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Resume

In solenoids for particle accelerators, the magnetic �eld is usually mapped by means

of 3D Hall-sensing systems through a burdensome and costly procedure. A further

problem arises from a coherent treatment between the beam physics requirements,

the quali�cation of numerical models, the design and manufacturing of the magnet,

and the magnetic measurements. For example, when the magnet is misaligned with

respect to the longitudinal direction of the mapper, the fringe �eld shows spurious

components.

A method was therefore developed for measuring the magnetic �eld of axially-

symmetric magnets by exploiting their inherent symmetry. The method yields a

measurement of the magnetic �ux linked with a pair of sensing coils as a function of

their longitudinal position.

An induction transducer, sensitive to the longitudinal and radial components of

the solenoid under test, has been designed and constructed. A transport system

moves the transducer along the magnet axis, covering the full length of the magnet

and including the fringe �eld. The induced voltage is acquired and integrated digitally

in order to yield the �ux linkage as a function of the linear position, measured by a

laser interferometer. The re-parametrization related to intrinsic relationship between

the motion time and the linear translation position along the magnet axis relaxes the

requirements on the homogeneous motion of the transport system.

After a proof-of-principle demonstration, the uncertainty sources a�ecting the

measurement system were evaluated and their in�uence on the result assessed. In

particular, the measurement model for the translating-coils method is formulated

and a Sequential Monte�Carlo algorithm, based on Bayesian inference, is then used

to dynamically estimate the distribution of the output quantity, starting from the

knowledge of the distributions of all the uncertainty sources considered in the model.

According to the indications of the uncertainty analysis results, a translating-coils

system was prototyped and integrated in the existing CERN platform, which includes

1



Fast Digital Integrators (FDIs), an encoder board, a motor controller, and the Flexible

Framework for Magnetic Measurement (FFMM).

The system was validated in a reference solenoid by pointing out more than satis-

fying agreement of the results. Finally, the system has been employed in challenging

measurements on the �eld, resulting in a reliable and accurate method for the char-

acterization of axially-symmetric magnet systems.

Keywords: magnetic measurements, axially-symmetric magnets, induction trans-

ducer, translating coils, uncertainty analysis, particle �lter, experimental validation.
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Introduction

In magnetic systems for particle accelerators, the measurement of the magnetic

�eld is often the �nal veri�cation of a complex design and fabrication process [1].

Besides the magnet prototyping phase, �eld measurements are important at di�er-

ent stages of an accelerator project. The stability of the particle beam is a�ected

critically by magnetic �eld errors, and therefore very-accurate measurements are nec-

essary to guarantee that the required �eld strength, shape and homogeneity have been

achieved in the bending and focusing magnets. Moreover, although magnetic systems

are optimized thanks to powerful computational tools at their design stage, direct

measurements of the magnetic �eld are the only way to guarantee that the target

�eld quality is reached.

Other than in the low-energy section of particle accelerators [2], an axially-symmetric

(axisymmetric) magnet is often used to focus charged particle beams in other devices,

such as electron microscopes [3], electron guns [4], or image intensi�ers. Other poten-

tial applications are related to laser-accelerated protons or ions [5] [6] - for example, in

particle therapy or short-pulse radiographic diagnostics - where axisymmetric magnets

are used for e�ective focusing and energy selection.

By using solenoids in transport channels quite modest emittance growth can be

achieved. Controlling the emittance growth is required to reduce particle losses in

high-power accelerators, where axially-symmetric focusing elements with short periods

have to be used. In fact, this solution often works better than sequential pairs of

quadrupoles that give rise to signi�cant halo formation [7]. Particles moving exactly

along the magnetic axis do not experience a Lorentz force. O�-axis particles are

azimuthally accelerated by the radial �eld component in the end regions of the magnet.

The resulting helical motion in the longitudinal �eld of the magnet center yields a

focusing e�ect due to the radial Lorentz force.

Employing axisymmetric lenses to provide the required focusing strength for charged

particle beams imposes strict requirements on magnetic �eld measurement and axis
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determination. Therefore, a characterization of the magnetic �eld is clearly paramount

for lattice design calculations.

Axisymmetric magnets are hardly compatible with standard instrumentation opti-

mized for accelerator multipole magnets and are routinely tested with general-purpose

instruments, such as 3D Hall-probe mapping systems [8] [9]. However, these systems

are poorly adapted to exploit their inherent symmetry. Analogously, available state-

of-the-art stretched [10] [11] and vibrating-wire [12] systems, only provide information

about integral �eld properties.

The work for this PhD dissertation deals with an original translating-coils method

for measuring axisymmetric magnetic �elds. Correspondingly, an automatic mea-

surement system based on the translating-coils method was designed, prototyped,

experimentally validated and exploited on the �eld for testing axi-symmetric mag-

nets. The system yields an accurate measurement of the integrals of the longitudinal

and transverse �eld components as a function of the longitudinal position in a fraction

of the time needed by traditional techniques. The development of such a system has

involved the successful completion of the following tasks:

� Development of the translating-coils measurement method [13]. An

induction transducer, sensitive to the longitudinal and radial components of

solenoids, translates along the magnet axis and the induced voltage is integrated

between prede�ned positions.

� Proof-of-principle demonstration [14]. The results obtained with a prelim-

inary measurement setup are used to validate the measurement concept of the

method.

� Uncertainty analysis [15] [16]. The main uncertainty sources are analyzed

and a particle �lter is used to estimate their propagation in the distribution of

the output quantity.

� Realization of the measurement bench [17]. The prototype of the mea-

surement system is automatized and integrated with the CERN platform for

magnetic measurements. Hardware components and C++ code controlling dif-

ferent sensors and equipment are developed.

� Experimental validation. The measurements results of the translating-coils

system are validated in comparison to a reference solenoid magnet.
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� On-�eld exploitation. The measurement system is employed in challenging

applications, showing satisfying results where other measurement methods re-

sulted not adapted.

The Thesis is organized as it follows.

The Background part deals with a general introduction to axisymmetric magnets.

In particular, Chapter 1 presents the characteristics and the main applications of

these magnets in particle accelerator facilities. Chapter 2 reviews the principal

measurement methods used today for measuring axially-symmetric magnetic �elds.

In the Proposal part,Chapter 3 describes the working principle of the translating-

coils method and the main components of system. The induction transducer, the

transport system and the position measurement system are also illustrated. Chap-

ter 4 deals with the proof-of-principle demonstration of the method and a prelimi-

nary experimental validation. After the successful proof-of-principle demonstration,

in Chapter 5 the main uncertainty sources are analyzed and a model of the mea-

surement process is de�ned. A Sequential Monte-Carlo method based on Bayesian

inference is then used to dynamically estimate the distribution of the output quan-

tity, starting from the knowledge of the distributions of all the uncertainty sources

considered in the model.

The Experimental Results part presents the measurement system and the results

obtained. The �nal prototype of the system and its architecture are described in

Chapter 6, where mechanics and electronics components were improved, according

to the suggestions of the uncertainty analysis results. In Chapter 7, the measure-

ments results and experimental validation of the system are discussed, by checking the

results against a reference solenoid. Finally, Chapter 8 reports on-�eld applications

of the translating-coils measurement system, by highlighting its e�ectiveness in the

characterization of axially-symmetric magnets.
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Part I

Background







Chapter 1

Axially-symmetric magnetic

systems

In the particle accelerator research community, the interest in understanding the

focusing and transfer characteristics of resistive and superconducting axisymmetric

magnets is growing more and more. Magnetic elements such as solenoids are used

in the accelerators at various places for focusing and transporting charged particle

beams. In the following, the focusing characteristics and the main applications of

these magnets are described.
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Axially-symmetric magnetic systems

1.1 Focusing

An axially-symmetric magnetic lens consists of a region of cylindrically-symmetric,

radial, and axial magnetic �elds produced by axi-centered coils (Fig. 1.1). The

Figure 1.1: Schematic of the �eld lines of a solenoid

dominant component in the solenoid �eld is the axial component, which has maximum

strength at the center of the solenoid and reduces towards the ends. The axial �eld,

being parallel to the longitudinal velocity of the charged particles, could not give

rise to the Lorentz force by interacting with the axial velocity component. However,

at the entrance and at the exit of a solenoid, a radial �eld component generating an

azimuthal velocity component exists. This velocity component, in turn, interacts with

the axial �eld inside the solenoid and gives rise to a radial Lorentz force. As shown

in Fig. 1.2, this force, which can be shown to be linearly dependent on the radial

distance for paraxial rays, focuses the particles radially [18]. This approach provides

simultaneous focusing in both the transverse planes and at the same time produce

a rotation of the beam around the axis. For a cylindrically-symmetric magnet, the

focusing process is described according to a thin-lens approximation by the following

expressions of the rotation ϕL of the beam about the z-axis (the so-called Larmor

angle):

ϕL =
e

2γmvz

∫ z2

z1

Bzdz =
e

2γmvz
F1, (1.1)

and the focusing strength 1/f [19]:

1

f
=

e2

4γ2m2v2
z

∫ z2

z1

B2
zdz =

e2

4γ2m2v2
z

F2 (1.2)

where m is the electron rest mass, e the elementary charge, γ = (1−β2)−1/2, β = v/c

with v as particle velocity, c the speed of light in vacuum, and F1 and F2 the �eld

integrals.
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1.2. Axially-symmetric magnetic lens for particle accelerators

Figure 1.2: Focusing solenoid after a laser source.

1.2 Axially-symmetric magnetic lens for particle ac-

celerators

Axially-symmetric magnetic lenses are applied at an increasing rate in low-energy

beam transport (LEBT) sections of high-energy accelerators and in modern radio-

frequency (RF) linear accelerators (linacs), for the purpose of emittance compensa-

tion, transverse focusing and electron cooling.

Many of these applications demand uniformity of magnetic �eld generated by

solenoids within a volume of interest [20]. This is the case for Nuclear Magnetic

Resonance (NMR) and Magnetic Resonance Imaging (MRI). In order to obtain high-

quality images, the high homogeneity of static magnetic �eld in the desired imaging

volume is required. In this case, the desired uniformity of magnetic �eld inside a

solenoid is realized by means of structural modi�cations along with the magnetic �ux

concentrator rings at the coil ends [21].

Other applications, subject of study in this dissertation, demand a precise strength

and shape of the magnetic �eld, characteristics that determine the beam focusing

properties of the magnet. The solenoid speci�cations like �eld integrals, center �elds

and bore diameters depend on the beam characteristics and hence span wide ranges.

These requirements determine which type and technology of axisymmetric magnet

is most appropriate for a given case. Fig. 1.3 illustrates a schematic overview of

the state-of-the-art winding types and technologies employed in axially-symmetric
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Axially-symmetric magnetic systems

magnets applications. An example of the employment of resistive solenoids as focusing

Miniature Coils Permanent 
Magnets

Superconducting 
Solenoids

DC 
Solenoids

Pulsed 
Solenoids

Axially Symmetric 
Magnets

Resistive 
Solenoids

HTS 
Solenoids

LTS
Solenoids

Figure 1.3: Type and technology classi�cation of axially-symmetric magnets.

lenses in RF linacs are the Linac4 [22] and Linac3 [23] at CERN.

Linac4 is a 160 MeV normal-conducting linac for negative Hydrogen ions and the

LEBT section is vital to control the current and emittance. In particular, the two

solenoids highlighted in red in Fig. 1.4 are used to focus and to match the beam to

the RFQ.

Linear accelerator 3 (Linac3) is the starting point in the heavy ion injector chain

of the Large Hadron Collider (LHC), providing charged heavy ion beams for the

CERN experimental program. Immediately after the ion source, a focusing solenoid

(ITL.SOL01) is in charge of bringing a beam as small as possible to the spectrometer

and avoid any loss of intensity [23].

Since the use of a solenoid as a focusing element is based on second order e�ects, it

is desirable to go to higher magnetic �eld by employing superconducting (SC) devices

to minimize the overall length occupied along the beamline [24].

In fact, for applications in SC RF accelerating structures, SC solenoid magnets are

often preferred for their compact design and low remanent fringe �elds. A compact

accelerating-focusing lattice ca be obtained by using SC solenoids together with SC

RF resonators within a common cryostat.

