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Abstract

The measurement of the magnetic field is often the final verification of the
complex design and fabrication process of a magnetic system. In several
cases, when seeking high accuracy, the measurement technique and its
realization can result in a considerable effort. This note describes most used
measurement techniques, such as Nuclear Magnetic Resonance, fluxmeters
and Hall generators, and their typical range of application. In addition some
of less commonly used techniques, such as magneto-optical, SQUIDs, or
particle beams methods, are listed.

1. INTRODUCTION

Magnetic systems are designed today thanks to powerful computational tools that achieve remarkable
accuracy and are indeed vital for proper optimization. However, the most straightforward way to
verify that the required field strength, field shape and desired homogeneity have been achieved is still
a direct magnetic measurement. In fact, when striving to reach accuracy in the magnetic field of the
order of 100 ppm or better, as needed for example in accelerator and especially NMR magnets, the
measurement of the magnetic field is the only way to guarantee that the target is reached. This is
especially true when dealing with superconducting magnets, where material properties as well as the
magnet geometry are not exactly known at the operation temperature. In addition the magnetic field
can be strongly affected by the non-linear, diamagnetic behaviour of the superconducting material.

In addition to magnet technology, the measurement of magnetic fields is a key science in various
technical areas. High sensitivity field measurements are used to detect ores underground, mines,
submarines in the ocean, heart and brain activity, flux distribution inside superconductors, data stored
on magnetic support. Directional field measurements are used to direct vehicles on magnetic tracks,
help in the navigation by detecting minute changes in the earth magnetic field, monitor interplanetary
activity. Wireless detection of a magnetic field is used to encode and control movements, identify
proximity conditions and count items on production lines. Albeit impressive, this is only a much
reduced sample of the technical applications requiring sensing and measuring the magnetic field.

This note describes principle and typical applications of most common magnetic measurement
techniques and devices. Obviously, given the vastness of the domain, it is not thought as an exhaustive
review on magnetic measurement methods. These methods are a typical topic of discussion in
dedicated international journals [1], conferences [2,3,4] and workshops [5]. Additional information for
researchers as well as new users entering this field can be found in [6] and [7]. In this note we focus
mainly on the field measurement methods and devices that are best suited for superconducting
magnets and materials, with special attention to operation at cryogenic temperatures, merely listing
other interesting or promising methods for the sake of completeness.

2. MEASUREMENT TECHNIQUES

Various different methods are available for the measurement of the magnetic field. The best method
for an application can be selected balancing the requirements of the field to be mapped to the typical:

e field measurement range,
e reproducibility and accuracy,
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e mapped volume and field geometry,
e time bandwidth

of the method. In addition the measurement environment can impose stringent conditions such as
temperature or geometric constraints that can largely drive the selection of the most adapted method.
In the sections below we will review the most known field measurement techniques. We will briefly
outline the basic principles of the measurement method, discuss the typical measurement techniques
and classify the method in terms of range, accuracy, mapped volume and bandwidth.

2.1 Magnetic Resonance

2.1.1 Measurement principle

Magnetic resonance phenomena (Nuclear Magnetic Resonance, NMR, and Electron Paramagnetic
Resonance, EPR') provide today the most reliable standards for the measurement of a homogeneous
magnetic field commonly achieving accuracy of 0.1 ppm and better in controlled conditions. For this
reason NMR is considered today the primary standard for calibration. Nuclear magnetic resonance was

first observed in molecular beams in 1938 by Rabi and co-workers [8]. A few years later, in 1946, the
phenomenon was observed in liquids and solids by two independent teams [9,10,11].
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Figure 1. Schematic representation of a particle with magnetic moment in a background magnetic field. The
particle precesses with a frequency f. The magnetic moment has a component M, directed parallel to the external
field B and a rotating component M, in the plane normal to the field.

The principle of the measurement of a magnetic field using magnetic resonance can be intuitively
explained starting with the observation that when a particle with a magnetic moment and angular
momentum is placed in a background magnetic field with strength B it precesses around the direction
of the field, see Fig. 1. The frequency f of the precession, also called Larmor frequency, is proportional
to the magnetic field:

f=rB (1)

where the proportionality constant y is called the gyromagnetic ratio. This last is a property of the
particle that can be traced to standard values such as those reported in Table 1. As an example, for the
proton the value of yis 42.576396(3) MHz/T [12], implying that a proton in a 1 T field precesses at
approximately 42.6 MHz.

In general the magnetic moment precession in a sample of many particles is not coherent, and the total
magnetization of the sample is parallel to the applied field. It is however possible to use an RF pulse to

! Electron Paramagnetic Resonance (EPR) is also referred to in the literature as Electron Spin Resonance (ESR).



rotate the magnetization vectors and achieve coherence. This is the initial step of a typical
spectroscopy experiment, when an RF pulse of proper frequency, intensity and direction flips the
magnetic moments of the particles. After the end of the pulse the precessing magnetic moments loose
coherence in a process called Free Induction Decay (FID). The typical time scale of the FID is
determined by spin-lattice and spin-spin relaxation times, and is usually indicated as 7,* The time
constant 7,* can range from a few ms to several seconds, depending on the nature of the sample and
specific factors such as the presence of field gradients.

Table 1
Values of the gyromagnetic ratio y for most common particles and nuclei in magnetic resonance.
particle. Y
(MHz/T)
e 28.025 x 10°
'H 42.576396(3)
*H 6.535
bc 10.71
“N 3.08
"F 40.08
*Na 11.27
Al 11.093
’p 17.25
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Figure 2. Schematic representation of the signal generated by the decay of the transverse magnetization M,
following an RF pulse (left). The periodic oscillation happening at the Larmor frequency is damped with a time
constant 7> * that depends on the nature and state of the sample. A Fourier analysis, schematically shown on the

right, gives the oscillation frequency f of the nuclear resonance.

Magnetic resonance is very sensitive to the local value of the magnetic field and therefore to field
gradients in the sample. A change of the local field in the sample causes a change of the resonant
frequency, following Eq. (1). This property is used to achieve encoding of the spatial position through
known field gradients in magnetic resonance imaging. However for precise field measurement care
must be taken that the field gradient within the resonating sample is kept below tight bounds.

The small field gradients naturally present in a sample made of nuclei bound in molecules are
responsible for two other effects that result in a shift of the resonant frequency. Once the nuclei are
bound in molecules the field at the nucleus can be affected by shielding (or deshielding) originating
from the electron orbitals. This small change in the background field is visible in a shift of the
resonating frequency typical of the molecule, called chemical shift. An additional split of the resonant
frequency lines is visible when the nuclei are bound closely enough in the molecule. In this case the
local field at a nucleus is affected by the alignment of the spin of the neighbouring nuclei. The
resulting shift in the resonant frequency is then said to originate from spin-spin coupling. The
chemical shift and spin-spin pattern of several molecules is known and can be used as a marker for



spectroscopy. The above effects are small, but become significant and must be taken into account
when trying to calibrate the gyromagnetic ratio for a given particle or nucleus to ppb levels.

2.1.2  Field measurement with NMR and EPR

In NMR and EPR devices the measurement of the field is based on the detection and measurement of
the precession frequency f of particles contained in a sample placed in the field to be measured. The
corresponding field value is then deduced using the proportionality Eq. (1). In general the
measurement of a frequency can be performed with very high accuracy, typically fractions of ppm,
thus leading to the known accuracy of the method. Different techniques can be used for the
measurement of the precession frequency [13]:

Continuous Wave (Q-meter). The sample is inside a coil that is a part of an L-C system tuned on a
frequency range f,,i, to f,... that determines the range of field B,,;, to B, that can be measured with the
probe. The circuit, shown schematically in Fig. 3, is excited by an RF signal, oriented normal to the
background field B, to be measured. The RF signal initially scans the range of frequency of the probe.
When the RF excitation frequency fzr is equal to the precession frequency f; for the particle in the
external field the L-C circuit absorbs part of the RF signal. This resonant condition can be detected by
measuring the decrease of the transmission of the RF signal. The corresponding excitation frequency
gives then a measurement of the external field through the knowledge of the gyromagnetic ratio. To
improve the measurement of the resonant frequency a small, symmetric modulation field AB can be
added to the background field. The modulation field causes the precession frequency to shift
continuously in the range f)-yAB to fy+yAB. The resonance condition is used in this case to generate a
pulse freezing the voltage applied to the field modulation coil. The average voltage during one
modulation period is then used as feed-back signal to change the RF frequency. With this expedient
the RF excitation fzr is latched onto the precession frequency fy and thus tracks the external field at all
times.

Impedance (Z-meter). Instead of tracking the precession frequency, it is possible to measure a change
in the impedance of the sample at the frequency f;. The sample is in this case a part of a balanced
bridge that must include the line between the instrument and the sample itself. At the precession
frequency the impedance changes due to the resonance. The change in impedance generates an error
signal proportional to the change of phase. Similarly to the continuous wave method, the VCO
modifies the oscillation frequency and can thus lock onto the field. As this detection can be faster, this
allows faster tracking of a changing field. In addition it can work at higher frequency, in the GHz
range, allowing the measurement of higher field strength.

