = 0 plane, from x = −4
5 mm to x = +4
5 mm.
Reprinted with permission from [135], R. Albanese, et al., in “Elec-
tromagnetic Nondestructive Evaluation (IV)” (S. S. Udpa, T. Takagi,
J. Pavo, and R. Albanese, Eds.), p. 58. IOS Press, Amsterdam, 2000.
© 2000, IOS Press.

signal) usually have a maximum. This property can be very
useful when detecting the crack plane prior to the proper
crack shape identification [136].

4.1.2. Design of Fluxset Probes Addressed to
the Detection of Deep Defects

Recently a set of tools has been presented for the optimiza-
tion of the Fluxset probe for eddy current testing addressed
to the detection of deep defects [137]. These tools allow
prediction and comparison of the performance of different
Fluxset probes, i.e., a quick but reliable estimation is given of
the signal-to-noise ratio as a function of frequency, expected
tilting error, defect extent and depth. The objective function
to be described is envisaged to be related to the signal-to-
noise ratio. The investigated probe consists of an exciting
coil and a Fluxset field sensor, placed at the center of the
exciting coil, parallel to the plane of the specimen to be
tested, as shown in Fig. 14. In the absence of defects and far
from the edge of the specimen, the output signal should in
principle be zero. This feature should improve the capability
to detect “deep” defects, i.e., beyond the depth of penetra-
tion of the standard ECT inductive coils.

a. Signal Due to a Small Spherical Defect Embedded
in a Metallic Plate The unperturbed eddy current distri-
bution induced in an infinite plate with finite thickness can
be computed either numerically or analytically [138]. Once
the eddy current density is known at the defect location,
the effect of the flaw can be simulated by superimposing a
small current flowing in the opposite direction. The eddy
current and magnetic field distributions in the presence of
a defect can be obtained via superposition using the dyadic
Green functions. At a distance from the defect, the field per-
turbation generally approaches the dyadic Green function
multiplied by a suitable factor k.

In the case of a small spherical defect (e.g., due to a gas
bubble trapped in the metal during a welding process), at
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low frequencies, this factor is shown to be:

k = 3J0Vd (11)

where J0 is the unperturbed current density at the defect
location, and Vd is the volume of the spherical defect.

b. Effects of Defect Shape, Location and Extent As
far as the shape is concerned, experimental data as well as
3D numerical analysis show that a cylindrical defect having
radius r and height h is roughly equivalent to a sphere
having the same volume, provided that r ≤ h ≤ 2r . As indi-
cated in (11), for small spheres the signal scales with the
volume, rather that its cross section. The influence of the
vertical location of the defect on the signal has been studied
at various frequencies. The results can be seen in Fig. 17
refer to the Fluxset probe shown in Fig. 14 placed above a
50 mm thick stainless plate with a spherical defect having a
radius of 1.5 mm located at 14 mm from the coil axis.

c. Effects of Tilting and Positioning Error of Sensor
and Probe The major source of noise is assumed to be
related to the tilting of the probe. This effect can be esti-
mated either analytically or numerically. The analytical esti-
mates are trivial at zero and infinite frequency. Analytical
estimates are also possible at finite frequencies using the
dyadic Green functions, but the calculation is rather awk-
ward, as the integration has to be carried out over the region
covered by the coil turns.

The numerical calculation is cumbersome as well, as the
tilting makes the problem three-dimensional. An approxi-
mate estimate of the tilting effect at various frequency can
also be obtained by analyzing a 2D planar problem, which
has the advantage to remain 2D even in the presence of
a tilting. The effect of the 2D approximation can then be
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Figure 17. Influence of frequency and vertical location of the defect.
Perturbation of the horizontal magnetic field on the axis of the inducing
coil at z = 0
62 mm due to a spherical defect having a radius of 1.5 mm
located in a 50 mm thick stainless steel plate at 14 mm from the coil axis
(after [137]). Reprinted with permission from [137], R. Albanese, et al.,
in “Electromagnetic Nondestructive Evaluation (VIII)” (T. Sollier, D.
Premel, and D. Lesselier, Eds.), p. 52. IOS Press, Amsterdam, 2004.
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quantified by comparing the 2D results with 3D analytical
calculations in particular cases. The results and the experi-
mental data collected when scanning plates with and without
defects, allows to estimate that the variation of the tilting
angle during a scan is in the order of 0.01�.

Horizontal displacement simply introduces offset. Ver-
tical displacements increase lift-off and slightly reduce
the signal. For instance, there is a 5% signal reduction
for a 0.2 mm (30%) increase in the lift-off of the sen-
sor for a 13.5 mm deep defect in a 50 mm stainless steel
plate at 2.22 kHz. x- and y-displacements simply introduce
offsets. Coil tilting Tx modifies the induced eddy currents:
�J0/J0 ≈ O�sin�Tx�]. Sensor tilting Tx modifies the sig-
nal: �By def/By def ≈ O�sin�Tx�Bz def/By def ]. For a 13.5 mm
deep defect max �Bz def �/max�By def � ≈ 2 for a wide range of
frequencies.

d. Optimization of the Fluxset Probe Methods and
results described in [137] show that it is possible to esti-
mate the signal-to-noise ratio (S/N) at a given frequency as
a function of the vertical position of the defect. It is then
possible to optimize the parameters of a given coil and pro-
pose alternative probe designs, like the compensation coil
probe. For instance, where the inducing field is provided by
two concentric solenoids yielding a low horizontal and verti-
cal field in the region around the axis where the sensor has
to be located.