This solution has been adopted for the low energy part of a linac for the High
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1.2. Axially-symmetric magnetic lens for particle accelerators

Figure 1.4: Sketch of the Linac4 LEBT [22].

Intensity Neutrino Source (HINS) project at Fermilab [25] [26], where SC focusing

solenoids are installed inside RF cryomodules. Axially-symmetric focusing resulted

in saving some longitudinal space, which is highly desired for beam line diagnostic

equipment [27].

Two di�erent superconducting solenoids, based respectively on High Temperature

Superconductor (HTS) and Low Temperature Superconductor (LTS) coil technology,

are presented in [28]. For the superconducting RF electron gun for the WiFEL at the

University of Wisconsin [29] a low-�eld, large-bore 2G HTS solenoid for emittance

compensation has been designed. As showed in Fig. 1.6, the unit is hence very

compact and the solenoid operates safely at temperatures up to 70 K. For the High

Intensity and Energy (HIE) upgrade of the ISOLDE facility at CERN [30], high-

�eld LTS solenoids integrated in individual helium vessels have been designed and

produced for the high-beta cryomodules.

Other examples of typical superconducting linacs, where solenoids are used for

their simple design, easy production and low cost of manufacture, are ISAC-II in

Canada [31] Project X of Fermilab [32] and Facility for Rare Isotope Beams (FRIB)

of MSU in USA [33].
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Axially-symmetric magnetic systems

Figure 1.5: The ITL.SOL01 Linac3 solenoid.

Figure 1.6: HTS solenoid mounted in position next to the SRF cavity in the electron gun at WiFEL,
University of Wisconsin [28].
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Chapter 2

Measurement methods for

axially-symmetric magnets

Field errors in axisymmetric magnets have great in�uence on particle beam stability

and quality. It has been demonstrated that residual emittance and longitudinal beam

temperature are very sensitive to the magnetic �eld in almost all the applications

presented in Chapter 1.

Employing axisymmetric lenses to provide the required focusing strength for charged

particle beams imposes strict requirements on magnetic �eld measurement and axis

determination. Therefore, reliable and e�cient methods for measuring the magnetic

�eld of focusing magnets are desired.

This chapter presents the principal methods available in literature for axisym-

metric magnetic �eld measurement and axis determination, as classi�ed in the tree

diagram shown in Fig.2.1.
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Measurement methods for axially-symmetric magnets

Determination 
of the axis

Magnetic Field 
Quality

Measurement 
Methods for Axially 
Symmetric magnets

Sensing Coils Hall ProbeNMR Compass-
based method 

Vibrating 
Wire

Hall Probe Stretched 
Wire

Figure 2.1: Commonly used measurements methods for axisymmetric magnetic �elds.

2.1 Magnetic �eld quality

To measure the �eld quality of an axisymmetric magnet a precise characterization of

the longitudinal and transversal �eld components is needed.

2.1.1 Hall-probe mapping systems

A combination of three Hall magnetic generators oriented in the three main directions

and supported by three orthogonal plates (commonly de�ned as 3D Hall-probe) was

and remains a way to measure simultaneously the three components of the magnetic

�eld [34]. In the classical con�guration, the Hall probe is attached to a measuring

arm that can move with �ve degrees of freedom (three directions of translation and

rotation around two axes). Usually the measurements are performed in a �ying mode

at a speed range of 10-50 mm/s. The voltages are recorded using a digital multimeters

interfaced to a computer via a GPIB gateway. Finally, the data are post-processed

o� line using a de�ned calibration procedure described.

The Muon Ionization Cooling Experiment (MICE) is an R&D project that aims

to demonstrate the cooling of muon beams. The MICE cooling channel is equipped

with two spectrometer solenoids consisting of �ve superconducting Nb-Ti coils wound

on a common aluminum mandrel. In [35], measurements of the axial and trans-

verse components of the magnetic �eld through the warm bore of the magnet have
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2.1. Magnetic �eld quality

been performed along the central magnet axis, and with horizontal and vertical o�-

sets. A stainless steel guide tube has been used as a support for a 3D Hall-probe

(Fig. 2.2) within the warm bore, as shown in Fig. 2.3. Another example of Hall-

Figure 2.2: 3D Hall probe attached to G10 shaft with centering bearing [35].

Figure 2.3: Measurement system [35].

probe measurement system explicitly designed for solenoids is described in [36]. The

three-dimensional Hall-probe mapping system has been developed for measuring the

solenoid magnet of the Pohang Light Source (PLS) photo-cathode RF e-gun. It can

map the solenoid �eld either in Cartesian or in cylindrical coordinates system with

a measurement reproducibility better than 0.5 G. The system has three axis motors:

one for the azimuthal direction and the other two for the x and the z direction.

The �rst two accelerating sections of the SPARC Linac at the Frascati National

Laboratories of INFN [37] are embedded in an array of 13 solenoids, required to pro-

duce a magnetic �eld for additional focusing in order to comply with the Ferrario

working point matching conditions for emittance compensation.
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Measurement methods for axially-symmetric magnets

As reported in [38], the magnetic �eld intensity of the focusing solenoids is measured

by a Hall-probe system mounted on a 3D movement machine. Four out of �ve move-

ment axes are motorized. By scanning the volume inside the solenoid it is possible to

map the magnetic �eld in the zone of interest.

The Mu2e experiment at Fermilab is designed to explore charged lepton �avor

violation by searching for muon-to-electron conversion. The magnetic �eld generated

by a system of solenoids is a crucial component of Mu2e and requires accurate char-

acterization to detect any potential �aws and to produce a detailed �eld map [39].

Fig. 2.4 illustrates the design for the Mu2e �eld mapping system. A precisely ar-

ranged set of Hall and NMR probes is mounted on a carriage to survey the magnetic

�eld both azimuthally and axially. The carriage moves along precisely surveyed rails

installed along the magnet axis, and stop at prede�ned positions. At each location

the propeller arms rotates and stops at prede�ned angles to measure the magnetic

�eld. To minimize positioning inaccuracies, linear and angular encoders coupled to a

feedback control system can compensate for gear backlash and wear [40].

Figure 2.4: Mu2e �eld mapper design. Probes will be installed on two propeller arms. Propellers
rotate to provide azimuthal coverage. The �eld mapper moves along the magnet axis to provide
axial coverage [40].

2.1.2 Compass-based method

The prototype of the compass-based measuring system was designed and constructed

at Budker Institute of Nuclear Physics (BINP) at Novosibirsk and then shipped to
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2.1. Magnetic �eld quality

Fermilab according to a mutual collaboration [41].

Figure 2.5: Diagram of the measuring device: (1) magnetic sensor, (2) conductors of the compen-
sating circuits, (3) beam splitter, (4) photodetector, (I-IV) quadrants, and (X,Y) output current
ampli�ers [42].

Since that time it has being modi�ed and improved, but the basic ideas are the

same. A diagram of the measuring system is shown in Fig.2.6. The measuring circuit

is an automatic control loop that incorporates an optomechanical magnetic sensor

and a compensating system. A shift of the laser beam from the sensor's center in-

duces an error signal that a�ects the currents in the conductors, compensating for

the transverse �eld that is responsible for this shift. The transverse magnetic �eld

components representing the local curvature of the �eld line are determined using the

current amplitudes.

A detailed description of the measuring system has been presented by Bocharov

et al. in [42].

The compass-based method has been used for the magnetic �eld measurement of the

solenoid and its compensation in the Recycler Electron Cooler (REC) at Fermilab

[43,44]. The e�ciency of the cooling process is governed by the quality of the guiding

magnetic �eld produced by the solenoid in the cooling section and, therefore, a precise

characterization of the transversal �eld is needed. The �eld components of the solenoid

are measured by a specially designed compass-based sensor which is placed inside a

cart that moves through the solenoid with a precision of 1 mm, providing a detailed

�eld map [45].

Electron cooling is in use in many accelerators throughout the world. Several

electron-cooling plants (electron coolers) have been designed and built in the last few

years by the Budker Institute of Nuclear Physics for a number of foreign laborato-

ries. The same measurement concept (magnetic needle-and-mirror) has been used to
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Measurement methods for axially-symmetric magnets

Figure 2.6: Carriage for Needle-and-Mirror.

measure the �eld straightness in the solenoids for the electron lens system for the

Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory (BNL).

In this case the electron and proton beams must remain aligned to each other within

< 50 microns as they pass through the solenoid. This places stringent requirement

on the straightness of �eld lines in the solenoid and precise measurements of the

�eld straightness are required to characterize the magnets, and to make the correc-

tions [46,47].

2.1.3 NMR

Methods based on NMR principles (imaging and spectroscopy) need a source of sta-

tionary magnetic �eld with minimal inhomogeneities. No magnet generates an ideal

homogeneous magnetic �eld and therefore a complicated coil system construction

fed by separate currents power supplies for compensation (shimming) of particular

magnetic inhomogeneous components is needed.

In [48] is described a fast method for computation of feeding currents of shim coils

for stationary magnetic �eld used in NMR imaging. The method needs to perform a

magnetic �eld measurement in selected points of an assigned volume by using NMR

magnetometers. The measurements were performed in three transversal planes on

circles and their centers thanks to a probe positioning mask as showed in Fig. 2.7.

The development of a superconducting solenoid for a new Muonium HyperFine

Structure (MuHFS) measurement at J-PARC requires an homogeneity of the magnetic

�eld below 1 ppm within a spheroid region of 20 cm in diameter and 30 cm in length.

In order to evaluate the �eld uniformity, a precise �eld monitoring system is presented

in [49]. An NMR probe is used to measure the magnetic �eld and a 3-axis moving
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2.1. Magnetic �eld quality

Figure 2.7: Measuring mask with holes for NMR magnetometer probe.

stage is designed for the probe positioning. Figure 2.8 shows the schematic view

of the r − θ − z moving stage. The NMR probe is mounted on the slide stage in

Figure 2.8: Schematic view of the moving stage [49].

radial direction, and the slide stage is mounted on a rotating disk. Both the radial

slide stage and the rotating disk are driven by ultrasonic motors. The whole stage

can move along the z- axis on the rail, and is driven by a stepping motor, which is

2 m away from the magnet end, far away enough so that there will be no signi�cant

distortion of the magnetic �eld. Almost all the parts of this system consist of non-

metallic material except for the case of the ultrasonic motor and NMR probe, which

are made by aluminum and copper.
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2.2 Determination of the magnetic axis

For a proper and correct accelerator functioning it is important to align the focus-

ing solenoids on the machine with their magnetic axes precisely coincident with the

beam axis. Preliminary operations are therefore the geometrical characterization, to

determine the geometrical axis, and the magnetic measurements, to determine the

magnetic axis position with respect to the geometrical one.

2.2.1 Axis determination by Hall-probe systems

A common way to determine the magnetic axis is described in [50], where a Hall probe

is rotated at several points along the axis of the solenoid, recording the measured

�eld as a function of the rotation angle at each axial stop. Information about the

displacement of the axis of rotation from the magnetic axis is obtained by analyzing

the measured data.

The layout of the measurement setup is shown in Fig. 2.9. The drive shaft was

connected to the probe assembly by a universal joint at one end, and to a PC controlled

motor drive assembly at the other. This provided longitudinal and rotational motion

of the probe.

Figure 2.9: A layout of the measurement setup [50].

Another interesting method for axis determination by means of a Hall-probe sys-

tem is presented in [51]. The magnetic center is calculated using the measured axial

component of magnetic �eld Bz in Cartesian coordinate system because the accuracy

of magnetic axis measurement could be improved signi�cantly by using Bz, instead

of the radial component of magnetic �eld Br. To obtain the magnetic center, the

measured two-dimensional �eld pro�les at di�erent positions along the z-axis were

processed. Because the magnetic �eld was mapped in the x-y plane at a step of 1 mm,

the measured data were interpolated. Then, the magnetic axes along the z-axis were

calculated with a resolution of 0.01 mm using the conditions ∂Bz/∂x = ∂Bz/∂y = 0.
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2.2. Determination of the magnetic axis

2.2.2 Single stretched-wire measurement method

The stretched-wire method, which is also relatively common, makes use of a single

conducting wire stretched through the magnet and moved by precision translation

stages at both ends, which are short circuited by a �xed wire. An integrator measures

the induced loop voltage and the axis is obtained by iterating horizontal and vertical

sweeps until symmetric start and end points are found, giving zero integrated �ux.

