1 Biomagnetic field sensors

Time to study: 1.5 hours

Objective of the study: After reading the next chapter, you will be able to define the term
biomagnetism and describe the basic types of magnetic sensors. You will also learn about
magnetopneumatography and its use.

e Disable the parameters of the magnetic sensors.
e Define and describe the types of magnetic sensors.

e Introduce the principle of magnetopneumatography with relevant detectors.

Interpretation:

Biomagnetism is a general term for the research of biological organisms. It deals with the
measurement of their very weak magnetic field, which they generate. So far, scientists have
been most interested in the electrical activity of the heart and brain. Biomagnetism can be
defined as the study of a magnetic effect associated with an electric charge (e.g.,
electrocardiogram and encephalogram). It is a non-invasive method of measurement, and we
receive information about both the magnetic and the electric fields in the living organism.

1.1 Parameters of magnetic sensors

Range, linearity, hysteresis — these parameters are commonly measured in calibration coils. It
is important to remove all ferromagnetic objects from around the coils. The influence of the
surrounding interfering fields can be suppressed by using a voltmeter with a long integration
time. The effect of calibration coil heating is very important.

Temperature dependence of sensitivity — This temperature dependence can be reduced by
using a feedback coil. The resulting temperature dependence typically has a value of 20 — 50
ppm/K. This temperature dependence is mainly due to the thermal expansion of the materials
used.

Perming — It is determined by changing the offset when the sensor is exposed to a strong
magnetic field. This effect is particularly evident in sensors made of ferromagnetic materials.
Some types of magnetic sensors can even be destroyed by a hight magnetic field.

Crossfield error — This error is given by the nonlinear dependence on the field in the direction
perpendicular to the measured field. This parameter can be eliminated to very low values by
a suitable sensor design.

Noise — The noise of magnetic sensors is usually frequency dependent. It is suitable to express
it with the spectral density P(f) at 1 Hz. It is also important to measure at what frequency the
sensor will start to have white noise. A spectrum analyser is used as standard to measure noise.

1.2 Basic types of magnetic sensors

Most magnetic sensors are vector sensors — these types of sensors measure the component of
the magnetic field in one direction. The exception is resonant sensors, which are of the scalar
type — they measure absolute intensity regardless of its direction.
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Hall sensors

The Hall sensor is a semiconductor device whose operation is based on the technical use of the
Hall effect.

Hall effect

We place a conductive plate made of metal or semiconductor in the magnetic field so that the
vector of magnetic induction is perpendicular to the plate. If an electric current flow through
the plate in the direction of its longest edge, it is possible to find out by means of a voltmeter
that an electric voltage is generated between the side walls of the plate. This voltage is called
the Hall voltage (Un). The cause of this voltage is the magnetic force Fm. The magnetic force
acts on the free charge carriers, which generate an electric current I in the plate. The value of
the Hall voltage is given by the equilibrium between the magnetic force Fm, which acts on the
electrons, and the electric force Fe, which is exerted by a transverse magnetic field of intensity
E on the total charge Q. For the equilibrium relation, Fm=Fe.
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Fig. 1.1 Principle of the Hall effect

Most magnetic sensors are Hall probes.

Hall sensors are recommended for magnetic inductions not exceeding 1 mT, for temperature
ranges -100 °C — +100 °C, in the frequency range 0 — 30 kHz. These sensors are mainly used
for sensing position, rotational speed, and non-contact measurement of electric current. The
main advantage of Hall probes is their robustness, they are resistant to pollution, and they are
cheap. The disadvantage of these sensors is the limitation of magnetic induction, these sensors
are not suitable for lower values of magnetic induction than 1 mT. For lower values of magnetic
induction, it is more advantageous to use sensors of the AMR type or fluxgate type.

Semiconductor materials are used to produce Hall sensors, especially silicon, InSb, InAs, GaAs.
The lowest noise values are achieved by using GaAs sensors, which are based on multilayer
structures.

A current source is used to power the Hall probe. Sometimes a voltage supply is used, which in
some cases leads to less temperature dependence of their sensitivity.