The expected magnetic field distribution and signal can be
determined analytically, numerically and/or experimentally
for the investigated specimens/defects with and without the
presence of the displacement/tilting error: s��x, �y, �z, Tx,
Ty , Tz). The error suppression objective function S/N can for
instance be defined as the reciprocal of the first order signal
energy derivative, e.g., for a �x displacement:

S/N�x =
1√

E�s��x�0�0�0�0�0�	−E�s�0�0�0�0�0�0�	√
E�s�0�0�0�0�0�0�	·�x

(12)

4.1.3. Calibration of the Sensor in
Spatially Strongly Inhomogeneous
Magnetic Fields

Spatial resolution is a very important quality factor of sen-
sors used for the measurement of spatially inhomogeneous
magnetic fields, as is the case in eddy current testing. It
is obvious that a sensor having finite dimensions cannot
measure the magnetic field only in one single geometrical
point and—as the magnetic field is not the same along the
sensor—it is important to know what is the output of the
sensor if it is applied for the measurement of different inho-
mogeneous magnetic field patterns. Because of this, a proce-
dure was developed for the calibration of Fluxset sensor in
spatially strongly inhomogeneous magnetic field [139, 140].
The goal of this procedure is to give a rule to predict the
sensor output if a given inhomogeneous field is measured.
The inhomogeneous magnetic field used for the calibration
was produced by eddy currents around an artificial crack,
located in a flat plate, made of conductive material. This
calibration is important for the application of this magnetic
field sensor in the nondestructive material evaluation, using
the eddy current method, because the output signal of the
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magnetic probe can be used quantitatively only if the output
of the actual probe is related to the measured magnetic field
distribution. This is the basic requirement for the application
of any optimization method targeting the reconstruction of
the defect detected by measurements.

The relation between the output of the Fluxset sensor and
the spatial distribution of the measured magnetic field was
established through the numerical and experimental investi-
gation of the interaction of a Fluxset type ECT probe and
a crack in a finite plate specimen. For this reason, the mea-
sured signal of the sensor was compared with the calculated
magnetic field when the actual measuring set-up was rigor-
ously modeled. The interaction of the probe and the given
crack in the finite plate was calculated using numerical field
calculation methods (Finite Element Method and Boundary
Integral Method) by superimposing the results obtained for
a finite plate without cracks and a crack in an infinite plate
[131, 132, 141, 142].

The relation between the experimentally measured output
and the calculated magnetic field distribution was obtained
by the evaluation of several calibration factors giving the
best fit of the calculated and measured data. As a result, a
numerical procedure was established that could predict the
output of the sensor if an arbitrary magnetic field distribu-
tion was given [139]. The important novelty of the developed
method is that the calibration of the studied magnetic sensor
is given in the case of a spatially strongly inhomogeneous
magnetic field. Although the procedure is demonstrated with
the calibration of Fluxset type ECT probe, the same method
can be used for other type of magnetometers, too.

The studied eddy current nondestructive testing arrange-
ment is shown in Fig. 14. The cylindrical exciting coil car-
ries a 20 kHz sinusoidal current and its position scans along
y = constant lines parallel to the plate. The Fluxset sensor,
which is attached to the exciting coil, measures that compo-
nent of the magnetic field that is parallel to its axis. The size
of the rectangular plate specimen is 80 mm × 80 mm, the
other dimensions of the arrangement are given in Fig. 14 in
mm units. There is a crack in the x-direction in the middle
of the plate. The crack is actually a 9 mm long 0.2 mm thick
0.25 mm deep artificial notch made by electric discharge
machining (EDM notch). The crack might be either on the
same (so-called ID crack) or on the opposite (so-called OD
crack) sides of the plate with respect to the probe.

The core material is periodically magnetized to saturation
in both directions by the triangular current excitation, id�t�,
of the driving coil (Fig. 3). Considering the idealized mag-
netization curve of the core material shown in Fig. 2, we can
see that the induced voltage impulse in the pick-up solenoid,
vs�t�, is almost zero when the core is saturated, on the other
hand this induced voltage has a relatively large value (pro-
portional to the time derivative of the driving current) while
the driving magnetic field changes its direction (i.e., the core
material is magnetized in the linear range). If an external
magnetic field (i.e., the field to be measured) is superim-
posed on the periodic driving magnetic field, the time spent
in saturation in one direction is longer than the time spent in
saturation in the other direction, consequently the impulse,
vs�t�, is shifted. The time shift of the impulse, vs�t�, can be
accurately measured, as a result the external field can be
predicted. One can see that the measured magnetic field is

actually the field of the sensor core. Since the volume of
the sensor core is very small, we assume that it does not
significantly disturb the magnetic field to be measured, con-
sequently the sensor measures approximately the magnetic
field that can be detected around its core if we neglect the
disturbing effect of the presence of the sensor core.