The development of a high-current proton linac at FNAL went through many

stages, starting from a pulsed 8 GeV linac, then to the HINS linac front end R&D,

and now toward the ProjectX CW linac.

For di�erent parts of the accelerator front end in each of these linacs, the design

requires solenoid-based focusing lenses that can provide the needed transverse focusing

on a very tight real estate environment. The multiple, often contradictory, design

requirements of focusing lenses include the need for systematic measurements of the

solenoid magnetic axis position.

J. DiMarco et al. reported in [52] [53] [54] alignment measurements made using

Single Stretched Wire (SSW) techniques, which allow wire positioning control at the

level of 1 micron.

2.2.3 Vibrating-wire measurement method

The vibrating-wire method is an evolution of the stretched wire method, in which

transversal vibrations are continuously excited at the resonance frequencies of the

wire, providing exceptional sensitivity. The vibrations are driven by an alternating

current in a magnetic �eld.

In [55] [56], a method based on the vibrating-wire is proposed to center and align

solenoid magnets.

The wire, fed by an alternating current, oscillates in a plane that is perpendicular to

the transversal magnetic �eld. When the wire position coincides with the magnetic

axis, the transversal �eld components cancel out and therefore no motion is induced.

To center and align the solenoid two wire resonance frequencies are excited for co-

and counter-directional movements of the wire stages. The procedure to �nd the

minimum oscillation amplitudes is sensitive to misalignment in the micrometer range.

The method is validated experimentally on a solenoid prototype for the Linac4 project

at CERN (Fig. 2.10).
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Figure 2.10: Vibrating wire measurement bench with mounted solenoid magnet under test [55].
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Chapter 3

Translating-coils measurement

method

In this chapter, a measurement method based on translating sensing coils is proposed

for mapping local �eld geometrical parameters with high accuracy. This measure-

ment technique has not been used previously for axially symmetric magnets. The

�eld integrals F1 and F2 are obtained more precisely and rapidly than by traditional

techniques. In particular, the working principle and the architecture of the translating

coil method are presented, by highlighting also the design of the induction transducer.
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3.1 The working principle

The basic design concept is to build a reliable and high-speed measurement system

for characterizing the longitudinal and radial magnetic �eld components, and to de-

termine the integrated �eld and the magnetic axis from the measurement data.

The basic idea of the method is to induce a voltage in a coil translating co-axially

with the magnetic �eld of an axisymmetric magnet, according to Faraday's induction

law (generator convention):

U = −dΦ

dt
, (3.1)

where U is the voltage induced on the coil and Φ is the magnetic �ux linked by the

coil, de�ned as:

Φ =

∫
A
B · n da, (3.2)

with A the surface delimited by the coil, da an in�nitesimal element of the surface A
and n the unit vector perpendicular to da.
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Figure 3.1: Architecture of the translating coil method

Fig. 6.1 shows the architecture of the measurement system. The induction trans-

ducer (translating coil) is moved by a linear actuator coaxially to the magnet. The

position is measured by a linear laser interferometer, following a retrore�ector rigidly

connected to the cylindrical core of the transducer. The voltage signal induced at the

coil terminal is digitized (data acquisition) and integrated between prede�ned posi-

tions along the longitudinal axis of the magnet. The position pulses are sent from the

interferometer to the trigger generator, where they are counted and used to trigger

the integrator of the voltage samples to calculate the �ux increment between adja-
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3.2. Induction transducer design

cent axial positions. In this way, the �ux increments are obtained as a function of the

linear position. Finally, an adder (Σ) computes the integral �ux as a function of the

position.

This re-parametrization with respect to the axial position eliminates the time de-

pendence and in particular the in�uence of linear speed variations, thus relaxing the

requirements for the coil transport system. This is the same principle used for the

rotating coil measurement method, which uses an angular encoder to obtain the �ux

as a function of the azimuthal position [1].

The integration can be performed (i) o�-line, by acquiring the position pulses and

the coil signals by an acquisition device and resorting afterwards to post-processing

techniques for the integration, or (ii) on-line, by a digital integrator [57], releasing the

value of a �ux increment at each trigger signal.

3.2 Induction transducer design

The induction transducer consists of two ideally identical coils, slightly spaced longi-

tudinally (Fig. 3.2). The coils are wound on an accurately-machined cylindrical core,

have a diameter of 85 mm and are spaced by 3 mm. The coils are made of a 16-strand

copper wire, wound in 16 layers for a total of 256 turns per coil. The total e�ective

area is thus nominally 2.6 m2. When the two coils are connected in series, they oper-

Br 

d 

Rc 

Bz 
z

Figure 3.2: The induction transducer with two co-axial sensing coils.

ate like a single coil but with double number of turns. In this case, the transducer is

sensitive to the longitudinal component Bz of the �eld. On the other hand, when the
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Translating-coils measurement method

coils are connected in opposite polarity, the longitudinal component is compensated

and the radial component Br is measured.

The coil diameter has to include the good �eld region of the magnet where the beam

is passing, typically 2/3 of the magnet bore. The voltage in the coil is given by:

−Uc = NT
∂Bz
∂z

vcAc

where NT is the number of turns, Ac is the area exposed to �ux change for a single

turn, ∂Bz

∂z is the longitudinal �eld gradient (typically up to 5 T/m in the end region),

and vc is the translating speed along the z-axis (in the range of a few centimeters

per second). The number of coil turns is chosen to ensure a nominal peak coil signal

about 2 V, which leaves some margin for the e�ects of vibrations and other mechan-

ical imperfections with respect to the typical ±5 V input range of the acquisition

system. The coil is wound using a �at multi-strand wire [58]. This technique, which

requires a skillful manual operation, allows a much more regular cross-section with

respect to common automated single-strand winding, leading to easier calibration of

the coupling coe�cient. A square cross-section, with as many layers as the number

of parallel strands in the wire, minimizes non-ideal e�ects and improves the accuracy

of the measurements [59].

The complete transducer is designed to minimize magnetic interferences; in particu-

lar, the electrical connections present the smallest area to the changing �ux and the

coil core is made of a mechanically rigid, non-conductive, and non-magnetic material

(Delrin).

The measurement accuracy of the radial �eld depends strongly on the di�erence be-

tween the e�ective areas of the two coils. The di�erence is to be assessed more

accurately by calibration, once nominal dimensions and number of turns are de�ned

by design.

3.3 Advantages with respect to Hall-probe

measurement systems

The translating coil method is designed in order to allow a direct measurement of the

focusing parameters in cylindrically-symmetric magnets. The measurement of the in-

tegrated �eld or the gradient �eld of axisymmetric magnets it is important for particle

tracking studies. By designing a custom coil, the translating coil method allows to

measure these quantities directly, thereby greatly improving both measurement speed

38



3.3. Advantages with respect to Hall-probe

measurement systems

and precision.

In fact, a single set of measurements (obtainable in few minutes) can yield the �eld

integrals F1 and F2. Currently, these parameters are calculated after a 3D Hall-probe

mapping of the magnet which is costly and time-consuming.

With respect to standard Hall probes, translating coils have the following major ad-

vantages:

� Linear response to the �eld: The main sources of non-linearity in a Hall device

are due to the geometric factor, the material, and the variation of temperature.

As a consequence, Hall probe systems require an elaborate calibration of sen-

sitivity for each probe. On the other hand a �uxmeter presents an inherent

linearity between intensity of magnetic �eld and output signal.

� Temperature sensitivity: The number of charge carriers in a semiconductor

depends on the temperature, and the sensitivity of a Hall device is therefore

strongly temperature dependent. The advantages of using a �uxmeter is that a

wide range of operating temperature is permitted for the measuring coil and, due

to the low expansion coe�cient of the support (typically �berglass), a negligible

temperature-related drift is obtained.

� Easy absolute calibration: The translating coil can be calibrated by the �ip-coil

method with 10-4 relative precision in an NMR-mapped dipole. On the other

hand, Hall probe systems have the problem of the long term calibration drift.

As the semiconductor material ages, the o�set, nonlinearity and temperature

sensitivity all change. This problem can be solved by periodically re-calibrating

the device in a reference �eld, usually a magnet controlled by NMR. This implies

that it is needed to remove the sensor and perform a periodic calibration. The

mounting system must allow the sensor to be installed reproducibly in the same

position and orientation.

� Spatial resolution: It is possible to obtain an arbitrary resolution in the transver-

sal plane, since the �eld may be computed at any point of interest from the

measured harmonic expansion.

� Planar Hall e�ect: A magnetic �eld in the plane of the sensor will also generate

a small Hall voltage, and this can pose a problem for mapping 3-D �elds. In

fact, Hall elements often display even higher-order cross-talk terms between the

axes, and for high-precision measurements, these e�ects become signi�cant and

must be corrected.
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� O�set: Because of geometric and material imperfections, the Hall voltage will

almost always be non-zero in a zero �eld. In the latest generation of devices,

spinning-current techniques, whereby the current is injected into each terminal

in turn, are used to cancel most of the o�set. The problem persists at a lower

level.

� Vibrations, sag and backlash of the mechanical arm: When the magnetic �eld

region to be mapped includes the fringe �eld and a large mechanical arm is

needed, it can be quite challenging to minimize unwanted vibrations and to

compensate the related error.

Fluxmeter mapping systems can be of great precision, on the order of 10−5. In fact,

they often give results that are clearly superior to those of Hall mappers.

As described above, a single set of measurements can yield a map with arbitrary

spatial resolution in the longitudinal direction, as long as we can get all the partial

integrals.

On the other hand, the translating coil method is more complex to be used and the

equipment is more expensive.
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Chapter 4

Proof-of-principle

demonstration

At this stage of the project. the basic concept underlying the translating-coils method

is to be proved experimentally. For this purpose, a preliminary measurement setup

was designed and constructed.

In the following, an experimental proof-of-principle demonstration of the translating-

coils method on a solenoid magnet is presented. In particular, (i) the measurement

setup, (ii) the induction transducer calibration, and (iii) the validation results are

illustrated.
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4.1 Measurement setup

The layout of the measurement setup is illustrated in Fig. 5.1. The solenoid under
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Linear 
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inductive voltage

HP FP

aluminum guide

retroreflector

interferometer
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laser beamtransducer

position pulses (AquadB)

HPI-3D

PC

Integration

Figure 4.1: Layout of the measurement setup (HP: home position, FP: �nal position).

test is the spare magnet SNW 200 at CERN, with a coil of 280 turns of resistance

0.0841 Ω, a length of 275 mm, a radius of 65 mm, and with a transfer function in the

center of the solenoid k = B0/I = 0.0012 T/A.

A linear actuator pushes and pulls the transducer inside an aluminum guide. The

voltage signals induced at the terminals of the two coils are acquired by a data acqui-

sition card (DAQ) NI PXI-6289 [60]. In particular, the voltage signal resulting from

the series or anti-series combinations of the two coils is recorded. Synchronously, the

coil position measured by a laser interferometer is acquired. The interferometer is

�xed outside the aluminum guide and the retrore�ector is attached to the coil core

(Fig. 5.1). The relative linear motion between the optical components is detected.

A digital A-Quad-B signal in 5 V CMOS standard is available on the output of the

HPI-3D. The position pulses are acquired and counted by the Data Acquisition Sys-

tem Timing Controller (DAQ-STC), which integrates the counter/timer functionality

of the DAQ. When the transducer hits the home position on the longitudinal axis

(HP in Fig. 3.2), a LabVIEW software simultaneously stores the position, the in-

ductive voltage, and the time duration within each acquisition step. The voltage

samples, yielding the �ux increment between adjacent linear positions, are integrated

numerically in Matlab.
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4.1.1 Translation and position measurement systems

In addition to the induction transducer, the two other fundamental parts of the mea-

surement setup are: (i) the translation system, and (ii) the position measurement

system. The translation system includes an aluminum guide, which can be cen-

Figure 4.2: View of the transport system.