The biggest disadvantage of the Hall probe is its temperature dependence and its offset. Several
factors contribute to the offset — geometry errors, contact resistance and mechanical stress in
combination with a piezoresistive effect. Another big problem with offset is the fact that it is



not constant, but changes with temperature and time. The temperature sensitivity coefficient of
Hall sensors is about 0.1 %/K.
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Fig. 1.2 Switch with Hall probe

Selected technical parameters

Switching frequency: 10 kHz
Switching current: 20 mA
Temperature range: -40 °C — +140 °C
Operating voltage: 3.8 — 24 V/DC

Magnetic field concentrators

Magnetic field concentrators are utilized to increase the sensitivity of any magnetic sensor.
They are currently used as integrated components with some types of Hall sensors and
magnetoresistors. In some cases, these components can be used to change the direction of the
magnetic field — for example, in combination with a Hall sensor, it is possible to make the
sensors sensitive to the magnetic field in the plane of the chip. The disadvantage of concentrator
is their remanence, nonlinearity, and saturation. High permeability materials are used for their
construction.

Fig. 1.3 Hall sensor with magnetic field concentrator
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Intelligent Hall sensors

Hall probes are typically manufactured as integrates components. Recently, Hall sensors have
become more and more integrated into so-called intelligent sensors. A main advantage is, for
example, the temperature dependence compensation, higher amplification, and its conversion
into digital form.

Fluxgate sensors

These are the most accurate vector magnetic sensors. Fluxgate sensors have a high resolution
of up to 10 pT. Their disadvantage is the temperature dependence of the offset.

Parameters

Temperature dependence: 30 ppm/K

They use a nonlinear magnetization curve of a ferromagnetic core.
They are durable.

Temperature range: -40 °C — +85 °C

Miniaturization.

Fig. 1.4 Examples of fluxgate sensors

1.3 Magnetopneumography

Magnetopneumography is a method for analysing lung function by a magnetic field using an
inhaler. The inhaled substance contains particles that can be demagnetized by an external
magnetic field (in practice, a mixture of FesOj is usually used).

The value of the magnetic field reaches from 30 to 100 mT. The dust particles are magnetized
and rotate in the direction of the external magnetic field. The degree of rotation of the particles
is directly proportional to the intensity of the magnetic field. Usually, a magnetic field is
allowed to act on the organism for a few seconds (about 20 seconds) to rotate the particles in
the direction of the field.

It is advantageous to use a radiometric arrangement for measurements in the Earth’s magnetic
field. The field from distant sources is homogeneous and is therefore suppressed by gradient
measurements. In contrast, the field from nearby sources (particles in the lungs) shows a strong
gradient. Fluxgate sensors or SQUID are most often used for this measurement.

Fluxgate probes exist in many designs with various advantages and disadvantages. These are
mostly ringcore probes that have a ring core. There are also racetrack probes that have an oval
core and rod-core probes with a rod core.



Fluxgate sensors occur with lower noise, stable offset, and better balance. Due to
demagnetization, they have less sensitivity. In contrast, elongated core probes usually have
worse noise but do not suffer from demagnetization. This achieves a higher sensitivity.

Classical magnetopneumotachography, in which DC magnetic field are used, is suitable for the
detection of magnetic microparticles (up to nanoparticles). Smaller particles show so-called
superparamagnetic behaviour. The internal magnetization of the particles is so unstable, it
changes chaotically, and on the outside the particles behaves as non-magnetic.

Detection of these particles requires the use of alternating or pulsed measurement methods.

Measurement of stomach volume by inductive sensors

Inductive sensors can be used for this measurement, which use the dependence of magnetic
induction on the distance of the source. The sensor consists of a pair of transmitting and sensing
coils. These coils are located on different parts of the outer stomach wall. With increasing
distance of the transmitter from the receiver, the intensity of the field decreases and thus also
the value of the induced voltage. The design of the transmitter and receiver is very demanding
regarding miniature dimensions. It is necessary to use biocompatible materials as well as perfect
encapsulation.

A major disadvantage of the measurement is the effect of non-compliance with the coaxiality
of both coils. The decrease of field intensity can be caused by the deflection of both coils. The
error can reach up to several tens of percent.

This effect can be reduced by using a three-axis sensing coil system. In one casing we measure
the field components X, y, z. From the measured components, it is then possible to calculate the
magnitude of the magnetic field vector.

1.3.1 Magnetic field detectors

In constructions, co-called coil system are used for these applications, by means of which the
magnetic field is detected. If like that a coil system is in a room at room temperature, it is
exposed to a time-varying magnetic field. The induced voltage is proportional to the derivate
of the magnetic flux and the number of turns according to the following mathematical relation:
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Where:

€ind [LV] ... induced voltage
n ... number of turns
do/dt ... time derivative of the inductive magnetic flux

The coil system limits the sensitivity of the measurement. We can improve it by using a high
permeability core. This measurement is most often used to detect the magnetic field of the heart.
The detector itself usually consists of two coils, each with about 2 million turns and a core of
magnetic material. The output voltage is about 30 puV and the remaining amplitudes at
frequencies higher than 60 Hz are suppressed.