The output signal is approximated as the weighted sum
of the field values calculated theoretically around the sen-
sor. The weighting coefficients are obtained by finding the
best fit of the actual experimental output and the theoretical
prediction of the measured field in the least square sense.
As an example, the real and the imaginary parts (that is the
values of the time function being shifted in phase with 0�
and 90� with respect to the exciting current of the pancake
coil, respectively) of the y component of the crack field of
a 9 mm long, 0.25 mm deep ID crack are shown in Fig. 18.
For easier understanding, in these figures the locations of
the crack and a 10 mm long Fluxset sensor are also shown.

As we see from Fig. 18, the magnetic field perturba-
tion around a crack excited by a small pancake type induc-
tion coil is spatially strongly inhomogeneous. The typical
length of a Fluxset sensor used for the measurement of this
field perturbation is between 5 and 15 mm, so the mag-
netic field along the sensor takes various different values.
Consequently, we cannot tell from the output what is the
actually measured field data are. Note that the calibration
curves given by sensor manufacturers are usually taken in
spatially homogeneous fields, so these curves do not pro-
vide sufficient information for the quantitative utilization of
the output signal in the case of special applications like, for
example, our eddy current testing application. This is the
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reason why we are trying to introduce a better and more
complete way for the prediction of the output signal that can
be applied also for the quantitative measurement of inho-
mogeneous magnetic fields.

In our model we assume that the output of the sensor is
linearly proportional to the magnetic field values calculated
along the sensor when the disturbing effect of the presence
of the sensor is neglected. The output of the Fluxset sen-
sor is predicted to be the weighted sum of the calculated
field values around the sensor. The weighting coefficients
are calculated by finding the best fit to the actual experimen-
tal output signal in the least square sense. Assume that the
magnetic field is calculated in M locations along the Fluxset
sensor and N different sensor positions around the crack
are considered to get the weighting coefficients (N is typi-
cally larger than M). In other words we want to solve the
equation,

Aw = b (13)

where b is a column vector with N elements containing the
measured output in the different sensor positions and w is
a column vector with M elements containing the unknown
weighting coefficients associated with the various measured
field values along the sensor. A is a matrix with N rows and
M columns, each row of A contains the calculated magnetic
field values along the sensor in the given sensor position.
SinceM <N , the given equation system can be solved in the
least square sense after left multiplying it with the transpose
conjugate of A.

The calibration procedure can be demonstrated by exam-
ples. First we assume the measurement that results are
shown in Fig. 19. In this figure the real and imaginary parts
of the sensor output are shown while the probe is scanning
above specimen. The position of the probe is represented
by the co-ordinates of the axis of the exciting coil that is with
the location of the central position of the probe. In Fig. 19
the sensor output versus the location of the sensor is shown.

As a first rough calibration we assume that the output of
the sensor is determined by only one magnetic field value,
namely the y component of the sum of the edge and crack
fields at the middle of the sensor. This assumption means
that in (13) w is a scalar, that is M = 1. In Fig. 20 the
real and imaginary parts of the predicted sensor output are
shown. The RMS error, E, of the prediction is 45.6% that
is calculated as,

E =
√∑K

i=1 �Sm − Sp�2∑K
i=1 �Sm�2

� (14)

where Sm and Sp denotes the measured and predicted sensor
output, respectively. K is the number of measurement points
in the whole scan. Although the obtained prediction error is
quite large, we can see by comparing Figs. 19 and 20 that the
given prediction can be accepted as an agreeable qualitative
result. In fact this result is very close to the one that can
obtain by multiplying the magnetic field in the middle of the
sensor with the calibration factor measured in homogeneous
field.

A better calibration result was obtained when the
weighted sum of the field values measured in five points
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along the sensor are used to form the sensor output pre-
diction [139]. Of course, based on the presented example,
this statement is proved only for the kind of spatial distribu-
tions that are related to material defects, so this can be used
mostly for ECT measurements, however we believe that the
basic idea and the way of calibration can be used for rather
wide class of real technical problem. The only thing that
we have to keep in mind is that the calibration should be
done by the rigorous numerical and experimental study of
the problem for the actually calibrated sensor is intended to
be used.

4.1.4. Separation of Signals and Noise
Filtering Using Neural Networks and
Signal Processing

Signal processing can be used to extract significant indica-
tions from the set of raw measurements representing the
output of the probing system. The following operations were
successfully done by signal processing:

• Gaussian noise suppression/reduction: multiresolution
image processing was used to reduce the effects of
noise on the measurements; the 2D wavelet analysis
has showed itself a powerful tool to perform a time-
frequency filtering of the input data. The method was
applied for Fluxset data [143].

• Edge-effect reduction/suppression and image enhance-
ment: a system based on neural network was applied to
remove the edge effect from the measured data. When
the input signal is processed without an enhancement
technique, the performance of the defect reconstruc-
tion system is very poor. Since the power content of the
defect signal is very low with respect to the power con-
tent of the edge-effect signal, the defect reconstruction
system is usually not able to extract the crack from the
background of the measurement. The edge effect was
removed by using a system based on the extraction of
independent components from the input data, without
any a priori knowledge on the input data [144].