Figure 4.3: Aluminum guide with the rollers for the displacement of the transducer along the longi-
tudinal axis.

tered in the magnet aperture, together with a linear actuator (Fig. 7.1a) for moving

the transducer along the longitudinal axis. The transducer moves on non-magnetic

rollers, mounted as shown in Fig. 7.1b. The actuator is an external moving system

mechanically linked to the coil by a �berglass stick. It pushes and pulls the trans-

ducer from an initial to a �nal position, such as to cover the entire �eld of the magnet,

including the fringe �eld.
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Proof-of-principle demonstration

The linear position measurement has a direct impact on the overall system's accu-

racy. Therefore, special attention was paid to its quality by using a high-performance,

heterodyne laser interferometer HPI-3D from Lasertex [61] (Fig. 4.4). The device

Laser Head
LI

LR

Figure 4.4: Laser head and linear interferometer (LI) and retrore�ector (LR) for the position mea-
surement.

operates according to the laser interferometer principle and is able to measure objects

moving with speeds up to 7 m/s with a nominal resolution of 0.1 nm. The linear optics,

consisting of a interferometer and a retrore�ector, is employed for precise recording

of the induction transducer displacement. The laser beam, generated in the laser

head, consists of two polarizations: horizontal and vertical. The linear interferometer

(LI in Fig. 4.4) splits the beam into two parts. The horizontally polarized beam is

re�ected back to the laser head and the vertical polarized beam is directed to the

linear retrore�ector (LR), which is attached to the translating transducer (Fig. 7.1b).

The frequency of the vertical beam varies according to the Doppler e�ect when the

retrore�ector is in motion.

4.2 Induction transducer calibration

Another key factor for the proof-of principle demonstration of the translating coil

method is the transducer calibration. In the following, the calibration of (i) the

magnetic equivalent area, and (ii) the distance are illustrated.
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4.2.1 Magnetic equivalent area

The simplest method of calibration of induction coils is based on moving the coil in a

known reference �eld Bref and directly measuring the magnetic �ux Φ resulting from

the integration of the coil voltage.

In this case, the total area of the coils is obtained by �ipping them upside down in

a reference dipole magnet. A second �ip, back to the original position, is necessary

to evaluate and correct the error due to the integrator drift [?]. Tab. 7.1 shows the

calibration results for the two coils mounted on the induction transducer.

Coil Bref ∆Φ E�ective area R
n. (T) (Vs) (m2) (Ω)
1 0.99991 2.66360 1.33171±0.00063 315.4
2 0.99991 2.66271 1.33126±0.00063 315.1

Table 4.1: Calibration results for the translating coils

The measurement of the coil resistance R allows (i) broken coils to be detected,

(ii) the number of turns (1%) to be assessed in order to exclude inter-turn shorts, and

(ii) load error and impedance mismatch to be corrected.

The di�erence between the two coils' areas is also an important parameter for assess-

ing the accuracy of the transducer based on the di�erential principle in radial �eld

measurement. The coils' areas di�er by about 0.03%.

4.2.2 Longitudinal coil distance

An accurate calibration of the distance between the two coils of the induction trans-

ducer is essential for the correct measurement of the radial component of the magnetic

�eld. Mechanical measurements are usually not possible, since the individual turns

cannot be seen by optical instruments or touched by feelers.

Much better results can be achieved by an in-situ magnetic calibration [62]. The

longitudinal distance between the two coils is assessed by directly exploiting the mag-

netic �eld measurements on the magnet under test. The longitudinal pro�le of the

solenoid magnet is measured independently by the two coils mounted on the induc-

tion transducer. Simultaneously, the transducer position is recorded, by associating

each element of the measurement arrays with a corresponding position along the lon-

gitudinal axis. When the resulting arrays Bz1 and Bz2 are plotted as a function of

the longitudinal position z (Fig. 4.5), the two curves are slightly spaced by ∆z, as

highlighted by the zoom in Fig. 4.6. Considering that: (i) the solenoid magnet is
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Figure 4.5: Longitudinal magnetic �eld measured independently and simultaneously by the two coils.
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Figure 4.6: Zoom in z=[-0.15, 0.15] to highlight the coil distance e�ect.

powered with a stable DC current, (ii) the coils are designed to be identical and are

coaxially mounted on the core of the induction transducer, and (iii) the measurements

are carried out independently and simultaneously by the two coils, the o�set ∆z be-

tween the longitudinal pro�les measured by the two coils is assumed as due to the

longitudinal distance between the two coils.

Ideally, the value ∆z should be the same for each pair of corresponding points

(B1(j), B2(j)) of the two curves. Considering that the measurements are a�ected

by several error sources, there is a variation of ∆z for each pair of points as shown in

Fig. 4.7. Therefore, the calibration procedure for the distance consists in determining

the value of ∆z that minimizes the Euclidean distance between the vectors B1 and
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Figure 4.7: Absolute di�erence for each pair of corresponding points (B1(j), B2(j)) of the two coils
measurements (mean: green, 1-sigma: magenta).

B2:

min
∆z
‖ B2(z)−B1(z) ‖ (4.1)

For the prototype, the calibrated longitudinal distance between the two coils is given

by the mean di�erence of all the points, ∆z = 3.723± 0.021 mm.

4.3 Validation results

The translating coil method was validated experimentally in comparison to a 3D Hall

probe mapper available at CERN.

The magnetic �eld of the same cylindrical region inside the solenoid aperture was

measured by both methods. This region is delimited longitudinally, by the maximum

displacement of the mapping system along the axis of the solenoid, and transversally

by the coils' windings.

In Fig. 4.8, the results of the translating coil method and Hall probe mapping are

compared for the longitudinal magnetic �eld. In Fig. 4.9, the absolute di�erences are

plotted. An analogous comparison is reported in Figs. 4.10 and 4.11 for the radial

�eld. These di�erences are compatible with the accuracy of the absolute calibration

and the positioning of the Hall probe system. The impact of the mechanical precision

of the movement of the translating coil in terms of tilt angle and o�set, remains to

be assessed.

The normalized root-mean-square error (NRMSE) is 0.14% for the longitudinal com-

ponent of the magnetic �eld Bz and 0.85% for the radial component Br. The Lar-
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mor angle and the focusing strength for the solenoid under test can be easily eval-

uated from the measurement data. The �eld integrals provided by the solenoid are

F1 = 0.0359 Tm and F2 = 0.0027 T2m.

4.4 Discussion

A method based on translating coils for the magnetic �eld measurement of axially-

symmetric magnets has been proposed. An induction transducer, sensitive to the

longitudinal and radial �eld components, was designed and constructed. The e�ec-
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tive surface of the coils and the longitudinal distance between them were calibrated.

The radial and longitudinal components of a CERN solenoid measured by the pro-

posed method were compared to a reference measurement method with satisfying

agreement. Furthermore, from the measurement data, the �eld integrals F1 and F2

were evaluated.

The required accuracy of the prototype still needs improvements on the mechan-

ics and calibrations of the individual parts in order to achieve adequate metrological

performance. A reference (calibrated) solenoid is required for the metrological charac-

terization of the translating-coil system. The uncertainty analysis of the measurement
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system and an optimization of the induction transducer are crucial as the technical

realization of a better transport system. Theoretical studies for the reconstruction of

3D magnetic �elds from the measurement data will have to be carried out to further

advance the assessment of the local �eld.
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Chapter 5

Uncertainty analysis

In the uncertainty assessment of magnetic �ux measurements in axially symmetric

magnets by the translating coil method, the Guide to the Uncertainty in Measurement

and its supplement cannot be applied: the voltage variation at the coil terminals,

which is the actual measured quantity, a�ects the �ux estimate and its uncertainty.

In this Chapter, a particle �lter, implementing a Sequential Monte-Carlo method

based on Bayesian inference, is applied. At this aim, the main uncertainty sources

are analyzed and a model of the measurement process is de�ned. The results of the

experimental validation point out the transport system as the main contribution to

the uncertainty budget.

5.1 Introduction

The characterization of the magnetic �eld of axially-symmetric (axisymmetric) mag-

nets is paramount for focusing systems in the low-energy section of accelerators [2] and

other devices, such as electron microscopes [3], or electron guns. Other meaningful

applications are related to systems for laser-accelerated protons or ions [5]. Examples

are particle therapy and short-pulse radio-graphic diagnostics, where axisymmetric

magnets are useful for e�ective focusing and energy selection.

The needed focusing strength imposes strict requirements to the magnetic �eld

measurement and axis determination. Traditional general-purpose techniques, as 3D

Hall probe mapping systems [9], are poorly suitable to exploit the inherent symmetry

of axisymmetric magnets. Analogously, available state-of-the-art stretched� [11] and
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vibrating-wire [12] systems provide information only about integral �eld properties.

Conversely, an investigation on the local �eld geometrical parameters and the �eld

homogeneity is also important for the full characterization of axisymmetric magnets.

In [14], an alternative measurement method, conceived expressly to exploit the

inherent axial symmetry of the magnetic �eld, was proposed. The magnetic �ux,

linked with a pair of sensing coils translating co-axially to the magnet, is measured as

a function of the longitudinal position. Then, a suitable model based on cylindrical

symmetry is exploited to map the local �eld geometrical parameters and to measure

the �eld integral. With respect to standard Hall-probe mapping, the method has

several advantages: (i) inherent linearity, (ii) negligible thermal drift, owing to the

low expansion coe�cient of the support (typically �berglass), (iii) easy calibration,

by �ipping the sensing coils in a reference magnet, and (iv) better resolution in the

transverse plane, because the �eld can be computed at any point of interest from the

harmonic expansion of the measured �eld.

Nevertheless, after the successful proof-of-principle demonstration of the translat-

ing coils method [14] at CERN, the high-level metrological target of potential appli-

cations requires several improvements to the mechanics, as well as calibrations of the

individual parts of the system. Moreover, an uncertainty analysis is necessary for a

comprehensive metrological characterization of the method.

At this aim, the uncertainty sources a�ecting the measurement system have to be

evaluated and their in�uence on the result assessed. A measurement model, relating

the output (measurand) y to the input quantities x1, ..., xN , is to be formalized, by

assigning the probability distributions to the input quantities on the basis of avail-

able knowledge. Then, the probability distributions of the xi need to be propagated

through the measurement model y = f(x1, ..., xN ) in order to obtain the probability

distribution of the output quantity.

In literature, the approaches to the propagation of distributions can be grouped in

three main categories [63]: (i) the GUM (Guide to the expression of the Uncertainty

in Measurement) framework [64], where the law of uncertainty propagation is used,

(ii) analytical methods, where an algebraic form of the probability distribution is

derived by mathematical analysis, and (iii) Monte�Carlo methods [65], where an

approximation of the probability distribution of the output is found numerically by

starting from those of the input quantities. The GUM approach follows a general

approximation, not applicable to nonlinear measurement models or non-Gaussian

distributions. Analytical methods give exact and complete solutions, but for complex

measurement models they are often hard to de�ne in a closed form. Finally, Monte�
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Carlo methods o�er a practical solution when both the GUM approach and analytical

models are not applicable.

However, both the GUM framework and the Monte�Carlo approach described

in [65] assume the measurand to be constant, and therefore are not appropriate for

translating coils, where the measurands depend on continuous variables [66]. In par-

ticular, in this case, referred to as dynamic measurement, the measurand variation

(e.g., in time or space domain) has a signi�cant e�ect on the estimate of the measurand

and the associated uncertainty [67].

Recently, Sequential Monte�Carlo (SMC) methods have been proposed, allowing

dynamical changes in the input distributions to be tracked, thus adapting themselves

automatically to provide the dynamic distribution of the output. Sequential Monte�

Carlo methods represent a memory-e�cient alternative to traditional Monte�Carlo

methods for dynamic measurements, because although the results are identical, the

output values are stored only for a small number of time instants [68]. Moreover, with

respect to Unscented Kalman �lters, they allow to completely describe the distribution

of the system state, in the case of non-linear systems.

In this chapter, the measurement model for the translating coil method is formu-

lated and an SMC algorithm, based on Bayesian inference, is then used to dynamically

estimate the distribution of the output quantity, starting from the knowledge of the

distributions of all the uncertainty sources considered in the model. In particular,

in Section 5.2 the translating coil method proposed in chapter 3 is outlined. In Sec-

tion 5.3, the sources of uncertainties are analyzed and assessed, by investigating ex-

perimentally and numerically the predominating source, the transport system. Then,

in Section 5.4, the measurement model is de�ned, by listing and discussing all the con-

sidered uncertainty sources. In Section 5.5, the SMC�based algorithm for uncertainty

propagation is described. Finally, the experimental results of the characterization of

the uncertainty sources are reported in Section 5.6.