Pulsed Magnetic Resonance. In this case a single RF pulse induces coherence in the magnetic
moments. The FID of the sample is measured following the RF pulse and is Fourier analysed to
determine the resonance frequency, see Fig. 2. Given the long times available for detection (7> * can be
several seconds) the measurement of the frequency can be very precise in the case of a sample with a
single resonant frequency. The interest of this method is that it in addition it can detect resonance at
different frequencies as it is the case for particles bound in molecules. In this case the precession
frequency is modified by the presence of other particles. For this reason pulsed NMR techniques are
commonly used in spectroscopy and imaging techniques.
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Figure 3. Principle of resonant frequency measurement using the continuous wave (Q-meter). The probe is
placed in the background field B, and is equipped with an RF excitation coil and a modulation coil that provides
the necessary field modulation AB for latching the resonance frequency [13].
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Figure 4. Schematic representation of the latching principle. The resonance peaks detected during field
modulation generate an error voltage proportional to the distance of the peaks from the zero-crossing of the field
modulation. This error voltage is used to generate a negative feed-back on the RF excitation frequency [13].

error voltage

Other techniques for special applications. The continuous wave and impedance methods discussed
above are the most common techniques for the measurement of uniform magnetic field. In addition,
pulsed NMR measurements have been practiced for field mapping in accelerator magnets using a
multiple set of samples placed on a circle with the diameter of the bore to be mapped [14]. Probes
made from *He and *’Al have been used even at cryogenic temperatures [15]. The equipment for this
type of measurements is at the prototype level and not yet commercially available. Finally, it should be
mentioned that a rather exotic method of NMR measurements is to detect the spin resonance in water
flowing in laminar conditions in a small tube [16,17,18]. This method has given remarkably good
results at low fields for which NMR equipment is not yet commercially available. In addition, it is
possible through this technique to perform measurements in environments of strong ionizing radiation
such as in particle accelerators. The technique was tested for measurements in the bending magnets
installed in LEP, achieving a resolution of 0.1 uT in the range from 0.5 mT up to 112.5 mT [19]. The
operation of this type of equipment is rather complicated due to the relatively long time delays in the
measurement process.

2.1.3 Range and accuracy

The range of measurement by magnetic resonance is determined by the range of practical frequencies
for the electronics of the instrument. Using common RF technology it is possible to detect efficiently a
resonance in the 1 to 100 MHz range. Choosing the appropriate material for the probe, the minimum



field that is measured can be as low as fractions of mT (e.g. 0.5 mT using an EPR probe) up to more
than 10 T (e.g. 14 T using a deuterium NMR probe). The measurement accuracy depends mostly on
the method used to detect the precession frequency and the time taken for the measurement. As a
general rule, fast measurements are affected by larger uncertainty on the measured frequency.
Continuous wave measurements can reach 0.5 ppm accuracy for 1 s measurement time, and 0.1 ppm
for 10 s measurement time. In pulsed NMR the uncertainty on the frequency measured can reach a few
ppb, given the long relaxation time available for the data acquisition. A possible source of error is the
standard for the gyromagnetic ratio. Although y is constant in a broad range of temperature, care
should be taken to adopt the value that corresponds to the actual state of the particle in the sample. As
an example the official value of y for protons, given by NIST with an uncertainty of 70 ppb, is affected
by a 3-ppm shift once the proton is measured in rubber. Once calibration is achieved, however, the
knowledge of the value of the gyromagnetic ratio is affected by an error that is much smaller than the
resolution of the frequency measurement.

The typical volume of a NMR probe is of the order of 10 to 100 mm®. The lower limit is set by signal
intensity and signal-to-noise requirements and practical manufacturing considerations, while to upper
limit comes from the necessity to have a homogeneous field within the probe. One of the most known
properties of field measurement through magnetic resonance is that the field needs to be constant in
time and uniform through the sample. The effect of a field gradient through the sample is to broaden
and lower the resonance peak in the frequency response. This makes on one side latching to the
resonant frequency more difficult, while on the other side precision in the determination of the
frequency is inevitably lost. The maximum field gradient that can be dealt with depends on the size
and material used in the probe and on its range. The limit on the field gradient for a typical probe size
with linear dimensions of a few mm is between 10 and 100 ppm/mm. Magnetic fields with higher
gradients can still be measured adding small compensation coils. The compensation coils are designed
to generate a gradient opposite to the one present in the field to be measured. They are placed around
the probe, with the probe centered in the point of zero field. Adjusting the current flowing through the
gradient coil it is possible to shim the field to be measured thus achieving the desired improvement of
the resonance signal. The frequency scan and latching, such as used in the Q-meter technique
described above, takes place slowly, typically a few Hz. The corresponding tracking speed is limited
in the range of 1 % relative variation rate of field per second. Open loop techniques can be used for
faster measurements [13].

2.2 Fluxmeter
2.2.1 Principle
The fluxmeter principle is based on the magnetic induction law in its integral form. If we take the ideal

coil of Fig. 5 consisting of a filamentary winding with contour I" the magnetic flux ¢ linked with the
coil is given by:

¢ =[Bds )
N

where B is the magnetic field, S is an arbitrary surface bound by the contour I' and dS is the normal to
the surface. A variation in time of the flux linked by the coil induces a loop voltage proportional to the
rate of change, or:
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A fluxmeter detects this voltage and uses it to measures the flux variation. The magnetic field in the
area enclosed by the coil can then be deduced from the flux measurement.
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FigureS. Flux linkage with an ideal, filamentary induction coil. The coil contour I defines a surface S. The flux
is defined as the integral of the component of the magnetic field B normal to the surface S.

The fluxmeter is probably the oldest of the field measurement techniques, and was employed by
Weber in the middle of the 19" century to study the direction of the Earth magnetic field [20]. It is a
relatively simple method, highly linear, and only requires an induction coil and a voltage
measurement. In addition the fluxmeter method provides a very accurate measurement of the field
direction, which in some cases (e.g. accelerator magnets) is of greatest importance. As shown in
Egs. (2) and (3) a voltage can be induced on the coil either by a variation of the magnetic field dB/dt,
or by a change in the orientation of the coil dS/dt. In the case of a magnetic field variation in time the
coil is usually kept static, and the fluxmeter provides a measurement of the flux change between two
given instants. The second technique, i.e. a movement of the coil, is usually employed in static
magnetic fields. In this case the field measurement depends, among others, on the precision of the
movement. For this reason the most commonly used movements used are simple translations,
180 degrees flip or continuous rotation around a single axis. Fixed and moving coils have been
routinely used also for cryogenic measurements.

2.2.2  Measurement of the Magnetic Flux

The measurement of the change of the magnetic flux in a fluxmeter requires forcibly an integration of
Eq. (3):
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where ¢, and t.,; are the time at the start and at the end of the measurement, ¢y, and @.,; are the
corresponding values of the magnetic flux. In practice the integration of the coil voltage can be
performed using several different techniques:

Analog Integrator. The electronic, analog integrator makes use of the integrating property of an RC
circuit. It was the first integrator achieving high speed and good accuracy, and remains today one
inexpensive but effective way to measure flux changes. The principle of the electronic integrator, also
called Miller integrator, is shown in Fig. 6. For a circuit with ideal characteristics, the signal V,,, at the
output of the DC amplifier is proportional to the integral of the input signal V;,. The proportionality
constant is 1/RC:

——— [V ar ).



Connecting an induction coil to the input, and a voltmeter at the output of the circuit it is thus possible
to obtain the flux change.
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Figure 6. Principle of an electronic analog integrator for the flux measurement. The output signal V,,; is
proportional to the integral of the input signal V;,.. Schematically shown the switch and discharge resistor needed
to reset the integrator and the parasite resistance responsible for the current leakage between the capacitor plates
and to ground.

The most critical element in the analog integrator is the capacitor and in particular the change of its
properties with temperature as well as the leakage current. Thermal effects can be controlled through
temperature stabilization of the electronics, where the typical level required is better than 0.1 °C.
Careful protection and shielding of the capacitor is essential to reduce the voltages across the surface
resistances. Another parasitic but important effect is the finite resistance of the coil R,,; that acts as an
additional load for the integrator, thus changing the proportionality constant between input voltage and
output integral. Provided that the effects above are minimised, the limit to the precision achievable
with the integrator is then set by the dielectric absorption of the capacitor.

Digital Integrator. A very precise measurement of the flux change can be obtained using hybrid,
digital integrators based on the Voltage-to-Frequency Conversion (VFC). The principle of this
method, originally developed at CERN, is shown in Fig. 7.
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Figure 7. Principle of a digital integrator based on voltage-to-frequency conversion. The digital output n
generally available on a computer bus, is proportional to the integral of the input signal V.