4.1.5. Comparison of Various Probes,
Evaluation of the Benchmark
Measurements

An extensive experimental campaign was done to evalu-
ate the performance of Fluxset probes compared to other
probes available on the market and in research laboratories
[145, 146]. Several benchmark measurements were carried
out with various probes. Measurements were performed by
three different measuring heads and the results were com-
pared with each other. These were the Fluxset ECT head,
a conventional, but increased sensitivity double ring ECT
probe [147], and a standard JSAEM inductive probe. In
order to reduce the ambiguity due to possible specimen
imperfections, the evaluations were carried out on the same
samples, e.g., an INCONEL 600 plate with one artificial
crack and an aluminum plate with three slots (certified by
the Italian Standard Organisation according to the standard
UNI 9190/2-2). The conclusion of the measurements can be
summarized as follows:

• The JSAEM probe was unable to detect OD slots in
the UNI sample at all, the double ring probe was able
to detect only the 30% slot in the UNI sample while
Fluxset detected the 12.5% slot. The JSAEM probe
was unable to detect OD20% crack in the INCONEL
600 specimen, while the Fluxset probe and double ring
probe can easily detect even OD10% crack as well.

• The Fluxset probe has a signal about two orders of
magnitude larger than that of the double ring probe,
and its spatial resolution is also better.

• The Fluxset probe has similar S/N factor in general to
the JSAEM coil probe in the case of the INCONEL
600 specimen, but the S/N ratio of Fluxset probe in the
case of the smallest crack was significantly better.

• The JSAEM probe gives better scan results in case of
ID type crack detection on UNI sample from point of
view of the signal/noise ratio, due to the higher fre-
quency of eddy current excitation in the case of JSAEM
coil.

• The performance of the Fluxset probe (in terms of sig-
nal to noise ratio, spatial resolution and depth sensi-
tivity) was found to be comparable and often better
(especially in depth sensitivity) than the existing alter-
native probes, mainly thanks to the good behavior of
the Fluxset sensor at low frequencies.

4.1.6. Examples of Eddy Current
Measurements

a. Detection of Cracks in Stainless Steel Plate Mea-
surements were performed using this technique on non-
ferromagnetic 1.27 mm and 5 mm thick, INCONEL 600
stainless steel plates [148, 149]. Artificial, rectangular shape
EDM made cracks had been made previously on one side
of the samples. The used sample, having a 10% deep crack
(compared the depth of the crack with the thickness of the
specimen) is shown in Fig. 21. The measurements revealed
that 10% deep cracks on one side of the specimen could
be identified easily from the reverse side (OD 10% crack).
Cracks having different dimensions produce different image
contrasts after data acquisition, which makes possible to
reconstruct the size and the position of the crack by evalu-
ating a series of images taken at different frequencies.

The surface distribution of the output signal of the ECT
probe is shown in Fig. 22. Here the image of the crack is
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INCOEL-600 sample # 140
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Crack

40

40

40

9.30 ± 0.05

9.30 ± 0.05

1.25 ± 0.02

0.125 ± 0.02

0.20 ± 0.02

Figure 21. The specimen with a 10% artificial crack. The dimensions
are given in mm. Reprinted with permission from [97], G. Vértesy,
et al., Sensors and Actuators A 85, 202 (2000). © 2000, Elsevier.
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(a)

(b)

Figure 22. Images of a 0.125 mm deep artificial crack, detected from
the back side, in the 1.25 mm thick INCONEL 600 sample, shown in
Fig. 15. The measuring head was scanned over the surface of the sam-
ple. Sensor orientation is parallel (a) and perpendicular (b) with the
length of the crack.

seen, obtained by scanning of the measuring head over the
surface of the sample. The pictures were taken by two differ-
ent detector orientations, with respect to the crack direction.
Sensor orientation is parallel (a) and perpendicular (b) with
the length of the crack.

A set of experimental ECT data, obtained by Fluxset
type probe measuring INCONEL plate with rectangular thin
crack, is analyzed in [150]. The working hypothesis was
that the measured signals were linear mixtures of differ-
ent sources: The signal related to the defect and the one
related to the lift-off noise. This suggests that, on the basis
of ICA technique (neural independent component analysis),
a way can be envisaged to extract the defect signal. More
formally, it was hypothesized that there existed two latent
signals whose linear superposition with proper (unknown)
weights give rise to the observed signals. In the model such
latent variables are statistically independent, thus they might
be separated through an ICA technique. Both separation
performance and computational-complexity evaluations and
comparison revealed that the proposed theory provided a
good trade-off between performances and computational
burden.