5.2 Translating coils background

Main design requirements are (i) to build a reliable and high-speed measurement

system for characterizing the longitudinal and radial magnetic �eld components of

axisymmetric magnets, as well as (ii) to measure the integrated �eld and locate the

magnetic axis.

The working principle of the method is to induce a voltage in a coil translating co-

axially with the magnetic �eld of an axisymmetric magnet, according to the Faraday's
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Figure 5.1: Layout of the measurement set-up (HP: home position, FP: �nal position) [12].

induction law (generator convention):

U = −dΦ

dt
, (5.1)

where U is the voltage induced on the coil and Φ is the magnetic �ux linked by the

coil, de�ned as:

Φ =

∫
A
B · n da, (5.2)

with A the surface delimited by the coil, da an in�nitesimal element of the surface A
and n the unit vector perpendicular to da.

The measurement set-up, designed and constructed for a proof-of-principle demon-

stration is shown in Fig. 5.1. A transducer hosting two coils is moved by a linear

actuator along an aluminum guide. The voltages induced at the coils terminals are

acquired by a data acquisition card NI PXI-6289 (DAQ) [60]. In particular, the re-

sulting voltage arising from the series and anti-series combination of the two coils is

recorded. Simultaneously, also the longitudinal position of the coils is acquired by

means of a laser interferometer system HPI-3D from Lasertex. The position pulses

output by the interferometer are acquired and counted by a data acquisition system

timing controller (DAQ-STC). When the transducer hits the home position on the

longitudinal axis (HP in Fig. 5.1), a program in LabVIEW® simultaneously stores

the position, the inductive voltage, and the time duration within each acquisition step.

The voltage samples, yielding the �ux increment between adjacent linear positions,
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Figure 5.2: Architecture of the translating coils method with the measurement quantities (red) and
the main uncertainty sources (light blue).

are integrated numerically in MATLAB®.

5.3 Uncertainty sources

In Fig. 5.2, the measurand, the intermediate quantities, and the output are high-

lighted in red inside the architecture of the translating coils method, while the uncer-

tainty sources, introduced either intrinsically by the method or by the measurement

instruments, in blue. In the following, the uncertainty sources are analyzed.

5.3.1 Data acquisition

The acquisition system measures the voltage signals induced in the sensing coils and

counts the rising edges of the position pulses coming from the interferometer. There-

fore, the uncertainty on these two quantities must be taken into account. In addition

to the DAQ uncertainty, the voltage measurements are a�ected by random noise. The

resulting uncertainty was assessed by a test acquisition without applying the input

signal, in the same working conditions used during the actual signal acquisition. This

test resulted in an uncertainty of 210 µV. The time measurement uncertainty is de-

termined by the time resolution. Considering a sampling rate of 10 kSamples/s, it is

equal to 100 µs.
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Figure 5.3: Laser interferometer system: the laser head and the interferometer are �xed outside the
measurement path and the retrore�ector moves with the transducer.

5.3.2 Position measurement

Another source of uncertainty is the position of the transducer along the measure-

ment path. The linear position measurement has a direct impact on the overall

system's metrological performance. Therefore, a high-performance heterodyne laser

interferometer was used to measure the linear position. A quadrature encoder signal

is produced as output, where the pulse number indicates the relative distance be-

tween retrore�ector and interferometer (Fig. 5.3). These signals are given in input to

a counter that counts the low to high transitions in the waveform and emits a cor-

responding value, �nally converted to position according to the used encoding. The

resolution on the position depends on the interferometer distance owing to the range

variation: 10 µm or 100 µm, for less or more than 1 m, respectively.

5.3.3 Coils fabrication

A geometrical uncertainty arises from the tolerances of the absolute position of the

sensing coils and from their orientation inside the transducer core. These two toler-

ances sum up to a total positioning uncertainty, resulting in a systematic e�ect on

the �nal result. This e�ect can be assessed by calibration and its value exploited to

correct the measurements.
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5.3.4 Transport system

In the proof-of-principle demonstration of the translating-coil method [14], the trans-

ducer is assumed to move ideally along the magnet axis. However, the longitudinal

movement is realized by means of a linear actuator, connected by a shaft to the

transducer. The transducer, equipped with non-magnetic roller bearings, is placed

on an aluminium guide (Fig. 5.4). The surface contact between the guide and the

roller bearings introduces an oscillatory motion, resulting in o�-axis displacements in

the radial direction, and tilting of the coils mainly around the X�axis. Both radial

displacement and tilt contain random contributions to be considered owing to their

contribution to the overall uncertainty. The variation range of such quantities is not

known a priori, thus they have to be determined experimentally.

Figure 5.4: The transport system includes a 3D translational table and a rigid mechanical link that
moves the inductive transducer inside the solenoid bore. The zoom highlights the contact between
the roller bearings and the aluminium guide.
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Figure 5.5: Pitch, yaw, and o�-axis displacement of the induction transducer, with an overlay of the
coordinate axes.

Experimental characterization

A heterodyne laser interferometer (HPI-3D from Lasertex [61]) was used to measure

the X-Y displacements and the pitch during the translation of the transducer along

the Z-axis. Each measurement was repeated 15 times and the results are plotted in

terms of mean and standard deviation in Figs. 5.6 and 5.7, for the displacements

along X and Y, respectively. The displacement is more signi�cant along the X-axis,

up to a maximum value of 0.6 mm, rather than along the Y-axis.

By substituting the angular optics (both interferometer and retro-re�ector) in the

HPI-3D, the pitch (Fig. 5.8) and yaw variations (Fig. 5.9) were monitored analogously

during the motion. Both X and Y displacements and pitch angle variations follow

a determined trend during the translation along the longitudinal axis. It means that

these e�ects have a relevant systematic component, completely related to the quality

of the transport system, which can be compensated, thus increasing the accuracy of

the result.

Moreover, it can be observed that the variations of the yaw are very small compared

to those of the pitch.
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Figure 5.6: Mean (star) and 1-sigma repeatability (error bar) of X-axis variation of the coils during
the longitudinal translation over 15 repetitions.
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Figure 5.7: Mean (star) and 1-sigma repeatability (error bar) of Y-axis variation of the coils during
the longitudinal translation over 15 repetitions.

Transport uncertainty e�ects on the measured �ux

The e�ects of the transport system uncertainty on the measured �ux were evaluated

by Monte�Carlo simulations. Owing the �eld symmetry, the uncertainty of the coil

59



Uncertainty analysis

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
-400

-200

0

200

400

600

800

1000

1200

Z axis [m]

Pi
tc

h 
an

gl
e 

[µ
ra

d]

Figure 5.8: Mean (star) and 1-sigma repeatability (error bar) of pitch variation of the coils' orienta-
tion during the longitudinal translation over 15 repetitions.
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Figure 5.9: Mean (star) and 1-sigma repeatability (error bar) of yaw variation of the coils' orientation
during the longitudinal translation over 15 repetitions.

system can be described by the radial o�set ∆r and the tilt ϑ. In particular, the

standard deviation of the radial o�set can be determined by combining quadratically

the standard deviations of the measured displacements along X and Y and the stan-
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dard deviation of the tilt can be determined similarly by combining those of the pitch

and the yaw. The results are 183 µm for the radial o�set and 107 µrad for the tilt.

Therefore, ∆r and ϑ have been varied along the measurement path with Gaussian

distributions that have null means and standard deviations σ∆r and σϑ, respectively.

The �ux measured by the coils can be obtained starting from the expressions of the

longitudinal and radial components of the magnetic �eld inside the solenoid. In par-

ticular, starting from the Laplace equation for the magnetic scalar potential in 3D

cylindrical coordinates, exploiting the cylindrical symmetry of the magnetic �eld in-

side the solenoid, and expanding the magnetic scalar potential in Taylor series versus

the distance r from the axis, the following expressions is derived [?]:

Bz(r, z) = −µ0

(
Bz(0, z)−

B
(2)
z (0, z)

4
r2 +

B4
z (0, z)

64
r4

)

Br(r, z) = −µ0

(
−B

(1)
z (0, z)

2
r +

B
(3)
z (0, z)

16
r3

)
,

(5.3)

where, z is the longitudinal position of the coil, Bz(r, z) and Br(r, z) the longitudinal

and radial components of the magnetic �eld, respectively, and the superscript (n)

denotes the n-th derivative. The term Bz(0, z) is the magnetic �eld on the magnetic

axis. Such a term can be obtained from either a characterization of the magnet by

a di�erent measurement method, e.g by a Hall probe mapper, as in the case of this

work, or by Finite Element Method simulation.

The �ux measured by the coil can be derived by integrating the expressions (5.3)

on the coil surface, by taking into account the perturbations introduced by the radial

displacement and the tilt (Fig. 5.10).

Therefore, the measured �ux has the following expression:

Φm(z) = N

[∫ R

0

Bz(∆r + ρ cosϑ, z + ρ sinϑ) cosϑ 2πρ dρ+

+

∫ R

0

Br(∆r + ρ cosϑ, z + ρ sinϑ) sinϑ 2πρ dρ

]
.

(5.4)

where, R is the coil radius and N is the number of turns of the coil.

Considering that the product ρ sinϑ is small and the components of the �eld are slowly

changing with z, the terms Bz(∆r+ρ cosϑ, z+ρ sinϑ) and Br(∆r+ρ cosϑ, z+ρ sinϑ)

can be approximated with Bz(∆r + ρ cosϑ, z) and Br(∆r + ρ cosϑ, z), respectively,
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Figure 5.10: Derivation of the �ux from the components of the magnetic �eld.

thus leading to:

Φm(z) ≈ N
[∫ R

0

Bz(∆r + ρ cosϑ, z) cosϑ 2πρ dρ +

+

∫ R

0

Br(∆r + ρ cosϑ, z) sinϑ 2πρ dρ

]
.

(5.5)

Substituting (5.3) in (5.5), and solving the integral, the following expression is ob-

tained:

Φm(z) = 2πN (ΦBz
cosϑ+ ΦBr

sinϑ) , (5.6)

where:

ΦBz (z, ϑ,∆r) = Bz(0, z)
R2

2
− B

(2)
z (0, z)

4

[
2

3
∆r cosϑR3 + cos2 ϑ

R4

4

]
+

+
B

(4)
z (0, z)

64

[
4

5
∆rR5 cos3 ϑ+

R6

6
cos4 ϑ

]
,

ΦBr (z, ϑ,∆r) = −B
(1)
z (0, z)

2

[
∆r

R2

2
+ cosϑ

R3

3

]
+

+
B

(3)
z (0, z)

16

[
3

4
∆r cosϑ

R4

4
+ cos3 ϑ

R5

5

]
.

(5.7)

In Figs. 5.11, the results of the simulation analysis are shown. In particular, the
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di�erence of the actual magnetic �ux computed through (5.6) and (5.7) and the ideal

one has been assessed. For the case of equation (5.6) (Fig.5.11a), only the coil tilt

has been applied, with a standard deviation σϑ = 107 µrad. In the latter case, only

the radial displacement has been applied, with a standard deviation of σ∆r = 183µm.

The radial displacement has a greater impact on the measured magnetic �ux, giving

errors of an order of magnitude higher than the tilt. Moreover, by observing the shape

of the error, in the case of the pitch, a greater contribution to the error is given by

the radial component of the �eld. In the case of the radial displacement, instead, the

higher contribution to the error is given by the longitudinal �eld.
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(b) σϑ = 0, σ∆r = 183 µm

Figure 5.11: E�ects on the measured magnetic �ux of the coil pitch (a) and the radial displacement
(b).

5.3.5 Discussion

As a result of the uncertainty analysis, a summary of the uncertainty sources with

their values is reported in Tab. 7.1.

As mentioned above, the uncertainty of the position measurement system is de-

termined by its resolution, equal to 10 µm and 100 µm for distances lower and higher

than 0.181 m, respectively.

The transport system contributes to the uncertainty budget with the radial o�set

and the tilt, whose standard deviation have been determined as 183 µm and 107 µrad,

respectively.