The voltage from the induction coil, after proper conditioning, is sent to a VFC whose output is an AC
signal with frequency fproportional to the input voltage V;,. The AC signal is then entered in a counter
that accumulates the number n of AC pulses during a measurement period starting at ¢, and ending at
t.a. The frequency f of the AC signal is equal by definition to the time derivative of the number of



pulses dn/dz, and the output of the counter is, apart for a proportionality constant Kyzc, a digital
measurement of the integral of the input voltage:
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The digital integrator achieves high precision thanks to the conversion to frequency domain. The
limiting elements in this concept are the stability and linearity of the VFC, and the resolution of
counting operation that depends on the maximum operation frequency of the VFC. Hybrid technology
VFC's have linearity and stability of better than a few ppm over the whole range of input voltage. The
typical maximum frequency of operation is 1 MHz. In order to make the circuit practical some
additional features are added to the basic scheme described above. Commercial VFC circuits work
only with single polarity voltage, e.g. 0 to 10 V, while the signal from an induction coil can have both
polarities. The best way to restore the dual polarity capability is by shifting the input voltage by a
precise and stable reference whose effect is to place the input zero exactly in the middle of the VFC
range. This offset is then eliminated after counting, subtracting the counts from a reference AC source
oscillating at exactly half of the maximum frequency of the VFC. Another technical detail that allows
to avoid dead times during the transfer of the result from the buffer of the counter to the downstream
circuitry is to use two parallel counters working in alternance. This technique is very effective and
results in the cancellation of cumulative errors.

Numerical Integration. Another possibility to integrate the voltage signal from an induction coil is to
measure at sufficiently high rate the coil voltage and resort afterwards to numerical techniques. This is
possible nowadays thanks to precision Digital Volt-Meters (DVM) or Analog-to-Digital Converters
(ADC) commercially available. The principle of a DVM or ADC is to sample the input voltage at a
given rate, defined by an electronic trigger. The voltage sample V;, together with the information on
the sampling time ¢; and interval A¢;, can be used to perform numerical integration and thus obtain the
flux change at any time during sampling.
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Figure 8. Principle of integration based on digital voltage measurement, showing schematically an
approximation for the voltage readings. The DVM delivers instantaneous voltage measurements V; at precisely
defined times #;. This information is collected by a computer that performs the numerical integration.

The technique is extremely powerful as it can make use of advanced numerical techniques for
integration and interpolation. It should be remarked, however, that it generally requires higher
sampling rate than analog or digital integration to resolve the fine structure of the voltage waveform in
presence of parasitic perturbations or any significant noise. In addition it requires the precise
knowledge of the time interval between samples. This can be affected by unknown dead times during
data transfer from the DVM or ADC to the following electronics. As for digital integrators it is
possible to obviate this last problem by using two voltage acquisitions in parallel and working in
alternance.



2.2.3  Induction Coils

The sensor used in a fluxmeter is a stationary or moving pick-up coil. Coils are wound using an
insulated conductor of small diameter on non-magnetic and non-conducting support. Suitable supports
are composite materials such as fiberglass reinforced epoxy, or amorphous materials such as glasses
and ceramics. Mechanical stiffness and low thermal expansion of the support are important requisites
to achieve good and stable coil calibration. Similarly the coil winding technique, including the
application of proper tension to the wire, is a key point for stable and reproducible results. Finally,
good control of the winding geometry is important to calibrate the coil sensitivity to higher order
harmonics of the field. High winding uniformity can be achieved using multi-filamentary wire or
photo-lithographic techniques [21].

We consider the ideal case of an induction coil of cross section S obtained from N turns tightly wound.
The winding can be treated as filamentary if its dimensions are negligible compared to the coil size. If
this ideal coil is placed in a uniform magnetic field B oriented normal to the cross section the flux
linked with the coil is:

¢ = NSB = kB (7

where we indicate with x the coil sensitivity that depends on the coil geometry and the number of
turns. The number of turns is selected to achieve a sufficient flux linkage to bring the acquisition
electronics (integrators or voltmeters) in the useful working range. The flux reading obtained with one
of the methods outlined above can be readily converted into field once the coil sensitivity x is known.
In practice the flux linkage depends not only on the field strength and the coil cross-section and
number of turns, but also on the shape of the field lines as well as on the coil winding geometry.
Different coil geometries can be used depending on the shape of the field to be measured. Often the
winding is designed to compensate for field gradients and thus obtain a good measurement of the
average field strength in a point or in a cross section. In several cases, however, the coil is specifically
built for the measurement of field gradients or higher order harmonics. In all cases the coil sensitivity
& must be determined through an independent calibration procedure.

Coils can be broadly classified based on their form and extension in space as follows [21]:

e point coils, dedicated to the measurement of the magnetic field at a small point in space, ideally
infinitesimal;

e line and area coils, used for measurement of integrated field along a line or on a flat region of
space;

e harmonic coils, obtained in general as assembly of line or area coils, and designed to be sensitive
only to particular spatial harmonics of the field.

Point coil. The simplest point coil is a cylindrical coil wound around a small core. Because of
symmetry a cylindrical coil is insensitive to field gradients, and in general to all even field harmonics.
Choosing appropriately the ratio of coil thickness to height, as shown in Fig. 9, it is also possible to
wind cylindrical coils insensitive to the third spatial harmonic [22]. If the field to be sampled is nearly
homogeneous the point coil measures the average magnetic field in the coil volume and can be
considered as a close approximation to the ideal case of Eq. (8). A special type of point coil is the
fluxball [23]. The fluxball is a coil with spherical shape, wound with a uniform density of turns per
unit length along its axis and an increasing density of turns in radial direction, see Fig. 10. This
configuration is sensitive to the average field in the sphere and insensitive to all higher order spatial
harmonics and can thus be considered as the closest approximation to an ideal point coil. The winding
configuration of the ideal fluxball can be approximated for practical purposes using sets of concentric
solenoids with appropriate dimensions and turns.

10



lout

: 0.9
{lin <038
i 3
; _ xo0r7}

\ £

06 |
h
Y 05 NPV
0 02 04 06 08 1

rin’r]'c:ut (')

Figure 9. Schematic representation of a cylindrical point coil. The plot shows the ratio of inner to outer radius
that cancels the third spatial harmonic of the field, plotted as a function of the ratio of coil height to coil external

diameter (from [22]).
winding
! core

171 |

A i winding

i Idensity

' radius
\
Wl
winding |
axis |

Figure 10. Cross section of an ideal fluxball. The winding density is uniform along the coil axis (vertical) and
increases proportionally to the radius across the winding (horizontal). This ideal configuration can be reproduced
by proper arrangement of concentric solenoids, as suggested in the picture. Also shown a sketch of its original
construction, reproduced from [23].

Line and area coils. Line coils are designed to provide the integrated value of the field along a straight
or curved line. Their width is much smaller than the coil length. As for point coils if the winding has a
symmetric, rectangular cross section then the flux linked with the coil does not depend on the even
harmonics of the field. In addition, by properly selecting the ratio of winding thickness and height the
coil can be made insensitive to the third spatial harmonic [24,21]. Any coil that has comparable
winding width and length or height can be classified as area coil. Area coils have the same properties
of line coils, but they sample a large area of space. Line and area coils of long length and slender
construction are routinely used for the measurement of the field in accelerator magnets. The reason is
that in spite of their considerable length (e.g. 15 m for the LHC dipoles) the effect of an accelerator
magnet on the particle beam, whose betatron oscillation happens on a much longer scale, can be
assimilated to a localised optical element of equivalent strength and negligible dimension. Under this
condition it is enough to know the integrated field strength and homogeneity of the magnet under
examination. Long rectangular coils, translated horizontally during the measurement, were usually
employed and are still used in magnets with a wide horizontal aperture and limited gap height. Similar
coil geometries are used for rotating coils measurements in the narrow, circular bore of
superconducting accelerator magnets. A few typical examples are shown in Fig. 11.
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Figure 11. Examples of typical induction coils used for accelerator measurements, by courtesy of J. Billan
(CERN). The coils have length ranging from 25 cm to more than 2 m much larger than its extension in the cross
section (10 mm to 50 mm), and windings of negligible dimensions with respect to the overall size of the coil
(typically 0.5 x 0.5 mm).

Harmonic coil. Shaping the coil winding, or interconnecting coils suitably placed in space, it is
possible to achieve sensitivity only to a selected number of spatial harmonics of the field. We call such
a winding or set of windings a harmonic coil. Harmonic coils are a particularly useful expedient when
investigating the field homogeneity. Indeed the sensitivity to field errors can be largely increased if the
main field component is cancelled using a suitable array of coils. A simple example of a coil only
sensitive to even harmonics is a gradient coil, consisting of a set of two identical windings
mechanically mounted either side by side or on top of each other and wound in opposite direction. The
total signal from the gradient coil is insensitive to the average field, as the signal produced by the two
windings is identical in amplitude and opposite in sign. A field gradient, instead, produces signals of
identical amplitude and sign on both windings thus resulting in a net output. Another example of
harmonic coil that has been used in the measurement of the two-dimensional field of accelerator
magnets is the Morgan coil [25]. The coil winding in a Morgan coil is subdivided in 2M blocks that
are placed with uniform angular spacing on a cylinder. The contiguous blocks have opposite winding
direction and form M ideal loops connected in series. This configuration is only sensitive to harmonics
of order (2k+1)M, with k integer. An example of the cross section of a Morgan coil sensitive to the
octupole harmonic B, (fourth harmonic M=4) is shown schematically in Fig. 13.