b. Detection of Air Bubble in Aluminum Plate To illus-
trate the capability of the technique for detecting not only
small depth, but also small size defects (bubbles), three
1 mm thick aluminum plates were taken [151]. In one of
them different size holes were fabricated. The specimen is
shown in Fig. 23(a)]. Applying 970 Hz frequency excitation,
the holes were detected from the top surface of the plates
[see Fig. 23(a) and 23(b)]. Even the smallest, 0.35 mm diam-
eter hole can be detected through the 2 mm thick aluminum
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Figure 23. Specimen, which contains different size holes in a 1 mm
thick aluminum plate, covered with two 1 mm thick aluminum plates.
The dimensions are given in mm. (a). The output signal of the probe,
measured on the upper side of the three-plates system along the line,
2 mm from the center of the specimen (b). The surface scan of the plate
(c). Reprinted with permission from [151], G. Vértesy and A. Gasparics,
Mat. Sci. Forum 414, 343 (2003). © 2003, Trans. Tech. Publications.

layer. The whole surface scan of the plate is shown in
Fig. 23(c).

c. Detection of Cracks in Stainless Steel Tube Eddy
current testing plays a crucial role in inspection of differ-
ent tubes applied in power plants. One of the most impor-
tant problems is the investigation of steam generator tubes
in pressurized water-type nuclear power plants during their
regulated periodic shutdown [152]. The limited frequency
of the non-destructive inspections of the critical compo-
nents during times of continuous operation makes it neces-
sary to be able to follow the speed of the degradation or
aging of the material from the very outset. Monitoring the
changes in the material structure offers more reliable predic-
tions about the macroscopic property of the inspected parts
subjected to, for instance, mechanical stress or chemical
corrosion. Therefore the real target of the non-destructive
evaluation is the detection of small size flaws which are far
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from the dimension which could be critical from a safety
point of view.

The Fluxset based ECT probe was tested [153] on 5 mm
long OD 10% and OD 20% circumferential and axial type
artificial EDM cracks and on natural stress corrosion crack-
ing (SCC) and intergranular attacking (IGA) type OD flaws
in INCONEL 600 tubes (JSAEM Benchmark Specimens
[154]). The reliability and the signal-noise performance of
the experimental set-up were investigated by repeating the
experiments and comparing the crack responses to the value
of the edge effect. The sensor axis was parallel to the axis of
the tube specimen (z direction). 50 kHz excitation frequency
was used.

The OD 10% (127 �m) and OD 20% (254 �m) deep
cracks were detected by the probe. The measured results of
the single line scan can be seen in Fig. 24(a) and 24(b), for
the same axial cracks, at different magnification. The peak
marked with “A0” belongs to an “unofficial,” previously not
identified minor crack, which is independent of the edge
effect.
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Figure 24. Single line scan result of OD 10% (A1� and OD 20% (A2�
5 mm long axial EDM crack detection in INCONEL 600 tube, at differ-
ent magnification. Reprinted with permission from [153], A. Gasparics,
et al., in “Electromagnetic Nondestructive Evaluation (V)” (J. Pávó,
G. Vértesy, T. Takagi, and S. S. Udpa, Eds.), p. 317. IOS Press, 2001.
© 2001, IOS Press.

The line scan was repeated in order to be able to sepa-
rate the systematic (position dependent) noise and the non-
systematic (time dependent) noise. The signal to noise ratio
(S/N) was determined by the peak to peak value of the
recorded response magnitude and the ratio of the time-
dependent noise (the standard deviation of the difference of
the two curves). We got 26 dB value for the OD 10% and
28 dB for the OD 20% crack.

The single line scan for circumferential cracks is shown in
Fig. 25. It should be noted that there is no axial (z) com-
ponent of the perturbed magnetic field when the Fluxset
probe is exactly over the circumferential crack. Therefore
two peaks of the response magnitude are expected during
the line scan: when both the exciting coil and the stream
of the eddy currents touch the crack area and when they
leave it. This difference between the axial and circumferen-
tial type crack detection allows to recognize the orientation
of the flaw.

d. Simultaneous Detection of ac and dc Magnetic
Fields The sensitivity of the applied Fluxset sensor is prac-
tically independent of the measured field frequency in its
operational range from 200 kHz down to dc. This means
that the Fluxset probe can simultaneously measure different
frequency ac magnetic field perturbations and the constant
magnetic field with the same sensitivity. Interesting results
were obtained during the inspection of the natural cracks,
stress corrosion cracks (SCC) and intergranular attacking
(IGA) in tubes made of INCONEL 600.

The mean value of the Fluxset sensor output is propor-
tional to the actual dc field. The axial magnetic field ampli-
tude map over the surface of a tube having natural cracks
can be seen in Fig. 26. Performing the eddy current mea-
surement, the response of the natural crack can be found
in the center of Fig. 26(a), but much larger signal can
also be observed in the surface scan, which is attributed
to the existence of strong dc magnetic field. There was no
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Figure 25. Single line scan result of OD 10% (C1� and OD 20% (C2�
5 mm long circumferential EDM crack detection in INCONEL 600
tube. Reprinted with permission from [153], A. Gasparics, et al., in
“Electromagnetic Nondestructive Evaluation (V)” (J. Pávó, G. Vértesy,
T. Takagi, and S. S. Udpa, Eds.), p. 317. IOS Press, 2001. © 2001, IOS
Press.
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(a)