For the acquisition system, the uncertainty of the voltage measurement, deter-

mined by a preliminary test, resulted equal to 210 µV, while that of time base is

determined by the sampling period equal to 100 µs.
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The uncertainties related to the calibration of the distance between coils and their

surface are also reported. The calibration of the coils orientation is currently under

investigation.

It is worth noting, �nally, that in the conducted analysis, only the random un-

certainty sources have been considered. However, some systematic e�ects can arise.

Most of all, the measured voltage can depend on a deviation both in displacement and

orientation of the coil trajectory from the magnetic axis. For minimizing such devi-

ation, a preliminary phase including �ducialization and magnetic axis determination

of the solenoid under test has been carried out at CERN [69].

System Uncertainty source Uncertainty

Position measurement system Laser interferometer HPI-3D 10 µm or 100 µm

Transport system
Radial displacement of the coil system 183 µm

Pitching of the coil system 107 µrad

Acquisition system
DAQ accuracy in measuring the induced voltage 210 µV

Time base 100 µs

Calibration
Surface calibration 1× 10−4 T
Distance calibration 1× 10−4 T

Orientation of the coils To be evaluated

Table 5.1: Main uncertainty sources in the translating-coil system. The calibration of the coils
orientation is currently under investigation.

5.4 Measurement process model

In the translating-coil method, the magnetic �ux is measured indirectly from the volt-

age induced on the coil. The measurement process can be modeled as a discrete-time

system (Fig. 5.12), generating samples of the longitudinal position of the transducer

z(k) and the coil voltage u(k), at each sampling instant tk. The magnetic �ux is a

hidden internal state of the system that cannot be measured directly. Therefore, an

observation process is needed also, which receives as input the measured quantities

and estimates the hidden state of the measurement process.

Measurement
process

Observation
process

z(t)

u1(t)

u2(t)

Φ̂(t)

Figure 5.12: Block diagram of the translating-coil measurement process modeled as a discrete-time
system.
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The behavior of the measurement process can be described by �rst analyzing the

movement of the coils, when the sampling events occur. In particular, in order to

model the movement of the coil, a discrete-time (nearly) constant velocity model has

been applied, which is commonly used as a priori model in data fusion algorithms

for target tracking applications [70]. Such model represents a discretized version of a

continuous time model, where the acceleration is a null mean Gaussian process with

a variance σ2
a and is described by the following matrix equation:[

z(k)

s(k)

]
=

[
1 T

0 1

][
z(k − 1)

s(k − 1)

]
+ vm(k − 1) (5.8)

where, T is the sampling period and vm(k−1) =
[
vz(k − 1) vs(k − 1)

]T
is a bivariate

Gaussian random process with null mean and covariance matrix:

Q = σ2
a

[
T 3/3 T 2/2

T 2/2 T

]
. (5.9)

As shown in Section 5.3.4, the magnetic �ux sensed by each coil can be assessed

from the magnetic �eld inside the solenoid, as function of the coil tilt and the radial

displacement, by applying (5.6) and (5.7). Thus, the magnetic �uxes measured by

the coils are:
Φ1(k) = N1 · F (z(k − 1), ϑ(k − 1),∆r(k − 1))

Φ2(k) = N2 · F (z(k − 1) + d, ϑ(k − 1),∆r(k − 1))
(5.10)

with:

F (z, ϑ,∆r) = 2π [ΦBz (z, ϑ,∆r) cosϑ+ ΦBr (z, ϑ,∆r) sinϑ] (5.11)

where d is the distance between the coils and N1 and N2 are the turns of the �rst and

the second coil, respectively.

The outputs of the measurement processes are the position measurement and

the voltage induced on each coil, that can be modeled by the following equations,

where the uncertainties introduced by the measurement instruments on the position

measurement zm and on the voltage measurements u1,m and u2,m have been modeled:

zm(k) = z(k) + wz(k)

u1(k) = −Φ1(k)− Φ1(k − 1)

T
+ wu1

(k)

u2(k) = −Φ2(k)− Φ2(k − 1)

T
+ wu2

(k)

(5.12)
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In (5.12), wz(k) takes into account the uncertainty on the position measurement,

introduced by the interferometer, and wu1
and wu2

consider the uncertainty on the

voltage measurement introduced by the data acquisition.

wz(k) is modeled as a uniform random variable wz(k) ∼ U(−ei(z), ei(z)), with
ei(z) the uncertainty of the interferometer at position z. Similarly, wu1

and wu2
are

modeled as uniform random variables, wu1 , wu2 ∼ U(−eu, eu), with eu the uncer-

tainty of the data acquisition.

5.5 Observation process based on Bayesian inference

The above model of the measurement process has the following characteristics:

(i) non-linear, because the magnetic �ux depends non-linearly on the longitudinal

position z(k) and on the coils pitch ϑ;

(ii) time-variant error terms, e.g. the position measurement error, depending on the

distance, which in turn increases with time;

(iii) non-Gaussian error terms, e.g. for the position measurement, where the uncer-

tainty is determined by the resolution. Therefore, since all the instants inside

the resolution interval are equally probable, the error is better modeled by a

uniform distribution.

Therefore, a Sequential Monte Carlo (SMC) approach has been chosen for the obser-

vation process. In particular, an Auxiliary Sequential Importance Resampling (ASIR)

particle �lter has been used [71]. In the following subsections, �rst some theoretical

details about the particle �lter are given. Then, the design of the observer process,

by means of the particle �lter, is described.

5.5.1 The particle �lter

Let's consider a discrete-time dynamic system, whose state is represented by the

vector x(k) and with outputs y(k), where x(k) cannot be measured directly, and let

the system be described by the following equations:

x(k) = fk(x(k − 1),v(k − 1))

y(k) = hk(x(k),w(k))
(5.13)

where fk and hk are nonlinear functions, v(k − 1) is an i.i.d. process noise sequence,

and w(k) is an i.i.d. measurement noise sequence.
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5.5. Observation process based on Bayesian inference

The objective of the particle �lter is to estimate the hidden state x(k) recursively,

as measurement y(k) becomes available. At each sampling time, a complete solution

is assessed, consisting of the conditional posterior density p(x(k)|y(1), . . . ,y(k)) of the

state x(k), taking all observations {y(1),y(2), . . . ,y(k)} into account. By knowing the
conditional posterior density, the state can be estimated, for example by computing

the conditional expectation:

x̂(k) =

∫
x(k) · p(x(k)|y(1) . . .y(k)) dx(k). (5.14)

Other estimates, such as the median or the mode can also be obtained from the

conditional posterior density.

The computation of the conditional posterior density requires the computation of

all measurements y(1), . . . ,y(k) in a single sampling time. However, the posterior

density can be updated recursively with the new measurements:

p(x(k)|y(1) . . .y(k)) =
p(y(1) . . .y(k)|x(k))p(x(k))

p(y(1) . . .y(k))
=

=
p(y(k)|x(k))p(x(k)|y(1) . . .y(k − 1))

p(y(k)|y(1) . . .y(k − 1))
.

(5.15)

The recursive computation of the posterior density is organized in two steps: (i)

prediction and (ii) update.

In the prediction, the prior density at the sampling time k is obtained by using

the posterior density at the previous sampling time k − 1:

p(x(k)|y(1) . . .y(k − 1)) =

∫
p(x(k)|x(k − 1))p(x(k − 1)|y(1) . . .y(k − 1))dx(k − 1),

(5.16)

where the state transition density p(x(k)|x(k−1)) depends on the process model and

on the density of the noise process. This density exploits information about only the

previous measurements, without taking into account the latest measurement.

The second step update takes place when the new measurement becomes available,

and the posterior density is assessed by (5.15), where:

p(y(k)|y(1) . . .y(k − 1)) =

∫
p(y(k)|x(k))p(x(k)|y(1) . . .y(k − 1))dx(k), (5.17)

with p(y(k)|x(k)) related to the process model and to the density of the measurement

noise.
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Eqs. (5.15) and (5.16) represent the solution for the recursive estimation of the

system state vector x(k). However, these equations cannot be evaluated in the prac-

tice, because in general the integrals cannot be determined analytically. Instead,

approximated solutions as the Monte Carlo methods can be used, which approximate

the Bayesian integrals by �nite sums. The resulting �lter implementation is called

particle �lter. Several particle �lter implementations can be found in literature, as

described in [71]. Among these, an ASIR particle �lter has been used. The ASIR

particle �lter is a variant of the Sequential Importance Resampling (SIR) particle

�lter, where the sampling step is modi�ed to sample, for each particle, an auxiliary

variable, corresponding to a particle index, according to a distribution which weights

each particle in terms of its compatibility with the current measurements. Then, the

new state value is sampled as the o�spring of the particle indicated by this auxiliary

variable [72]. Thanks to this modi�cation, the ASIR �lter is expected to give better

results than the SIR particle �lter, where the new state variable is sampled without

taking into account the current measurements. In particular, the ASIR particle �lter

operates as it follows.

At each sampling time k, for each particle i = 1, . . . , Ns, the auxiliary variable µi(k)

is evaluated. In general, µi(k) is some characterization of x(k), given xi(k − 1).

In the case of this work, it has been considered the expectation, thus µi(k) =

E[x(k)|xi(k − 1)]. Then, some �rst stage weights λi(k) are evaluated as:

λi(k) = λi(k − 1) · p(y(k)|µi(k)), (5.18)

and normalized by the total number of weights Nλ =
∑Ns

i=1 λ
i(k). Such weights

are used in a resample phase to evaluate the particle indexes j(i) that are more

meaningful, according to the current values of the measurements. A number Ns of

particles xi(k) are drawn from the conditional probability p(x(k)|xj(i)(k− 1)) This is

carried out by generating a process noise sample:

vi(k) ∼ pn(v(k − 1)) (5.19)

where pn(v(k − 1)) is the pdf of v(k − 1), and by evaluating

xi(k) = fk(xj(i)(k − 1),vi(k − 1)). (5.20)
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5.5. Observation process based on Bayesian inference

For each particle, a new weight wi(k) is evaluated using the following formula:

wi(k) = wi(k − 1) · p(y(k))|xi(k)

p(y(k)|µj(i)(k))
(5.21)

and again normalized by the total number of weights Nw =
∑Ns

i=1 w
i(k).

Such weights represent a numerical version of the a posteriori density.

5.5.2 Particle �lter for magnetic �eld estimation

and uncertainty evaluation

An ASIR particle �lter was designed according to the above process model with the

twofold aims of (i) estimating the magnetic �ux, starting from the voltage measure-

ment of the coil and its longitudinal position, and (ii) evaluating the uncertainty of

the estimate.

At this aim, the measurement process is to be formulated in the form of (5.13).

The description of the function fk(·) needs to be completed by an a priori knowledge of

the magnetic �eld. Such a knowledge is condensed in a lookup table of the coe�cient

C0,0, for the values of z in the range [−0.60, 0.60] m corresponding to the run of the

transducer.

From this, the magnetic �ux sensed by each coil is then obtained by summing to

the previous value of the �ux, the expected increment evaluated according to (5.10),

by taking into account the coil tilt ϑ and the radial displacement ∆r. In turn, ϑ and

∆r are obtained according to a (nearly) constant position model where the speeds

are modeled with the random Gaussian processes vϑ(k) and v∆r(k), with standard

deviations 107 µrad and 183 µm, respectively. Noise terms vΦ,1 and vΦ,2, assumed

with Gaussian distribution, null mean, and variance equal to 5× 10−4, were then

added to the �ux equations to take into account model uncertainty.

Moreover, the process noise terms vz(k) and vs(k), related to the coil motion

have been generated using the covariance matrix in (5.9) with a value of σa equal to

200 µm/s2.

Therefore, the state vector was de�ned as:

x(k) =
[
z(k) s(k) Φ1(k) Φ2(k) ϑ(k) ∆r(k)

]T
. (5.22)

The process noise is, instead, represented by the vector:

v =
[
vz(k) vs(k) vϑ(k) v∆r(k) vΦ,1(k) vΦ,2(k)

]
. (5.23)
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The measurement process is then described by the following state equations:

z(k) = z(k − 1) + Ts(k − 1) + vz(k − 1)

s(k) = s(k − 1) + vs(k − 1)

ϑ(k) = ϑ(k − 1) + vϑ(k − 1)

∆r(k) = ∆r(k − 1) + v∆r(k − 1)

Φ1(k) = Φ1(k − 1) +N1 · [F (z(k), ϑ(k),∆r(k)) +

−F (z(k − 1), ϑ(k − 1),∆r(k − 1))] · (1 + vΦ,1(k − 1))

Φ2(k) = Φ2(k − 1) +N2 · [F (z(k) + d, ϑ(k),∆r(k)) +

−F (z(k − 1) + d, ϑ(k − 1),∆r(k − 1))] · (1 + vΦ,2(k − 1))

(5.24)

Output equations are represented by (5.12).