12
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Figure 12. Schematic representation of different coils sensitive to a field gradient in the vertical component of
the magnetic field B,. Gradient coils are used to measure the second spatial harmonic of the field.

Figure 13. Cross-section of a Morgan coil sensitive to the fourth harmonic of the field (M=4, octupole term By).
The winding direction enters or exits the plane of the page alternatively, according to the signs indicated. Also
shown schematically the field lines for an octupolar field.

2.2.4  Coil calibration

One of the main sources of error in the fluxmeter is the uncertainty on the sensitivity of the coil to the
field measured. Because of tolerances and imperfections during coil manufacturing the real winding
shape has inevitable deviations from the ideal one. The solution is to calibrate the coil in reference
magnets using a field reference such as an NMR probe. In addition to the equivalent surface of the coil
it is often necessary to measure the orientation of its median plane with respect to mechanical
references on the coil support. This is a mandatory calibration step if the coil has to be used for the
measurement of field direction. Gradient coils are calibrated in magnets with known gradients or
alternatively using controlled displacements in an unknown gradient magnet. Erratic signals from wire
loops must be avoided during the calibration process as well as during measurements. In case that the
field to be mapped has strong variations along the length of the coil, it may be necessary in addition to
examine the change of the effective width. Temperature variations and long term geometric stability
can affect the quality of the calibration that may thus require periodic checking. For cryogenic
applications, and especially at liquid helium temperature (4.2 K), it is necessary to take into account
the large thermal contraction from room temperature to the measurement conditions (several 1000
ppm in terms of coil surface). This is usually done either using empirical contraction coefficients or
calibrating at liquid nitrogen (77 K) and neglecting the residual thermal contraction below 77 K.
Precise calibration at cryogenic temperature is for obvious reasons more difficult to achieve and leads
to an overall decrease in the expected accuracy.
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2.2.5 Field measurement with fluxmeters

As we anticipated, the field measurement using a fluxmeter is generally performed either keeping the
induction coil fixed, in case of changing field, or moving the coil in a static field. In the case of fixed
coil measurements, the integrator is reset at the start of the measurement (e.g. discharging the
capacitor in the analog integrator). In the simplest case the integration starts and continues till the end
of the measurement, when the flux change is finally readout. The flux change is then converted to the
desired value of field change using the known coil calibration, e.g. the surface for a uniform field as in
Eq. (8). Note that according to Eq. (4) a fixed coil measurement can only give the flux change
between the start and the end of the measurement and is therefore an intrinsically relative
measurement. Indeed, an absolute measurement is possible only in the case that the magnetic field at
the start is known to be zero. In practice the integrator can be readout or electronically triggered to
deliver the flux change at any desired time during the measurement period, thus providing the
waveform of the field change. For fixed coil measurements it is of primary importance to reduce the
voltage offset at the input of the integrator generated by parasitic currents in the electronics or thermal
voltages. An input voltage offset translates in an apparent field drift that often cannot be distinguished
from the physical field change. This effect becomes important for long integration times, normally a
few seconds to minutes for state-of-the art technology. Offset trimming must be performed
electronically in well-controlled steady-state conditions (i.e. when the induced voltage on the coil is
zero) and is often supplemented by digital reduction of residual drift. The latter is possible if the
measurement spans phases when the field is constant, and the input voltage of the integrator is thus the
residual offset, in addition to the period of changing field, when the input voltage contains both
contributions from induced voltage and offset.

When the field is constant the necessary induction signal is generated moving the induction coils. The
integrator is reset before the movement and is readout at the end of the movement. Because the
magnetic field is solenoidal, the final reading depends only on the initial and final positions of the coil
and does not depend on the path taken for the movement. Starting with the coil outside the magnet
(e.g. in a zero-Gauss chamber) and finishing with the coil in the magnet bore, the initial field is known
to be zero so that the total flux change can be used to deduce the absolute value of the field. This
moving coil technique has been successfully used to measure field strength in accelerator dipole
magnets taking care that the final position of the coil is normal to the field. An alternative technique
consists in flipping the coil, rotating it by 180 degrees during the measurement. In this case the flux
change during the measurement is equal to twice the flux linked with the coil in the initial position.
Taking again the case of a homogeneous, dipole field as an example, and having placed the coil
initially normal to the field, it is possible to use the flux change to deduce the absolute field strength.
As in the case of fixed coil measurements, both moving and flip coil techniques are sensitive to the
adjustment of the voltage offset. In these cases however the initial and final states are by nature
stationary and it is easier to identify residual drifts. In addition first-order drift correction can be
obtained by proper combination of movements including direction reversals, thus exploiting physical
symmetries. Finally in both cases the resolution can be greatly increased by using differential
measurements, where a pair of coil is connected in opposition, with one coil moving and the other
stationary. This expedient can be used to compensate fluctuations in the magnet excitation current and
to provide higher sensitivity when examining field quality.

An alternative method based on induction measurement is the stretched wire technique [26,27] that
can be regarded as an extension of the moving coil. In its simplest variant a thin wire of high strength,
non-magnetic material (e.g. W or CuBe) is stretched inside the bore of the magnet. A second wire, laid
fixed either inside the bore or outside the magnet, provides the return path for this single-turn coil. The
stretched wire is moved in the magnetic field using precision stages and the signal generated by the
flux cut during the movement is integrated as in the case of a moving coil. The accuracy in this case is
mainly determined by the precision of positioning. Sensitivity and resolution can be increased using
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multi-wire arrays. This method is well suited to geometry measurements, to the absolute calibration of
quadrupole fields and in particular to measurements in strong magnets with very small aperture.

Rotating coils is finally one of the most successful methods in the measurement of field and field
quality for accelerator magnets. Devised since 1954 [28,29] the method has become now widely used
for magnets with cylindrical bore. The induction coil is placed on a circular support and is rotated in
the field to be mapped. The coil angular position is measured by an angular encoder, rigidly connected
to the rotating support. As the coil rotates in the field it cuts the flux lines and a voltage is induced at
the terminals. Integrating the induced voltage between predefined angles using one of the techniques
described above it is hence possible to obtain the flux change as a function of angular position, as
shown schematically in Fig. 14. If the field measured is 2-D in the cross section of the magnet
measured, with negligible variation along the magnet length, it can be shown [30] that a Fourier
analysis of the angular dependence of the measured flux leads naturally to coefficients directly
proportional to the so-called multipole coefficients of the field [31]. In turn the multipole coefficients
of the field can be related directly to linear and non-linear accelerator beam properties, thus explaining
the wide acceptance of the rotating coil method for mapping accelerator magnets.
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Figure 14. Principle of the rotating coil method showing an induction coil rotating in a quadrupole field and the
corresponding flux and induced voltage plotted as a function of angular position 0.
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Figure 15. Cross section of the rotating coil used at CERN for the measurement of the 15-m long
superconducting LHC dipoles. The upper and lower coils, mounted on a hollow ceramic haft, are used for the
measurement of the main field strength and direction. The signal from the central coil is used to compensate

analogically the contribution of the dipole component without affecting higher order harmonics.

In order to facilitate the realisation of a practical rotating coil system the angular encoder can be used
to trigger the integrator so that integrator delivers the flux change between adjacent angular positions.
This method eliminates the time dependence and in particular the influence of variations of the
rotation speed, greatly relaxing requirements for uniform rotation. Differential measurements are also
greatly beneficial to increase the resolution of high-order multipoles, generally several orders of
magnitude smaller than the main field in an accelerator magnet. This is realised using a set of

15



compensation coils mounted on the rotation support. The signal from the compensation coils is used to
suppress the strong contribution from the main field, either analogically or digitally. The residual
signal, usually called compensated or bucked signal, can be analysed in Fourier series to obtain the
higher order multipoles. A cross section of a typical rotating coil is reported in Fig. 15, showing the
arrangement of main and compensation coils on the stiff ceramic support. The signal from the rotating
coils is transmitted either through slip-rings or through flexible cables to the integrator. In the first
case the coil can rotate continuously in one direction, while in the second case it must be returned to
the start position. Using this return rotation for a backward measurement, and averaging its result to
the one obtained during the forward rotation it is possible to draw advantage from this “washing-
machine” operation to reduce systematic errors such as those due to mechanical torsion.

2.2.6  Range and accuracy

An induction coil is a linear device, whose sensitivity can be designed to fit the field to be measured.
Hence the fluxmeter is a method potentially covering a very broad range of field measurement. Its
main limitation originates from thermal and environmental noise, electronic drifts and the quality of
the mechanics in the case of moving or rotating coils. In practice the application of the induction
method is limited to minimum field levels above 0.1 uT, with no fundamental limitation at the upper
end.