(b)

Figure 26. The axial magnetic field amplitude map over the surface of
a tube having natural cracks. (a) 50 kHz, (b) 0 Hz (dc case). Reprinted
with permission from [153], A. Gasparics, et al., in “Electromagnetic
Nondestructive Evaluation (V)” (J. Pávó, G. Vértesy, T. Takagi, and S.
S. Udpa, Eds.), p. 317. IOS Press, 2001. © 2001, IOS Press.

low frequency field feedback applied in the experiment and
the variation of the dc field was strong enough to saturate
the measuring system. The measured field pattern, with-
out ac excitation (simple dc field measurement) is shown in
Fig. 26(b). The influence of the dc magnetic field pattern on
the eddy current measurement can be observed by compar-
ing Fig. 26(a) and 26(b).

We found that all of the specimens with natural SCC or
IGA type cracks have own magnetic moment, in spite of the
fact, that original INCONEL 600 samples are not ferromag-
netic. The observed dc B field variation can be caused by the
interaction between the magnetic specimen and the Earth’s
magnetic field, for instance. The magnetic property could be
assigned to the effect of the corrosion, to the surface dust
or to some other influence of the special treatment, which
was applied in order to prepare these artificial flaws. If that
part of the tube, which has acquired this magnetic prop-
erty, is not concentrated only on the surface it can have a
strong influence on the eddy current distribution inside the
tube wall. Therefore these specimens should be considered

as being composed of non-homogenous and non-linear mag-
netic material.

This latter measurement result calls attention to an
additional possible advantage of the Fluxset type ECT mea-
surement technique, namely that the modification of eddy
currents and the induced changes in the magnetic moment
of the investigated sample can be monitored simultaneously.

e. Crack Detection in Aluminum Rivet Joints Fast and
reliable inspection of lap-joints for minute cracks deeply
buried beneath rivet heads is an important issue of the
aircraft maintenance process. For solving this problem,
Fluxset type eddy current probe was applied for detec-
tion and reconstruction of small cracks hidden under rivet
heads [155–157]. The work mainly focused on the second-
layer cracks in riveted aluminum-to-aluminum structures.
Experimental data were compared with results of numer-
ical simulation in order to asses the possibility of solving
the inverse problem. The samples represent aluminum-to-
aluminum double layer sandwiches with fastener holes and
inserted rivets. Figure 27 shows schematically the sample
geometry together with the ECT probe.

The probe made a part of automated system for non-
destructive evaluation of riveted aluminum joints. The
improvement of the probe concerned more distinct discrimi-
nation of the signals due to a subsurface crack and a fastener
hole. Besides the innovative eddy-current probe the system
featured a computational tool aimed both at computer-aided
electromagnetic design of eddy current probes and quan-
titative reconstruction of detected defects. The approach
adopted for defect reconstruction was of phenomenologi-
cal nature, which provided a valuable tool for comprehen-
sive understanding of behavior of the inspection set-up and
probes development. The numerical technique was based on
the edge element integral formulation of the eddy current
problem and offered fast and accurate numerical modeling.

The experimental data exhibited favorable agreement
with numerical simulations, which is illustrated in Fig. 28.
This allows us to be confident about the possibility of solving
the inverse problem.

f. Measurement of Insulation Layer Thickness Based
on Fluxset type ECT probe, a new measurement method

Fluxset
Sample

HolderExcitation coil

Figure 27. ECT probe and geometry of aluminum-to-aluminum double
layer sandwiches with fastener hole and inserted rivet. Reprinted with
permission from [156], M. Morozov, et al., in “Electromagnetic Non-
destructive Evaluation (VIII)” (T. Sollier, D. Prémel, and D. Lesselier,
Eds.), p. 207. IOS Press, Amsterdam, 2004. © 2004, IOS Press.



22 Pulse-Position Type Fluxgate Sensors
R

e(
B

X
)(

µT
)

Computed
Measured

x (mm)
−5−10−15−20

−10

−8

−6

−4

−2

2

4

6

8

2015105

0

0

Figure 28. Crack contribution of the response to an ID 100% 5 mm long
crack in the 2nd layer originating from a fastener hole with rivet, mea-
surement vs. simulation, real component (after [155]). Reprinted with
permission from [156], M. Morozov, et al., in “Electromagnetic Non-
destructive Evaluation (VIII)” (T. Sollier, D. Prémel, and D. Lesselier,
Eds.), p. 207. IOS Press, Amsterdam, 2004. © 2004, IOS Press.

has been developed for the determination of the insulation
layers’ thickness, which cover the surface of conductive spec-
imens [158]. The traditional inductive coil based method is
excellent up to some millimeters of the thickness, however,
it is not possible to determine the thickness of thick (above
10 mm) layers by these devices, which is an important task
in certain fields of application. The other drawback of these
devices that they can hardly handle the probe tilting error,
which often happens if the surface is rough.