The designed particle �lter executes the following steps, at each sampling time k:

1. the auxiliary variable µi(k) is evaluated as the expectation E[x(k)|xi(k − 1)].

This is practically achieved by considering null all error terms in (5.24);

2. the �rst stage weights λi(k) are evaluated by (5.18) and normalized.

3. a resampling is performed according to the multinomial resampling strategy [73]

thus obtaining the indexes j(i).

4. Ns trials of the vector v are generated for each sampling time, according to its

pdf;

5. the state equations (5.24) are evaluated to obtain the new values of the particles

xi(k) using the index j(i) for the previous state;

6. the second stage weights wi(k) are evaluated by (5.21) and normalized;

5.6 Experimental validation

The uncertainty of the translating coil method was assessed by executing the particle

�lter described in Section 5.5 on a set of data acquired using the set-up of Fig. 5.1.

The processing time was reduced by executing the particle �lter with a sampling time

of 200 ms.

The particle �lter provides, at each sampling time, an estimation of the distribu-

tion of all the state variables. For each of them, the mean, the standard deviation,
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and the 10th and 90th percentiles were evaluated. In particular, the mean value is

provided as a posteriori estimate of the state variable. For sake of brevity, only the

results on the �rst coil are reported, because compatible results were obtained on the

second coil.

In Fig. 5.13a, the a posteriori estimate of the coil speed is shown. The speed is al-

most constant around 19.3 mm/s, with an increase in variability for values greater than

0.181 m, where the position measurement resolution changes from 10 µm to 100 µm. In

Fig. 5.13b, the standard deviation of the estimated speed is shown. A steep increase

after 0.181 m can be noted, where the position accuracy increases.
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(a) Coil speed estimated by the particle �lter.
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(b) Standard deviation of the estimated speed.

Figure 5.13: Results of speed estimation.

The e�ect of the position measurement resolution can be also clearly argued from

Fig. 5.14, where the standard deviation of the position estimate is shown (in blue),

together with the position measurement resolution (in red).

In Fig. 5.15a, the estimated magnetic �ux (blue) and the measurements of the

Hall probe mapper (red) are compared. As expected, the estimated �ux overlies the

mapper measures, while making available data even where these are not available.

The accuracy of the �ux estimation is shown in Fig. 5.15b, where, for each value of

the position, the standard deviation of the �ux estimation is shown (in red), together

with the values corresponding to the 10th (lower blue line) and the 90th (upper blue

line) of the distribution of the deviation of the estimated �ux from its average. It can

be shown that the uncertainty is higher at the center of the magnet, where the �ux is

higher. The �ux uncertainty is mainly determined by the model uncertainty and by

the uncertainty of the voltage measurement. An increase of the deviation was then

observed for values of the position higher than 0.181 m, due again to the increase in
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Figure 5.14: Standard deviation of the estimated coils position.

position measurement resolution.

Finally, in Fig. 5.16, the measured (red) voltage and that, estimated (blue) by dif-

ferentiating the �ux estimates, are compared. A good agreement has been observed

thus con�rming the capability of the ASIR particle �lter of following the measure-

ments.

5.7 Discussion

A method for the dynamic measurement and uncertainty analysis of the magnetic

�ux for axisymmetric magnets by means of the translating-coil method has been

presented in this paper. In particular, an analysis of the uncertainty sources, that

can contribute to the uncertainty of the �eld measurements, have been analyzed.

The proposed method makes use of a particle �lter, able to provide the posterior

density of the magnetic �ux. The results show that the standard deviation of the

estimated �ux is lower than 300 µWb, corresponding to about 0.2 %. Further e�orts

can be concentrated to an improvement of the transport system. Moreover, the

acquisition system should be modi�ed in order to reduce the uncertainty of the voltage

measurements and the position measurement resolution for positions further than 1 m

from the interferometer.
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Figure 5.15: Results of magnetic �ux estimation.
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Figure 5.16: Results of the voltage estimation.
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Chapter 6

Realization of the measuring

system

In this chapter, the prototype version of the translating-coils system is presented,

where several improvements on the mechanics and electronics of the individual parts

have been made, as suggested by the results of the uncertainty analysis of the previous

chapter. In particular, a new transport system, the addition of the laser interferometer

interface, the inclusion of two Fast Digital Integrators (FDIs), and the integration with

the existing CERN Flexible Framework for Magnetic Measurement (FFMM), have led

to a new architecture of the measurement system.
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Realization of the measuring system

6.1 Architecture

The transducer is displaced longitudinally inside the magnet aperture by means of a

linear actuator and a voltage is induced at its terminals. A linear laser interferometer

measures the transducer position by following a retrore�ector that is rigidly connected

to its core. Finally, integrating the induced voltage between prede�ned longitudinal

positions allows the �ux change to be obtained as a function of the linear position.

Fig. 6.1 shows the architecture of the measurement system and the cooperation among

the di�erent components. The measurements system is equipped with two Fast Digital
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Figure 6.1: Architecture of the translating-coils system

Integrator (FDI) boards [74], an encoder board, and a motor controller, which are

remotely driven by a PXI PC running the measurement software, developed in the

Flexible Framework for Magnetic Measurements (FFMM) environment [75]. The

measurement software, via the motor controller, actuates the transport system and

the transducer starts moving. At the same time, the encoder board is initialized and

FDIs are put on hold for triggers signals. As the transducer hits the �rst endswitch on

the longitudinal axis (HP in Fig. 5.1), the encoder board starts counting the position

pulses coming from the interferometer and generating trigger signals for the FDIs.

The induced voltage signals resulting from the series and anti-series combinations of

the two coils are acquired and integrated by the FDIs, yielding the �ux linkage as

a function of the linear position measured with the laser interferometer. This re-

parametrization with respect to the linear position eliminates the time-dependence

and relaxes the requirements on the homogeneous linear speed of the transport system.

The measurement architecture provides an on-the-�y read out of the partial integrals

(�ux increments), allowing rapid �eld mapping of the longitudinal and transverse �eld

components with almost arbitrary spatial resolution.
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6.2 Implementation of the measuring bench

The construction of the measurement bench had to satisfy some requirements that

are intrinsic to magnetic measurements in general, and others that are speci�c to

the translating-coils system. Besides the transducer, this is in particular the case for

the transport system and the position measuring system, which operate by moving

their components inside the magnetic �eld. The following requirements need to be

satis�ed:

� magnetic compatibility - all the system components should be non-magnetic

in order to avoid interference with the measured magnetic �eld; moreover the

moving parts should be also non-conductive to avoid eddy currents insurgences.

� mechanical stability - the precision of the measurement strongly depends on the

mechanics; any kind of mechanical vibration is a potential source of errors that

can generate vibration-induced voltages in the transducer or a loss of precision

in the measurement of the position.

� reduced dimension - as highlighted in the following, the transducer and its sup-

port should be able to translate through the magnet aperture. Hence, it is really

important that the system components have a reduced dimension.

The �nal version of the translating-coils measurement system is schematically pre-

sented in Fig. 6.2. It can be noticed that the mechanical structure of the measure-

ment system is divided in three parts: a table adjustable in height and orientation

(pitch and yaw) on which the magnet is placed, an aluminium structure that sup-

ports the rail and the linear actuator, and a stable structure to support the laser

head and the interferometer. This structure division ensures that the motor vibra-

tions are not transmitted to the magnet under test and, especially, to the laser head

and interferometer.

The main uncertainty sources of the measuring system were analyzed in [16] and

the transport system was pointed out as the main contribution to the uncertainty

budget. For this reason, the bench is equipped with a new transport system with

respect to the preliminary version presented in [14]. The new transport system is

designed and constructed in-house in order to �t exactly to the technical requirements

of the system. It is based on a belt-driven linear actuator driven via a controlled step

motor (in gray-violet in Fig. 6.2).

It has to be noticed that the transport system is installed through the solenoid

aperture, and what is more important, it should allow the carriage hosting the trans-
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Figure 6.2: Measurement setup consisting of the solenoid magnet (pink), the inductive sensor (yel-
low), the HPI-3D laser measurement system consisting of the laser head, interferometer and retro-
re�ector (black), the aluminium rail (gray) and the plastic carriage (blue), the stepper motor (gray-
violet), two end-switches (purple), and four non-magnetic rail supports (orange).

ducer (in blue in Fig. 6.2) to be centered inside the aperture. This means that the

rail and the carriage should have a pro�le as lower as possible. To achieve this aim

it is used a DryLin N linear slide from Igus [76]. The chosen version presents an

extremely low pro�le (27 mm rail width, 9.5 mm height) and is available in the re-

quired length (3 m) allowing the transducer to move from an initial to a �nal position,

such as to cover the entire fringe �eld of the solenoid. Through the use of a small

spring, the preloaded version of the carriage helps to remove any clearance between

the carriage and the rail, minimizing the vibrations during the motion. The initial

and �nal positions are delimited by two endswitches (in purple in Fig. 6.2), that not

only send signals to the motor controller but have also the task to start and stop the

data acquisition. Independently of the movement direction, at the second endswitch
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PC, FDIs, Encoder Board
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Figure 6.3: Measurement rack.

signal, the motor and the data acquisition are stopped.

The linear laser interferometer, consisting of a laser head, an interferometer and a

retro-re�ector, is employed for precise recording of the inductive transducer displace-

ment. In particular, the retro-re�ector is attached to the transducer and its relative

linear motion with respect to the interferometer is detected.

The translation speed and direction are managed by the motor controller (upper side

of the measurement rack in Fig. 6.3), which is driven by the measurement software

through USB connection. The series and opposite polarity con�gurations for the sens-

ing coils of the transducer are implemented analogically by a patch panel (lower part

of Fig. 6.3), that receives the voltage signals from the coils and sends their combi-

nations to the FDIs. The FDI acquisition is triggered by the encoder board pulses

by counting and elaborating a quadrature (A-Quad-B) signal in 5 V CMOS standard

coming from the HPI-3D.
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Chapter 7

Experimental validation

In this Chapter, the set-up con�guration, the measurement results, and the experi-

mental validation of the measurement system are discussed.

The CERN solenoid no. PXMLNABNWC-DA000003, employed as focusing ele-

ment in the linear accelerator Linac4, was chosen as reference magnet. The solenoid

was produced at Danfysik where a campaign of magnetic �eld measurements was per-

formed to validate the magnet design and production process. These measurements

are reported in [77] together with the localization of the magnetic axis and the magnet

�ducial information. In particular, the 3D Hall-probe map and the magnet �ducial

are used hereinafter to validate the translating-coils measurement system.
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7.1 Measurement setup

The Linac4 solenoid and the coordinate system adopted for the magnetic measure-

ments and the experimental validation are shown in Fig.7.1a. The coordinate system

is located at the center of the magnet in the z-direction. Fig.7.1b shows the loca-

tion of the �ducial reference markers used for de�ning the local coordinate system

of the magnet. In Tab.7.1 are summarized the mechanical and electric characteris-

tics of the solenoid chosen for the validation. The longitudinal (Bz) and radial (Br)

Magnetic length 307 mm
Aperture radius 70 mm
Good �eld region radius 55 mm
Nominal current 122 A
Electrical resistance at 20 deg.cel 215 mΩ
Inductance 60 mH
Nominal voltage 26, 2 V

Table 7.1: Mechanical and electrical data of the solenoid

components of the magnetic �eld, obtained with the described measurement setup,

are shown respectively in Fig. 7.2 and Fig. 7.3. It has to be noticed that these are

integral measurements and represent the �eld averaged over the coil area (for the

longitudinal component) and over the lateral area in between the two coils (for the

radial component).

7.2 Results validation

The proposed measurement system is validated by comparison with a single-axis Hall

transducer on the reference solenoid. The measurements by the translating coils and

the Hall transducer are compared in the good �eld region of the magnet, namely over a

cylindrical volume passing through the solenoid aperture, delimited by the maximum

displacement of the mapping system along the longitudinal axis of the solenoid, and

by the coils' surface in the transversal plan.