The first error source in a fluxmeter is the coil sensitivity. Coil sensitivity to a uniform field, i.e. the
effective surface, can be calibrated to typical accuracy ranging from 10 to 100 ppm, depending on the
size and shape of the coil. Gradient coils can be calibrated to better than 1000 ppm. The accuracy of
integration depends strongly on the integration technique used. Analog integrators reach accuracy of
100 ppm and resolution of a few ppm. The resolution is generally limited by the noise and offset of the
input amplifier. Digital integrators can reach linearity of better than 10 ppm and overall accuracy of
100 ppm. The resolution of digital integrators is affected by noise and offset of the input amplifier and
in addition depends on the discretization noise of the counters. This last usually imposes the most
severe limit, resulting in a resolution proportional to the clock frequency and to the inverse of the
integration time. As an example, a digital integrator with a 1 MHz clock and integrating for 1 s has a
resolution of 0.25 ppm. If the integration time is reduced to 1 ms the resolution decreases to 250 ppm.
For DVM's and ADC's the accuracy of the reading can be very high, of the order of 1 ppm and better,
and the digital stage is usually sized not to limit the resolution of the reading. In this case the largest
error source comes from the jitter in the integration time intervals, from uncorrected dead time during
reading and from the numerical approximation of the voltage integral. Overall accuracy of numerical
integration methods is then comparable to the performance of digital integrators, in the 100 ppm
range.

The volume sampled by induction coils can also be vastly different. Coils can be practically wound
around a 1 mm”® core to sample point regions. At the other extreme rotating coils with diameter in
excess of 1 m have been used to sample a few m® of space. The time response of the fluxmeter
depends on the bandwidth of the electronics reading and integrating the coil signal. In the case of
analog integrators and numerical integration the voltage readout can be fast, up to 50 kHz For digital
integrators the balance among integration time and resolution usually limits the acquisition frequency
to the range of 100 Hz.

2.3 Hall generator
2.3.1 Principle
Hall generators measure the magnetic field through its effect on the free path of charge carriers in a

conducting or semi-conducting material. In a Hall generator an electric current flows in a small section
of a suitable material placed in the region where the magnetic field B must be mapped. For simplicity
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we assume here that the material is a thin slab and we consider only the magnetic field component
B cos () normal to the wide face of the slab, as shown in Fig. 16. The charge carriers moving in the
material are subjected to a force F transverse to the direction of the electric current, with a magnitude:

F = qvBcos(0) (®)

where ¢ is the charge of each carrier and v the average drift velocity of the carrier. This force tends to
curve the direction of flow of the charge carrier and causes the polarization of the material in the
direction of F. The resulting electric field, whose effect at equilibrium balances the transverse force
from the applied magnetic field, is the Hall voltage. The magnitude of the Hall voltage Vy is
proportional to the magnetic field component normal to the surface of the generator and to the electric
current I exciting the Hall generator:

V,, =GR, IBcos(6) )

where 6 is the angle between the direction of the field and the normal to the generator, the factor Ry is
the Hall coefficient characterizing the material used in the generator, and G is a geometric factor
depending on the size and shape of the generator itself. It is interesting to remark that, in accordance
with Eq. (9), the Hall generator provides a steady-state signal proportional to the magnetic field.

B cos(6)

Figure 16. Schematic representation of the force acting on majority charge carriers (assumed to be holes in the
example considered) in an ideal Hall generator and appearance of the Hall voltage.

The Hall effect [32] was firstly observed in metals, such as iron, gold and silver. The Hall coefficient
of these materials, the ratio between transverse voltage and applied magnetic field, is relatively small.
In an ideal Hall generator the Hall coefficient is proportional to the mobility of the charge carriers in
the material, and inversely proportional to its conductivity. Because metals exhibit low mobility and
high conductivity they are not suitable for efficient Hall generators, and in principle low conductivity
materials should be preferred. On the other hand, and especially for temperature stability reasons, it
would be preferable to use materials with a small resistance to the flow of the control current. It was
only with the use of semiconductors [33] that the right balance could be achieved among mobility and
conductivity and Hall generators became practical for field measurement. Nowadays Hall generators
are built using either un-doped semiconductors such as Si or compounds of the type A"BY, i.e. formed
by elements of groups III and V of the periodic table, such as InSb, InAs and GaAs.

2.3.2  Non-linearity and parasitic effects
Practical Hall generators are fabricated using the same technology applied for the production of thin
semiconductors, often directly within integrated circuits that provide sturdy packaging and easy

connection through soldering pads. Because of their finite, small dimension the flow of current within
the material is much more complex than the simple picture discussed above. The terminals connection
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act as discontinuities perturbing the current flow (current terminals) or affecting the voltage pick-up.
When the size of the connections is large with respect to the dimension of the Hall generator itself, the
connections can partially shunt the current and thus deform the ideal electric field pattern.

The finite geometry of the contacts and the shunting of the Hall voltage influence the electric field
pattern in different ways a different applied magnetic field. As a result a Hall generator has a non-
linear response to the field, usually identified as a field dependence of the geometric factor G. In
addition to this geometric non-linearity, a Hall generator has also a material non-linearity that is
commonly attributed to the Hall coefficient Ry. By proper choice of geometry and material it is
possible to partially compensate the two effects achieving linear response to better than 1 % over a
wide range of field. In this respect the Hall generator of the cruciform type [34] shows a better
linearity and has a smaller active surface than the classical rectangular generator. Its magnetic center is
better defined, so that it is particularly well suited for measurements in strongly inhomogeneous fields.

Another source of non-linearity in the characteristics of Hall generators is the variation of temperature.
Both the charge mobility and material conductivity are temperature dependent, so that the Hall
coefficient Ry has a temperature dependency that can be of the order of 100 to 1000 ppm/°C. The
control current in the Hall generator is associated with a small heat source that must be controlled to
achieve high precision.

As discussed above, the voltage reading in a Hall generator depends on the direction of the magnetic
field. The maximum Hall voltage is measured when the magnetic field is in a direction normal to the
generator, and ideally the Hall voltage is zero when the magnetic field is in the plane of the device. In
reality any anisotropy in the generator leads to a non-zero voltage also when the field is in the plane of
the sensor. This effect is often referred to as planar Hall effect, and depends on the field strength and
on the angle ¢ between the field and the direction of the electric current in the generator [35,36,37]
giving rise to an additional voltage at the terminals:

V

planar

=V,,B” cos(2¢) (10)

where Vyp is a coefficient typical of the material used and of the geometry of the generator. The
typical planar Hall voltage in a generator built with InSb semiconductor is shown in Fig. 17.
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Figure 17. Measurement of planar Hall voltage in an InSb Hall generator in a background field of 1 T, plotted as
a function of the angle between the field and the direction of the current in the generator (reproduced from [37]).

Magnetic field gradients can also have an effect on the Hall voltage, mainly because the generator has

a finite size. The effect of field variation in the sensitive region of a Hall generator is however small
and is generally neglected [36].
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Special Hall generators for use at cryogenic temperature are also commercially available. Although
they show a very low temperature coefficient, they unfortunately reveal an additional problem at low
temperatures. In these conditions the so-called Shubnikov-de Haas effect [38,39] is responsible for a
field dependent oscillation of the Hall coefficient causing as a deviation from the linear sensitivity.
The deviation may amount to about one per cent at high fields, depending on the type of
semiconductor used for the Hall generator. An example of this effect is shown in Fig. 18. The
Shubnikov-de Haas effect adds a serious complication to the calibration.
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Figure 18. Shubnikov-de Haas effect in a Hall generator at 4.2 K. The plot shows the deviation AV of the Hall

voltage from a straight line as a function of the applied field. For comparison, the Hall generator produces on
average 10 mV/T.

A further parasitic effect is associated with the presence of a voltage offset even at zero applied
magnetic field. The offset can be of geometric origin (misalignment of the voltage terminals with
respect to the electric equipotential lines), associated with rectifying effects at the metal-
semiconductor connection, stress induced or originating from gradients in material properties (e.g.
doping density). The offset voltage is temperature dependent, and in addition temperature gradients at
the connections can generate thermo-electric voltages. Voltage offsets can be significant, 0.1 to 1 mV
are typical values, and hence need to be controlled or compensated to achieve good precision.

2.3.3  Field measurement with Hall generators

A Hall generator is a four-terminal device. The control current is generally supplied by a highly stable
AC or DC source, while the Hall voltage is read by a high impedance voltmeter or is fed to the
acquisition electronics (amplification or conditioning). It is useful to remember that the Hall generator
input is not isolated from the output. In fact the impedance among input and output is generally of the
order of the input resistance. In practice the current source must be isolated from the electronics that
reads the Hall voltage to prevent stray current flowing through the Hall generator in the electronics.
This is often achieved using a differential-input amplifier for signal conditioning.
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Figure 19. Principle of use of a Hall generator showing the current source and readout electronics.
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AC excitation and lock-in techniques are used to increase the noise rejection of the reading of the Hall
voltage. In this case the source current is modulated while the voltage is readout synchronously with
the excitation. The frequency of the excitation is low, a few Hz to a few hundred Hz, and is chosen to
reject typical sources of systematic noise such as 50 Hz and the related harmonics.