The exciting coil of the ECT probe is used for generating
ac electromagnetic field in the conductive material. This way
the insulation layer is considered as a lift-off of the probe
from the conductive surface. Between the sample and the
exciting coil the magnetic field sensor placed. If the sensor
is properly balanced, it measures only the axial component
of the magnetic field, it is not sensitive to the perpendic-
ular field. However, in this application, the sensor is not
balanced exactly into the center position of the exciting coil.
Therefore it measures the exciting field of the coil, too. This
field is the result of the interaction between exciting coil and
the conductive specimen. The specimen reflects the exciting
field and modifies the field distribution around the excit-
ing coil. The degree of this field modification depends on
the distance between the coil and the specimen surface. As
a consequence, the magnetic field detected by the Fluxset
sensor depends on this distance as well.

By applying this method, insulation layer thickness up to
20 mm can be measured with good signal/noise ratio. Within
the 0–5 mm lift-off range the reachable precision of the
thickness measurement is ∼0.12%. The signal to noise ratio
(of the whole signal processing chain) was better than 89 dB,
which results better than 10−4 thickness resolution. It is also
capable to take into account the probe tilting and the mea-
surement process is fast enough. The measured change of
the output voltage of the ECT probe as a function of the
lift-off distance is shown in Fig. 29.
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Figure 29. The measured change of the output voltage of the device as
a function of the lift-off distance.

4.2. Magnetic Flux Leakage Measurements

4.2.1. Nondestructive Characterization of
Plastically Deformed Steel Plates

Among the several nondestructive evaluation methods, mag-
netic flux leakage measurement is one of the most promis-
ing approaches for inspection of iron based, ferromagnetic
materials [159]. Various methods of nondestructive evalu-
ation for iron based materials have been investigated by
several authors by observing ultrasonic propagation, X-ray
methods, magnetic noise measurements [160], etc. Recently,
by using AMR, SQUID and Hall devices, the magnetic leak-
age flux of strained samples has been intensively investigated
[161–164].

The microstructure of the steel has influence on the local
magnetic properties. This fact gives an opportunity to try
to detect the presence of the degradation by sensing the
changes of the magnetic properties of the investigated spec-
imen [165]. The local variation of the magnetic behavior of
the material effects the magnetic distribution, both inside
and outside of the sample. This well-known principle of
leakage flux testing is based on the magnetic field map-
ping over the specimen surface. The magnetic field sensor,
applied for this purpose, must have high sensitivity, high spa-
tial resolution and it should be suitable for the detection
of the magnetic field direction as well. The Fluxset sensor
fulfills these demands. The main goal in this step was not
to analyze the influence of the strain on the sample struc-
ture but rather to demonstrate the efficiency of the proposed
technique.

Measurements were performed on low alloy steel
(A533B) plate samples. This is the material of pressure
wessels. The A533B steel is composed of Fe, Mn, Ni, Mo
and C with total impurities less than 3 Wt%. The specimen
was in a standard tensile test sample as shown in Fig. 30. The
thickness of the specimen is 2 mm. Monotonically increased
tensile stress up to P = 529 MPa was applied on this sample.
The sample was polarized in 1 kOe magnetic field prior to
the measurement and magnetically it was in remanent state.
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Figure 30. The shape and sizes of the measured sample and the inves-
tigated area. Reprinted with permission from [151], G. Vértesy and
A. Gasparics, Mat. Sci. Forum 414, 343 (2003). © 2003, Trans. Tech.
Publications.

The measurement of the flux leakage was performed in
zero external field by applying sensor orientations parallel
and normal to the sample surface. Two dimensional mag-
netic field patterns over the surface of plastically deformed
A533B type steel plate specimens were recorded. The
Fluxset sensor is especially suitable for the detection of the
surface parallel components (x and y) of the field, which are
more relevant than the surface perpendicular (z) component
in case of the leaking and returning flux lines. The leakage
flux density, measured by a sensor oriented in x direction,
scanning over the surface is shown in Fig. 31. (Only the area
of the specimen, indicated in Fig. 30, was measured.)

The applied Fluxset type sensor had 5 mm long core
material—that was the largest dimension of the sensor. The
spatial resolution is more than hundred times better than the
length of the applied core (5 mm) that means the attainable
spatial resolution is better than 50 �m. 500 �s acquisition
time was applied for each point scanned. This acquisition
time can be reduced to 10 �s due to the operational prin-
ciple of the sensor and the applied driving frequency. The
maximum of the attainable scanning speed can be calculated
from the required spatial resolution (�s) and the acquisition
time (�t), which was 1 m/s in the described measurement
and which is 50 m/s in case of �t = 10 �s, �s = 0
5 mm.

Significant differences can be observed between the
affected and the untouched sample (not shown here) both
in the x and in the y magnetic field pattern. The obtained
field map is the result of three phenomena: it is effected
by the geometry, it is influenced by the residual stresses (if
there are any) and also by the microstructural changes in

Figure 31. X component of the leakage flux density of plastically
deformed A533B type steel plate specimen, measured with �x = �y =
0
5 mm step resolution and �t = 500 �s acquisition time. Reprinted
with permission from [151], G. Vértesy and A. Gasparics, Mat. Sci.
Forum 414, 343 (2003). © 2003, Trans. Tech. Publications.

the material. The observed parallel lines are supposed to
correspond to the bands produced during the plastic slip
deformation.