SQUID system

Superconductivity

The first mention of superconductivity comes from 1911, when the superconductivity of
mercury was observed at low temperature, i.e., a state when the material did not resist the
passing current and no ohmic heat was released. One other important feature of
a superconductor is that it can shield an external magnetic field.
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Fig. 1.5 Displacement of external magnetic field from the volume of
the superconductor

Basic concepts in superconductivity

Critical temperature Tc — This is the temperature at which the material transitions from
a normal state to a superconducting state. At the critical temperature, the electrical resistance
drops to zero and the material stops resisting the passage of the electric current. Each
superconducting material has its critical transition temperature.

Critical field Hc — It expresses the critical intensity of the external magnetic field, when the
originally superconducting material enters a normal non-conductive state.

Superconducting materials are divided into three basic categories, superconductors of the first
type, superconductors of the second type and high temperature superconductors.

Superconductors of the first type — They are ideal diamagnets in the superconducting state.
If this type is in a superconducting state, no magnetic flux penetrates its volume. The
superconductor of the first type loses its properties at lower values of the external magnetic
field Hc.

Superconductors of the second type — These types are more mechanically resistant. The loss
of superconductivity occurs at higher values of the external magnetic field than in the first type.
The transition from the normal to the superconducting state takes place through the so-called
transition state.
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Fig. 1.6 Phase diagram of superconductors I. and I1. type

High temperature superconductors - These are ceramic materials based on perovskites. The
critical temperature of some high temperature superconductors is greater than 77 K and can be
cooled with liquid nitrogen.

The SQUID system (superconducting quantum interference device) works in real time and uses
the ability to measure very small changes in magnetic flux. The ability of electrons to pass
between two superconducting regions, which are separated by a thin resistive barrier, is applied
here. The magnitude of the current quantity characterizing the passage of an electron through
the barrier must be negligible, i.e., it must not cause a voltage decrease.

The SQUID sensing element is a superconducting ring interrupted by a so-called Josephson
junction. The superconducting material has the property that it must be operated at a very low
temperature, lower than the transit temperature Tc (or also the Curie temperature). SQUID is
constructed of niobium (Tc = 9.3 K), which means that it should be operated at temperatures
from 0.5t0 4.7 K,
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Fig. 1.7 Block diagram of SQUID magnetometer

The sensing coil of the SQUID magnetometer therefore detects changes in the external
magnetic field and transforms it into an electric current. The output coil converts electric current
into induction magnetic flux. Electronic control and a place to back up the measured data are
a common part of the device. To keep the sensing coil and SQUID amplifier superconducting,
these components are properly cooled with liquid helium.



The sensing coils can be manufactured in various designs. The choice of a coil suitable for
a given application depends on several factors, e.g., the required sensitivity, the type of
magnetic field source, the adaptation between the sensing and SQUID coils. Appropriate
selection of the coil type can also greatly contribute to reducing signal noise.
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Fig. 1.8 Different types of coil profile
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DC SQUID and RF — SQUID

There are two main types of SQUIDs:

SQUID, which consists of only one Josephson junction, which is termed RF — SQUID - high
frequency.

SQUID, which consists of two Josephson transitions. This type is called DC — SQUID.

Both types can measure DC and AC signals. RF — SQUID is combined with a tuning circuit
that tunes it to the operating frequency of 20-200 MHz. DC — SQUID uses a small direct current
to set Josephson transitions to the work area.
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Fig. 1.9 DC - SQUID - two Josephson transitions in a parallel arrangement
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The conversion of current to voltage takes place with extremely high gain. Input sensitivity
reaches 102 A/Hz.



In addition to applications in magnetopneumography, the SQUID system is mainly used in
magnetocardiography (MCG). MCG is a diagnostic method of sensing the magnetic field of the
heart from the surface of the thorax and its graphical recording. The graphic record of this
magnetic field is called the megnetocardiogram (MCG). According to the literature,
magnetocardiography is considered a separate non-invasive non-contact method.

Control questions
1. Define the terms magnetopneumography and magnetocardiography.
2. On what principles do magnetic field detectors work?
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