The measured Hall voltage must be converted to the value of the field using a calibration function. To
achieve precision of the order of 1 % and better this function must be established through an
independent measurement in a known field. The non-linearity in the relation between field and Hall
voltage is in fact one of the major drawbacks of Hall generators. Precision measurements require in
addition the knowledge of the temperature and the relative correction of the calibration. Alternatively,
temperature compensation in a thermostat surrounding the Hall generator can be used. In this case the
calibration measurement is performed at the same working temperature.

Another major issue to be considered for the calibration and the measurement is the alignment of the
Hall generator. The Hall generator is a directional device, sensitive to the field component normal to
the generator. An angle between the field and the normal to the surface of the generator results in an
apparent reduction of the field strength. This can be empirically corrected by tilting the Hall generator
until the maximum reading is obtained. Alternatively, one can establish a mechanical reference that
can be reproduced between calibration and measurement. Three-dimensional arrays of Hall generators,
also available as single chips sensitive to the three components of the magnetic field, once
complemented with a suitable calibration, are the best adapted devices for field strength measurement.

Finally, it is important for precision measurements that parasitic effects, and especially voltage offset,
are minimised or compensated. The offset is best removed with the Hall generator placed in a zero-
field chamber, providing an ideal volume with no magnetic field. The offset compensation can be
electronic or digital. In any case temperature stabilization is necessary to prevent the drift in the offset
caused either by changes in temperature or temperature gradients.

2.3.4 Range and accuracy

Thanks to the latest technological development in integrated circuit design and manufacturing, Hall
generators have become inexpensive devices that are widely used for large-scale applications and field
mapping. The directionality and small active area of the Hall generator make it to an ideal instrument
for mapping magnetic fields in a very wide range of strength and shape. Other attractive features are
the wide dynamic range and the possibility of static operation under constant excitation current. The
range of field that can be practically measured is related to the voltage measurement capability and the
sensitivity of the Hall generator. The sensitivity in turn varies depending on the material, the thickness
of the generator and the size of the active area. Commercially available generators have typical
sensitivities in the range of 10 mV/T to 1 V/T. The typical field measurement range for these
generators is above 1 mT. Accurate voltage measurement is possible below the uV level using
precision voltmeters, thus giving a field resolution better than 0.1 pT.

The absolute accuracy of the measurement is mostly governed by the non-linearity and its temperature
dependence, alignment errors, and the parasitic effects discussed earlier. Commercial equipment has
typical accuracy 1000 ppm of reading. Custom-made calibration, temperature control and various
compensation techniques can be used to achieve an improvement of a factor 10, giving an absolute
accuracy of 100 ppm of reading. An additional issue in Hall generators is long-term stability. A well-
designed Hall-probe assembly can be calibrated to a long-term accuracy of 100 ppm. The stability may
be considerably improved by powering the Hall generator permanently and by keeping its temperature
constant.
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The active area of the Hall generator determines the size of the volume mapped. Typical volumes are
in the range of 0.01 mm” to 0.1 mm’. Quoted time resolutions for Hall generators are below 1 ns, as
typical of semiconductors electronics. In general however the main measurement bandwidth limitation
is determined by the precision voltmeter. Commercial devices have maximum bandwidth extending up
to 500 Hz.

24 Magneto-resistors

Conducting materials exhibit a change in resistivity once exposed to a magnetic field. This effect,
discovered by W. Thomson in mid 19" century [40], was exploited to measure the strength of the field
already at the beginning of the 20" century. The change in resistance in conductors is due to two
contributions, a physical contribution related to the intrinsic conductance properties of the material,
and a geometric contribution due to the bending of the carrier path under the magnetic force and thus
of the same origin as the Hall effect. The magneto-resistance associated with intrinsic changes in
conductance property is usually small at room temperature, of the order of 0.5 to 2.5 % increase at 1 T
in semiconductors such as InSb and InAs that are commonly used to build magneto-resistors. The
origin of the geometric contribution is of dual nature with respect to the Hall effect and can be
successfully exploited by properly shaping the current path in the material.

To explain how this is done we need to recall that in a Hall generator the bending of the current flow
gives rise to a polarization in the direction transverse to the current. At a sufficient distance from the
electrodes, and once the transverse electric field has built up, its effect is to balance the force due to
the magnetic field. Therefore in a Hall generator in steady-state operation the current path is nearly
straight between the two terminals, and the resistance has only a modest variation with field.

If, on the other hand, the Hall generator is built with a very short length then the charge cannot build
up at the sides, and the transverse field is negligible while the current path curves increasingly as a
function of the applied field. In this situation the Hall voltage is small while the longitudinal resistance
increases significantly with field due to the increase of the length traversed by the charge carriers. To
reach an appreciable total resistance, and thus improve the sensitivity to the magnetic field, several of
these short Hall generators must be piled in series. One of the possible ways to achieve this is to
distribute microscopic needles of a high conductivity material such as NiSb in a base material with
large Hall effect such as in InSb. The needles are placed with their long axis normal to the current flow
and thus short the Hall voltage transverse to the current. In practice the needles delimit ideal Hall
plates with a small ratio between width and length, as shown schematically in Fig. 20. The change in
the length of the current path under the action of the magnetic field between two adjacent needles is
responsible for the increase in resistance.
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Figure 20. Schematic representation of a magneto-resistor containing needle-shaped low resistance precipitates
(e.g. NiSb) in a semiconductor matrix (e.g. InSb). The needles act as shorting bars for the Hall voltage, and
redirect the current flow, shown as the zig-zag path inside the slab. The total resistance growth with field is

proportional to the change in the length of the current path in the semiconductor.

Magneto-resistors of this type have a highly non-linear resistance increase, in first approximation
proportional to the square of the field strength, or:
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where R, and R; are the resistances in zero field and in the applied field respectively. For this reason
magneto-resistors are relatively insensitive to low fields. In addition they are sensitive only to the field
component in the direction normal to the slab, but cannot distinguish field polarity. Finally they have
large temperature coefficients, 2500 ppm/C typical, and can be affected by large property variations
from device to device. For the above reasons up to recent years magneto-resistors did not find
widespread application, in spite of the advantage of being a two-terminal device and the easy
manufacturing with integrated circuit technology. The recent discovery of the giant magneto-
resistance effect [41] as well as technological developments have improved the situation. Highly
symmetric magneto-resistors are built today using thin layers of ferromagnetic and non-magnetic
materials in Wheatstone bridges for high sensitivity detection of magnetic field gradients. The
symmetry is achieved by manufacturing the magneto-resistors using photolithography on the same
substrate. The resistive bridge configuration largely removes temperature dependence of the balanced
voltage, as well as the effect of uniform magnetic fields. Often a magnetic element is added in the
circuit to produce a bias field that displaces the working point of the magneto-resistors to a region of
acceptable linearity. In this configuration magneto-resistors can be used as position and proximity
sensing devices, as well as devices to measure the electrical current in nearby conductors. In this range
of applications magneto-resistors are suitable for the detection of fields in the range of 1 uT to
a few mT. In resistive bridge configuration, using suitable feed-back circuitry for compensation, the
sensitivity can be as low as 100 pT. Calibration properties and long term stability are similar to Hall
generators, although the intrinsic non-linearity of the sensors lowers the absolute precision that can be
achieved to the level of fraction of % (1000 ppm). The typical bandwidth of magneto-resistive sensor
is extremely large, from DC to several GHz, and the volume mapped can be extremely small, down to
100 pm?, e.g. for photo-lithographically patterned giant magneto-resistive sensors.

2.5 Fluxgate magnetometer

A fluxgate magnetometer measures the magnetic field through its effect on the magnetization of a thin
ferromagnetic core with a very high magnetic permeability and nearly rectangular hysteresis. The
measurement principle is illustrated in Fig. 21.
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Figure 21. Principle configuration of a fluxgate magnetometer.

In its basic version, also called “peaking strip” [42], it consists of three coils wound around a
ferromagnetic core: an excitation winding that produces an AC magnetic field well above the
saturation field of the core, a detection winding that picks-up the excitation voltage and is used to
detect the zero field condition and to generate an error signal proportional to the field, and a DC bias
coil that improves the linearity of the device by creating and maintaining zero field in the core. The
current in the bias winding is adjusted based on the error signal from the detection winding. At
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equilibrium, once the error signal is zero, the field to be measured is equal (and opposite) to the field
generated by the bias coil. The magnetometer reading provides hence a signal proportional to the field.
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Figure 22. Fluxgate magnetometer built from two ferromagnetic needles.