Samples, having small remanence, can also be measured
by this technique, so the previous magnetization of the sam-
ples is not necessary. Last, but not least, the described tech-
nique is suitable for the simultaneous measurement of the dc
magnetic leakage field and the ac magnetic field of the eddy
currents, which allows to obtain more information about the
defects and the degradation of the material.

4.2.2. Measurement of Magnetic Flux Density
Electrolyte–Metal Interface

On of the newest application of Fluxset sensor is described
in [166]. In this work a novel experiment for characteriza-
tion of liquid-solid interface deformation by measurement
of magnetic field density has been carried out. A single-
axis Fluxset sensor has been used to measure the distribu-
tion of radial and z-components of magnetic field around
a rotating cylindrical cell containing a solid copper cylin-
der with a sinusoidal surface and KOH solution above it.
The signal from the magnetic sensor has been collected
by a data acquisition board and processed by fast Fourier
transformation. The experimental results agree well with
the theoretical predictions calculated by the finite element
method, which reveal that the set-up is applicable to develop
magnetic field tomography for reconstruction of interface
deformation.

5. CONCLUSION
A new type of magnetic field sensor, which belongs to the
family of pulse-position type fluxgate sensors, has recently
been developed, and complete investigation of the device
has been performed. The results show that this type of sen-
sor has reached the parameters usual for low-noise and
long term stable magnetometers based on the conventional
second-harmonic principle of fluxgate magnetometers. In
certain fields (simple construction, wide temperature range
of operation, higher frequency limit, price) it can be even
better than conventional fluxgates.

The application possibilities of the sensor has been
sketched, emphasizing and illustrating by experimental
results its application in nondestructive material testing,
which is considered to be one of the most promising field of
applications of this device.

The most important achievements are related to the
design of an innovative eddy current probe for NDT applica-
tions and to the development of several numerical methods
and tools for improving the detection of defects and material
inhomogeneities. The performance of the Fluxset probe (in
terms of signal to noise ratio, spatial resolution and depth
sensitivity) has been found to be comparable and often
better than the existing alternative probes. This is due to the
high sensitivity and to the frequency independent behavior
of the Fluxset sensor, which make possible the detection
of defects, located deeply in the material. The measure-
ments have shown also the other advantageous feature of
this method, that the dc magnetic field can be simultane-
ously detected during the measurements, which can also give
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important information about the condition of some speci-
mens. Evaluating the results of eddy current measurements,
experimental data have exhibited favorable agreement with
numerical simulations, which is an important step towards
solving the inverse problem.

Fluxset sensor is believed to be very suitable for miniatur-
ization, due to its simple construction.

GLOSSARY
Amorphous metals They are alloys, mainly based on iron
and cobalt, rapidly solidified from melt. They exhibit a topo-
logical disorder without crystalline structure. A typical pro-
duction process is melt spinning of thin wires and ribbons.
Anisotropic magnetoresistance (AMR) This effect appears
in ferro- and ferrimagnetic thin films with uniform orien-
tation of the spontaneous magnetization that is parallel to
the easy axis of minimum uniaxial anisotropy energy in the
absence of an applied field.
Boundary Integral Method Computational technique,
where the solution of partial differential equations is
thought via the solution of an integral equation. The
unknown quantity is usually a function understood on the
boundary of the modeled object.
Coercive force, or coercivity The reverse magnetic field,
required to reduce the magnetic induction to zero from
being saturated previously by the opposite direction mag-
netic field.
Eddy current If a conducting material is subjected to an
alternating magnetic field then electromagnetic fields are
induced in the material, which cause eddy currents to cir-
culate in the material because of resistive property of it.
These eddy currents produce a secondary magnetic field in
the material.
Finite element method Computational technique, which is
usually used for the solution of partial differential equations.
The whole computational domain is discretized by a finite
mesh. The unknown functions (usually some potential func-
tions) are approximated on this mesh and their actual values
are obtained by the minimization of a functional.
Hall effect It refers to the setting up of a transverse elec-
tric field and potential difference in a metal or semiconduc-
tor conducting an electric current if it is put into a magnetic
field perpendicular to the direction of the current.
Hyteresis loop A curve showing the change in magnetic
induction of a ferromagnetic body to which an external field
is applied as the intensity of this field is varied (B(H) loop).
Magnetostriction The magnetization of a ferromagnetic
material is in nearly all cases accompanied by changes in
dimensions. The resulting strain is called the magnetostric-
tion .
Initial permeability It is represented by the tangential line
on B(H) curve at the origin.
Saturation magnetization Application of a magnetic field
causes the magnetic induction to increase in the field direc-
tion. If the field increased indefinitely the magnetization
eventually reaches saturation at a value, which we shall
designate as saturation magnetization. This represents a

condition where all the magnetic dipoles within the material
are aligned in the direction of magnetic field.
Superconducting Quantum Interference Devices (SQUIDs)
The most sensitive magnetic sensors. Operation of these sen-
sors is based upon the properties of the superconducting
state—namely, flux quantization and the Josephson effect.
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