The reference �eld map was generated by �rst selecting a position in the xy-plane

and then performing the scan along the z-axis. For each xy-point, with a grid from

x = −45 to x = +45 mm and from y = −45 to y = +45 mm, and a resolution

of 5 mm, a full-range scan in the z-axis, from z = −500 to z = 500 mm, with a

resolution of 1 mm, yields 1000 measurement points. As shown in the Fig. 7.4, the

Hall measurements are sampled at points throughout the volume of interest, while
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the translating-coils measurements are "slice-sampled" and represent an integral value

over the coil area. Thus, in order to have two sets of measurements data that are

compatible and comparable, at each step (1 mm) along the z-axis, the integral of the

xy-points that lie inside the coil circumference (red circle in Fig.7.4) is computed.

These integral values obtained from the Hall-probe measurements are then compared

to the translating-coils measurements at corresponding positions along the z-axis. The

position has a direct impact on the measurement results because it can contribute

signi�cantly to the error budget of the experimental validation. Therefore, special

attention was paid to make sure that the position points are the same for the two

measurement systems.

For this purpose, it has to be mentioned that the measurement of the magnet axis and

the �ducialization of the solenoid under test have already been performed at CERN

and reported in [69]. In particular, the �ducial reference markers (denoted as R1,

R2, R3, and R4 in Fig. 7.1b), where the local coordinate system of the magnet is

�xed, are given with respect to the magnetic axis (x = 0 mm, y = 0 mm). Therefore,

after leveling the magnet to the gravity (it was used as vertical reference, y-axis), the

translating-coil transducer was centered and aligned to the magnetic center with a

laser tracker system with respect to the reference markers.

The integral values are plotted as a function of the longitudinal position, and Fig. 8.1

shows the longitudinal pro�les obtained with the two systems. It can be noticed that

there is a good degree of concordance between the measurement results. The absolute

di�erences (Bz Hall − Bz Coil) are plotted in Fig.7.6, where it can be seen that the

variations along the full measurement range are contained in an interval smaller than

±0.3 mT. There are two main contributions in the error budget: the �rst one is

related to the di�erence of resolution in measuring the longitudinal position between

the two systems, 1 mm for the Hall probe and 0.4 mm for the translating-coil system,

and the second to the drift of the digital integrator in the translating-coil system.

Although these error contributions can be both minimized with some precautions,

the excellent agreement between both measurements con�rms the validation of the

translating-coils measurement system. In fact, the absolute di�erences are inside the

uncertainty interval of the Hall probe system (±5× 10−4 T).
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Figure 7.1: View of the Linac4 S3 solenoid and coordinate system (a), and location of the �ducial
reference markers (denoted as R1, R2, R3, and R4), which de�ne the local coordinate system of the
magnet (b).
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Figure 7.2: Longitudinal component of the magnetic �eld.
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Figure 7.4: Field map and coil area in the transverse xy-plane for a given z = z∗
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Figure 7.5: Longitudinal pro�le of the Linac4 solenoid obtained with the two measurement methods.
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Chapter 8

On-�eld exploitation

After the successful experimental validation, this Chapter presents on-�eld measure-

ments by means of the translating-coils system. In particular, the results of the mea-

surement campaign on the Linac3 solenoid magnet ITL.SOL01 [78] and a shielding

system based on µ-metal material are reported.
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On-�eld exploitation

8.1 Measurements of a Linac3 solenoid

Linear accelerator 3 (Linac3) is the starting point in the heavy ion injector chain of the

Large Hadron Collider (LHC), providing charged heavy ion beams for the CERN ex-

perimental program. The ion beams are produced with a 14.5 GHz Electron Cyclotron

Resonance (ECR) ion source and are selected with a spectrometer. Immediately after

the ion source, a focusing solenoid (ITL.SOL01) is in charge of bringing a beam as

small as possible to the spectrometer and avoid any loss of intensity [23].

The upgrade program of the Linac3 in preparation for the future high luminosity

LHC aims to reduce the beam losses taking place immediately downstream from

the ion source and improve the transport of the beam in the following Low Energy

Beam Transport (LEBT) section [79]. Magnetic measurements of the solenoid magnet

ITL.SOL01 are a part of the upgrade program.

Considering the short time scheduled for the magnetic measurements and the main

interest in characterizing the integral �eld as a function of the longitudinal position,

it was decided to perform the measurements by means of the translating-coils system.

Tab.8.1 shows mechanical and electric characteristics of the solenoid to be measured.

The inductive transducer (diameter of 85 mm) was centered on the solenoid axis

Magnet dimensions (length, width, height) 320× 392× 392 mm
Solenoid bore diameter 110 mm
Max axial �eld 0, 625 T
Magnet resistance (all coils) 435 mΩ
Nominal current 133 A
Maximum allowable current 220 A
Maximum voltage 103 V

Table 8.1: Mechanical and electrical data of the Linac3 ITL.SOL01

(Fig.7.6), fully covering the central region of the solenoid aperture (diameter of 110

mm) that a�ects the dynamics of the ion beams. The limited voltage of the power

converter (Transtechnic ±600 A ±40 V) did not allow to power the magnet at its

nominal current. For this reason a series of measurements were performed, starting

from a current value of Inom/8 (16.625 A) and going up at its multiples until the

maximum possible (83.125 A). The measured integrals of the longitudinal and radial

components as a function of the longitudinal position are shown in in Fig.8.2 and

in Fig.8.3 respectively. Fig.8.4 illustrates the maximum values of the longitudinal

and radial �elds as function of the supply current. The �tting line could be used to

extract the �eld values at the nominal or higher currents.
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8.2. Measurements of µ-metal tubes

Figure 8.1: Linac3 ITL.SOL01 on the translating-coils bench.
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Figure 8.2: Longitudinal pro�le of the Linac3 solenoid for di�erent supply currents.

8.2 Measurements of µ-metal tubes

A measurement campaign is currently undergoing at CERN for testing µ-metal mate-

rial used for magnetic shielding in the cavities of the Superconducting Proton Linac.
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Figure 8.4: Maximum �eld values of Bz and Br as a function of the supply current I.

The shield is designed to reduce the background �eld on the cavity and, for this

purpose, tubes of di�erent lengths made with a 1-mm-thick µ-metal sheet have been

fabricated. In order to understand the typical shielding e�ciency for such a material,

it was decided to test the µ-metal tubes inside the aperture of a solenoid magnet for
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8.2. Measurements of µ-metal tubes

di�erent �eld levels. Measuring the magnetic �eld outside and inside the tubes is very

useful during the design process for validating simulations and calculations.

The translating-coils system turned out to be very suitable for these kind of magnetic

�eld measurements. In fact, highly permeable tubes of di�erent lengths were easily

tested in the measurement setup showed in in Fig.8.5. A series of measurements were

Figure 8.5: Measurement setup for the test of the shielding tubes.

performed for di�erent �eld levels by increasing the current in the magnet in a range

from 0 to 1 A. Initially the measurements were carried out without the µ-metal tube,

and then repeated with the tube under test installed, in order to directly evaluate

the e�ect of the shielding by comparison. In Fig.8.6 and Fig.8.7 are respectively il-

lustrated the measurements of the longitudinal and radial components for a current

of 1 A. It can be noticed that the 300 mm tube performs a better shielding at the

tube center whereas the 600 mm one shields more at its ends. These measurements

concern the testing phase before the heat treatment of the shielding tubes. A similar

measurement campaign is foreseen after a heat treatment in order to see the e�ect of

the welding and annealing.
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Figure 8.6: Longitudinal components measured by the translating-coils system: with (300 mm and
600 mm ) and without the shielding tubes. The solenoid is powered with a current of 1 A.
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Conclusions

In this Thesis, a reliable and high-speed measurement system based on translating

coils for characterizing axially-symmetric magnets has been designed, constructed

and validated. The system yields a measurement of the longitudinal and transverse

components of the magnetic �eld as a function of the longitudinal position. The �eld

integrals F1 and F2 are obtained more precisely and in a fraction of the time needed

by traditional techniques.

The state-of-the-art presented in Chapter 1 and Chapter 2 has highlighted the

lack in the present literature of a method speci�cally designed for measuring axisym-

metric magnets. In fact, these magnets are routinely tested with general-purpose

systems that are poorly adapted to exploit their �eld symmetry and geometrical

characteristics.

In this context, given the importance of the integrated �eld or the gradient �eld

of axisymmetric magnets for beam dynamics studies, a new measurement method

based on moving search coils has been proposed in Chapter 3. The translating-coils

method is designed in order to allow a direct measurement of the focusing parameters

in cylindrically-symmetric magnets. By designing a custom transducer, the method

allows to measure the gradient and integrated �elds in a single set of measurements

(obtainable in few minutes), thereby greatly improving both measurement speed and

precision.

The experimental proof-of-principle demonstration of the method is performed in

comparison with a Hall-probe mapping system and the results have been presented

in Chapter 4. The e�ective surface of the coils is calibrated by �ipping them upside

down in an NMR-mapped reference dipole magnet. For the longitudinal distance

between the coils, an in-situ magnetic calibration was chosen. The radial and lon-

gitudinal components of a CERN solenoid measured by the proposed method were

compared to the Hall-probe results with satisfying agreement. Furthermore, from the

measurement data, the �eld integrals F1 and F2 were evaluated.

95



A method for the dynamic measurement and uncertainty analysis of the magnetic

�ux for axisymmetric magnets by means of the translating-coil method has been pre-

sented in Chapter 5. In particular, an analysis of the uncertainty sources, that can

contribute to the uncertainty of the �eld measurements, have been analyzed. The

proposed method makes use of an ASIR particle �lter, able to provide the posterior

density of the magnetic �ux. The results show that the standard deviation of the

estimated �ux is lower than 300 µWb, corresponding to about 0.2 %. Further e�orts

can be concentrated to an improvement of the transport system. Moreover, the ac-

quisition system should be modi�ed in order to reduce the uncertainty of the voltage

measurements and the position measurement resolution for relative distances farther

than 1 m from the interferometer.

As suggested by the uncertainty analysis results, a big e�ort was made to improve

the mechanics and electronics of the individual components in the �nal version of

the translating-coils system. These improvements and the new architecture of the

system have been described in Chapter 6. In particular, the measurements system

is equipped with two Fast Digital Integrator (FDI) boards, an encoder board including

an interferometer interface, and a motor controller, which are remotely driven by a

PXI PC running the measurement software. All the system instrumentation and the

software were integrated in the FFMMCERN standard, leading to a fully automatized

measuring system.

The improved system was validated experimentally as showed in Chapter 7. The

set-up con�guration, the measurement results, and the experimental validation of the

measurement system were discussed. As reference magnet was chosen the CERN

solenoid no. PXMLNABNWC-DA000003, employed as focusing element in the linear

accelerator Linac4. The radial and longitudinal components of the magnet under test

have been measured and the results checked against the corresponding references.

The absolute di�erences [Bz(Reference) − Bz(Measured)] along the full measurement

range are contained in an interval smaller than ±0.3 mT, demonstrating an excellent

agreement of the results.

Finally, Chapter 8 illustrates two examples of axially-symmetric systems where

the translating-coils system resulted a more appropriate solution with respect to other

testing methods. This was particularly the case for a Linac3 solenoid at CERN, which

had to be taken out of the machine and tested during a run stop, and, therefore, a

really short time was scheduled for the magnetic measurements. The magnet was

successfully tested by the translating-coils system and sent back in time for the ma-

chine restart. The on-�eld exploitation showed the advantages of the translating-coils
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system with respect to other testing instruments, con�rmed the e�ciency and the

accuracy of the measurement system.

Future scienti�c challenges include:

� determination of the the magnetic axis from the measurement data;

� theoretical studies for the reconstruction of 3D magnetic �elds from the mea-

surement data to further advance the assessment of the local �eld.

Possible technical developments regard:

� the construction of inductive transducers based on Helmholtz-like system coils

for a direct measurement of higher order harmonics;

� a transducer based on concentric PCB-coils of di�erent radii for a �eld mapping

in the transversal plane.



On-�eld exploitation
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