In practice the coils are wound coaxially in subsequent layers to minimise stray field and maximise
mutual inductances. Two ferromagnetic needles are used in order to avoid the distortion of the
background field due to the presence of the probe, see Fig. 22. The excitation coil is wound around
each needle, but the direction of the winding of the coils is reversed. The AC current in the excitation
coil magnetizes the two needles with the same strength, but opposite direction. The detection and bias
coils are wound surrounding the two ferromagnetic cores and the excitation coil. The detection coil
thus senses the voltage induced by the change of magnetization in both needles. In absence of an
external field the total voltage seen by the detection coil is zero because the magnetic field in the two
needles have the same strength but opposite direction. If on the other hand the cores are aligned with
an external magnetic field, one core will produce a magnetic field in the same direction and will
reinforce it, while the other will subtract to it. This difference generates a measurable signal in the
detection coil that appears as a second harmonic of the excitation current and whose strength is
proportional to the external magnetic field (see Fig. 23). As discussed above, the bias coil is powered
with a DC current proportional to the error signal from the detection coil.
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Figure 23. Working principle of the two-needles fluxgate magnetometer of Fig. 21 explained using a graphical
construction. The magnetization of the two needles M, and M, is plotted in absence (left) and presence (right) of
an external field By = uy Hy. The voltage on the detection coil V is proportional to the time derivative of the
difference of the two magnetizations M;-M.,.

A fluxgate magnetometer of this type provides a measurement of the field component in the direction
of the two needles and is a highly sensitive directional device. The bias coil is often combined with the
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detection coil by powering it directly with a DC component proportional to its AC reading. Combining
several magnetometers it is possible to sample the field in different directions, e.g. in three
dimensions. The ferromagnetic needles can be substituted by a toroidal core partially covered by the
detection coil. In this case the field component detected is the one normal to the direction of the
winding of the detection coil. Using two detection coils wound at 90 degrees on the toroidal core it is
possible to sense simultaneously two components of the field.

The first fluxgate magnetometers were built in the 1930's and largely developed during World War I1.
One of the applications was submarine detection from low-flying aircraft. The improvement of
magnetic materials and detection electronics has lead to an improvement of sensitivity up to 0.1 nT.
Because of the excellent sensitivity, small volume and weight and low cost, the fluxgate magnetometer
is commonly used in the measurement of weak magnetic fields, such as earth field or rock layers. It
can be used to detect small anomalies in magnetization such as generated by leakage earth current in
power lines or the magnetic signature of vessels and weapons. Due to its directionality it is also used
as a navigation instrument, to measure the geomagnetic field as well as for space applications, e.g. in
the mapping of the interplanetary and planetary magnetic field.

Finally, it is worth to remember that the Direct Current Current Transformer (DCCT), commonly used
for high-precision measurement of current, is based on the same principle of the fluxgate
magnetometer. In the case of a DCCT the magnetic core has a toroidal shape, with the excitation and
detection/bias coils wound around the toroid, as shown schematically in Fig. 24. The DCCT senses the
weak magnetic field produced by a current conductor passing in the toroidal core. By careful
arrangement of the conductor the magnetic field generated is perfectly linked with the magnetic core,
while external fields have no influence. The signal on the bias coil is thus proportional to the current
flowing in the conductor.
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Figure 24. Principle of a DCCT, using the fluxgate magnetometer concept to measure the current passing in a
conductor.

The range of fluxgate magnetometer is limited by the capability of the bias coil. The maximum field
that can be measured is of the order of a few mT. The field range can be extended significantly by
actively cooling the bias coil. The accuracy of the reading depends mainly on the calibration and on
the stability of the device. Typical accuracy of commercial devices is in the 0.1 % to 1 % range (a few
1000’s ppm). The volume sampled by the commercial probes ranges from a few to a few tens of mm’.

Finally, the bandwidth is typically from DC conditions to 1 kHz.
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2.6 Magneto-inductance

Magneto-inductive magnetometers are relatively new devices [43,44], with the first patent issued in
1989. The magneto-inductive sensor detects a change in the inductance of a coil wound around a
magnetic core whose permeability changes linearly over the range of measurement. This coil is an
element of an L-R relaxation oscillator, as shown schematically in Fig. 25. The oscillation frequency is
proportional to the external field to be measured. A DC bias can be applied to the coil to shift the
working point of the magnetic core in a linear range of operation. The frequency can be monitored and
measured to derive the corresponding field value by calibration. As for the fluxgate magnetometer, the
sensor can be arranged to detect not only the magnitude but also the direction of the field. These
magnetometers are gaining in popularity as they are easy in construction and relatively inexpensive.
Magneto-inductive magnetometers have a limited operating range of typically 1 mT with a resolution
in the uT range. Absolute accuracy is limited by calibration and stability issues.
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Figure 25. Principle of a magneto-inductive sensor. The sensor is the coil wound around a magnetic core. The
oscillation frequency is proportional to the inductance of the sensor which in turn is affected by the applied field.

2.7 Superconducting Quantum Interference Device (SQUID)
2.7.1  Principle and applications

The Superconducting Quantum Interference Device (SQUID) is at present the device with the highest
sensitivity to the magnetic field. The working principle of a SQUID rests on two physical phenomena
typical of superconductors and accounted for only by quantum mechanics: flux quantization and
Josephson tunneling. Flux quantization originates from the relation between magnetic flux and the
phase of the wave function describing paired electrons in a superconductor. In the case of a
superconducting ring encircling a normal-conducting region the change of phase Jalong a closed path
I that includes the hole can be expressed as a function of the magnetic flux ¢ linked with the same
path as follows:

s=22 (12)
20

where the quantity ¢y is the so called flux quantum:

Oy =7 (13)
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whose value in SI units is 2.07 x 10> Wb. In order to avoid interference in the wave function, and
thus to have a finite probability for the paired state, the phase difference must be an integer multiple of
2. The consequence is that the magnetic flux inside the superconducting ring can only take integer
multiples of ¢,. It is for this reason that magnetic field penetration in a bulk superconductor can only
take place discretely, with the field entering in frozen flux lumps, the fluxoids, enclosing a magnetic
flux equal to ¢y.

The second phenomenon, Josephson tunneling, is named after Brian Josephson who predicted in 1962
that pairs of superconducting electrons in two bulk superconducting material would tunnel through a
thin, normal conducting barrier separating them [45]. The assembly of the superconducting materials
and the normal conducting barrier is called a Josephson junction. Because of the pairing mechanism, a
DC superconductive current can flow across the junction. The maximum current / that can flow
without voltage development depends on the phase difference o between the wave functions
describing the paired electrons on the two sides of the resistive barrier. The dependence is periodic in
o

I=1_sin(5) (14)

where /. is the maximum critical current of the junction. Above the critical current a resistive voltage
is developed and the junction behaves as an ohmic conductor.

A SQUID consists schematically of a superconducting ring separated by one (RF SQUID) or two (DC
SQUID) Josephson junctions. Although RF SQUIDs were the first to be used for magnetometry,
present systems are largely based on DC SQUIDs. For this reason we will limit our discussion to DC
SQUIDs only. Details and a more precise treatment on the principles of operation of SQUIDs can be
found in [46] and [47].

DC-SQUID

i * Ibias
superconducting
ring

Josephson junction

current lead

Figure 26. Schematic geometry of a DC-SQUID consisting in a superconducting ring with two Josephson
junctions.

In the case of the DC SQUID shown in Fig. 26 the critical current of the ring is given by the parallel of
the critical currents of the two Josephson junctions /; and /,. These in turn depend through the relation
expressed in Eq. (13) on the phase differences J; and &, of the wave functions of paired electrons
across the junctions. In the presence of an external magnetic field the integral ¢ of the phase of the
wave function of paired electrons around the ring depends on the flux linked by the ring in accordance
with Eq. (12), where now however we need to consider the phase jumps across the two junctions:
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5+6 -5, =212 (15)
Dy

The flux quantization condition, requesting that the total phase change is an integer multiple of 27,
applies to the above equation and imposes a constraint between the single-phase jumps across the
junctions. This constraint, combined with the periodic dependence of the maximum currents of each
junction expressed by Eq. (14), results in a flux-dependent modulation of the critical currents of the
two junctions. It can be shown in particular that the total critical current of the ring, under simple
conditions of identical junctions and negligible loop inductance, is given by:

COS(ﬂ' ﬂ}
?,

which is a periodic function with period ¢y and maximum value 2/, shown in Fig. 27. To measure flux,
the SQUID is powered as shown in Fig. 26 with a bias current [, close to the maximum critical
current. The resistive voltage V appearing at the terminals of the SQUID is then also a periodic
function of the magnetic flux, as shown schematically in Fig. 27.

I1=2I (16)
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Figure 27. Critical current (left) and voltage (right) of a DC-SQUID as a function of the magnetic flux threading

the ring.

Detecting the resistive voltage change it is hence possible to measure the flux linked by the SQUID. In
practice the flux variation is measured using the voltage from the SQUID as an error signal for a feed-
back coil magnetically coupled with the SQUID that adjusts until the feed-back flux cancels the
external flux. The flux generated by the feed-back coil is then used as a measurement of the external
flux. This zeroing technique makes possible to measure flux variations that are small fractions of the
flux quantum.

Based on the measured flux change it is possible to derive the magnetic field as in the case of an
induction coil. The main factors that govern the sensitivity of a SQUID are therefore the flux
resolution and the SQUID area. The practical size of a SQUID is about 0.01 mm?®, and the field
variation that can be detected by a bare device is in the pT range. The absolute accuracy of the device
depends on the knowledge of the SQUID surface, but is usually not the main concern, as SQUIDS are
mainly used for field measurements because of their extraordinary sensitivity. In order to further
increase the sensitivity of the simple SQUID magnetometer described above, the flux seen by the
superconducting ring can be amplified using a superconducting transformer. This consists of a
detection coil wound with a superconducting wire connected to an input coil mutually coupled with
the SQUID as shown in Fig. 28. Choosing properly the ratio of area and turns of the detection and
input coils it is possible to amplify any field variation at the detection coil by a factor up to one
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thousand. This gives a detection capability at the level of 10 fT for coil sizes of a few cm’. Due to their
exceptional sensitivity, SQUIDs are well suited for the measurement of the tiny magnetic fields
associated with heart (100 pT) and brain (100 fT) activity. In addition they are used for fine
magnetometry, non-invasive measurements and flaw detection. The bandwidth of a SQUID
magnetometer is typically from DC to a few tens of kHz. Given the present rate of development in
high-temperature superconductors and superconducting electronics, SQUIDs are expected to become
more widespread in the future.

____________________________________________________________________________________

input coil

detection coil

| control
cryogenic temperature SQUID ; electronics

Figure 28. Coupling of a SQUID with a superconducting transformer consisting of a detection coil and an input
coil that concentrates the magnetic flux at the SQUID.

2.8 Particle beams

The motion of elementary charged particles is another sensitive method to measure and map magnetic
field over large volumes. As an example, low-energy electron beams are systematically used to map
the field surfaces of thermonuclear fusion experimental devices with magnetic confinement. A
diffused electron beam is injected in the plasma volume. The motion of the electrons takes place along
the field lines, on the nested magnetic surfaces. Using transparent fluorescent meshes to detect the
electrons it is possible to obtain a cross section of the field surfaces. The resulting maps are generally
used to verify the regularity of the magnetic surfaces and the absence of magnetic island that could
generate an instability in the thermonuclear plasma.

A second example is a method for the precise measurement of the beam position with respect to the
magnetic center of quadrupole magnets installed in particle accelerators that has been developed over
the last decade [48,49]. The procedure consists of modulating the field strength in individual lattice
quadrupoles while observing the resulting beam orbit oscillations. Local DC orbit distortions are
applied in the search for the magnetic center. This so-called K-modulation provides a perfect
knowledge of the location of the particle beam with respect to the center of a quadrupole. In addition,
it may provide other very useful observations for operation and adjustment of the accelerator [50].
This is obviously of particular importance for superconducting accelerators [51]. It is very difficult to
provide a superconducting quadrupole magnet with a direct optical reference to its magnetic center, so
errors caused by changes of temperature profiles and other phenomena may build up as time passes.
The method may be further improved by synchronous detection of the oscillation, so that its phase can
be identified. The sensitivity of the detection is impressive. Experience from LEP [52] showed that an
absolute accuracy of 0.05 mm in both the vertical and horizontal plane could be obtained. Furthermore
it was observed that a modulation of the quadrupole field of about 300 ppm could be clearly detected,
which means that measurements may be carried out on colliding beams while particle physics
experiments are taking place.

29 Magneto-optical measurement methods
Light propagation in matter is affected by the presence of a magnetic field, and this can be exploited to

detect and measure the magnetic field itself. As light-based system have generally a high degree of
electromagnetic compatibility and are fast, magneto-optical measurement find their application in
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special and extreme operating conditions where measurement speed is important. The magneto-optical
effect that is most widespread for field measurement is the Faraday rotation of the polarisation plane
of light. The principle of an optical magnetometer based on Faraday rotation is shown in Fig. 29. A
light beam is polarised on a plane before entering the detector proper. The detector itself consists of a
transparent material (e.g. an optical fiber) placed in the magnetic field to be detected. The polarisation
plane is rotated by the magnetic field component parallel to the direction of light propagation. The
rotation & of the polarisation plane is linearly proportional to the integrated field over the detector
material, or:

9=vj3dz (17)

vhere v is the material dependent Verdet constant. The light emerging from the detector is then
analysed with an analyser and measured on a light intensity detector. As standard practice, the
analyser is set at right angle with respect to the plane of polarisation, and the detector is used to find
the minimum of the transmitted light intensity, thus increasing the resolution. This measurement
principle has shown to be useful for measurements of transient magnetic fields [53,54], especially
when high speed (sub-us time scale) and ruggedness (e.g. explosive magnetic field generators) are
important. It is however less convincing with respect to accurate measurement of field strength, as in
general the rotation of the polarisation plane through practical thicknesses of optical materials is small,
as shown by the values of the Verdet constant reported in Table 2. The uncertainties in the
measurement of the angle of rotation of the polarisation plane, combined with the wavelength
dependence of the Verdet constant, limit the typical accuracy of magneto-optical field measurements
to fractions of percent at best (a few thousands of ppm).

— B —
—

| —— 1 B

| I— I

laser polariser detector analyser intensity
detector

Figure 29. Working principle of magneto-optical field measurement based on the Faraday effect.

Table 2
Typical values of Verdet constant for optical materials, measured in visible light.
material v
(rad/T m)

water 3.8
glass 4...6
dense flint 25
quartz 4.8
NaCl 12
CaF, 2.5
benzene 8.7

2.10 Field Imaging
The best known method for field imaging is made by spreading iron powder on a horizontal surface

placed near a magnetic source, thus providing a simple picture of the distribution of flux lines.
Another very classical way of observing flux-line patterns is to place a free-moving compass needle at
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different points in the volume to be examined and note the direction of the needle. This compass
method was applied, long before the discovery of electromagnetism, for studies of the variations in the
direction of the earth's magnetic field. The magneto-optical rotation of the plane of polarization of
polarized light (the Faraday effect described previously) is a classical method for the visualization of
magnetic fields. A transparent container filled with a polarizing liquid and placed inside the magnet
gap may visualize for example the field pattern in a quadrupole by observation through polarization
filters placed at each end of the magnet. The rotation of the plane is proportional to the field strength
and the length of the polarizing medium and may give a certain indication of the field geometry. A
similar effect may be obtained by observing the light transmission through a colloidal suspension of
magnetic particles, subject to the field [55,56]. An example of field imaging obtained using this
method is shown in Fig. 30. The field pattern reported there has been obtained at RHIC using a ferro-
fluid colloidal suspension contained in a cell placed in the warm bore of a quadrupole operated at a
gradient of 75 T/m during cold test [57].

Figure 30. Polarised light pattern obtained using a ferro-fluid colloidal cell placed in the warm bore of a RHIC
quadrupole powered at 75 T/m during tests at cryogenic temperature [57].

2.11  Other techniques

A plethora of different, alternative techniques can be used to measure magnetic field. Many of these
techniques were either popular in the past, and have passed from practice, or are becoming
increasingly attractive thanks to technological development, or again they are specially suited for
particular applications. A few examples are listed below, once again not aiming at completeness:

Floating wire measurements were quite popular in the past [58]. If a current-carrying conductor is
stretched in a magnetic field, it will curve subject to the electromagnetic force and describe the path of
a charged particle with a momentum corresponding to the current and the mechanical tension in the
wire. A flexible annealed aluminum wire was used in order to reduce effects of stiffness and gravity.
This method has now been entirely replaced by precise field mapping and simulation of particle
trajectories by computer programs.

Cantilever magnetometers sense the strength of a magnetic moment in a field gradient through the
measurement of the magnetic force or the magnetic torque.

30



Magnetostriction has been used [59,60] to measure the magnetic field either detecting the
magnetostrictive strain using a piezo-electric sensor or measuring the motion of a magnetostrictive
ribbon using a tunneling tip.

Magneto-transistors and magneto-diodes are being developed. Semiconductors are sensitive to the
magnetic field either through the Hall effect, or through the Suhl effect, a process by which the holes
injected into an N-type semiconducting filament are deflected to the surface when a strong transverse
magnetic field is applied to the semiconductor.

3. SUMMARY

Figure 31 reports an order-of-magnitude summary of the capability of the methods discussed in this
note, in terms of measurement accuracy and measurement range.
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Figure 31. Overview of typical accuracy attainable with different magnetic measurement methods depending on
the measured field. Note the jump by 5 orders of magnitude at the lower end of the magnetic field scale.

Proven measurement methods and powerful equipment is readily available for most of the
measurement tasks related both to normal and superconducting magnets. It is therefore prudent to
examine existing possibilities carefully before launching the development of a more exotic
measurement method. Many unnecessary costs and unpleasant surprises can be avoided by choosing
instrument, which are commercially available. The measurement methods described above are
complementary and a well-chosen combination of two or more of these will certainly meet most
requirements.
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