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Introduction

In quality assurance process for particle accelerator magnets, magnetic measurements
are required for checking the field uniformity, the magnetic length, and the extension
of the fringe-field region. In literature, the related measurement systems are based
on different technologies, like Hall sensors, Nuclear Magnetic Resonance (NMR), and
rotating-coil technologies.

NMR transducers are very accurate for the main field, e.g., Metrolab PT2025
NMR [1], with +5 and +0.1 ppm of absolute and relative accuracy, respectively.
However, they are not suitable for gradient measurements (e.g. fringe fields), and
have limited lower range of operation (e.g. Metrolab PT2025 probe, 0.043 T) [1].
Often, the NMR transducers support other measurement systems, such as Hall probes,
which are are widely used for local mapping of straight and curved magnets [2—-4].
Main advantages are high spatial resolution due to the size of the sensing element
(e.g. 11 mm? for 3D Hoeben electronics [5]), a wide range of field, and the use for
non-homogeneous fields both in static and dynamic conditions. Main disadvantages
are the relatively low accuracy (0.1%) and the strong temperature dependence of the
metrological performance. Moreover, the mechanical limit of these systems, and i.e.
the measurement precision, is the difficulty to align the Hall probe characterized to
small sensing element, with respect to the mechanical system.

In most cases, the best suited sensor for field uniformity is still the sensing coil,
fixed or moving. Main advantages are stable measurement performance, easy calibra-
tion procedures for small dimension coils, and multipole-field measurements. Rotating
coil systems, such as the D/QIMM [6] (Dipole or Quadrupole Industry Magnetic Mea-
surement) and FAME [7] (Fast Measurement Equipment) systems at CERN, are used
for integral field measurement of magnets for the Large hadron Collider (LHC). Re-
garding curved magnets, the main systems use fixed coils, such as the curved printed
coil array [8] and long, curved coils [9], applied mainly to measure field uniformity.

Measurement systems based on rotating coils were also applied to curved magnets. As



an example, a 50-cm long rotating coil sensor for testing fast-ramped superconducting
magnets is presented in [10,11]. Moreover, magnets with large acceptance for separa-
tors and mass spectrometers [11,12] require local mapping for track reconstruction.
In this Thesis, a new magnetic measurement system capable of satisfying the
abovementioned requirements is presented. The magnetic field mapper is based on the
rotating coil method, for localized measurements of magnetic fields and the harmonic
multipole content in the magnet ends. The system is composed of a rotating coil
transducer and a train-like system for longitudinal positioning inside magnet bore.
In particular, in the Background part, the Chapters 1 and 2 present the ro-
tating coil and the main mapping techniques, respectively, highlighting theoretical
and practical aspects. The Chapter 3 focuses on the rotating coil transducer [13],
highlighting its main project aspects. In Chapter 4, a method based on Unscented
transform [14] for analyzing uncertainty and its sources classification of a generic ro-
tating coil transducer is presented. In the Ezperimental results, Chapter 5 details the
implementation of the main mapper components (transducer and train-like motion
system). Chapter 6 reports the results of the metrological characterization and the
uncertainty analysis [14] of the rotating coil transducer. Finally, Chapter 7 shows
and discusses the final measurements of the full bench, focusing on the characteriza-

tion and the end-field profile measurements.



Chapter 1

Rotating Coils for Measuring

Accelerator Magnets

The rotating coils represent one of the most powerful system for measuring rapidly
the most useful characteristics of accelerator magnets. In literature, these are based
on the so-called harmonic-coil method. This technique is the most accurate, conve-
nient and widely used technique for measuring the harmonic coefficients in accelerator
magnets. In fact, the harmonic description of the field is the base for field quality
characterization, as well as for particle tracking simulations. The harmonic coeffi-
cients are related to the azimuthal variation of the field components, i.e. a rotating
loop coil measures the azimuthal variation of the magnetic flux. By the knowledge of
the coil geometry it’s possible to deduce the field harmonics.

The first part of the chapter presents the theoretical fundamentals of the rotating
coil method. In the second part, the experimental setup have been exploited, and in

conclusions a short look to the limitations of the method.
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Rotating Coils for Measuring Accelerator Magnets

1.1 Field Harmonics

Magnetic field quality in the aperture of accelerator magnets is commonly described
by a set of Fourier coefficients, known to the magnet design community as field har-
monics or multipole coefficients [15]. The method used for the calculation of field
harmonics is based on finding a general solution that satisfies the Laplace equation
in a suitable coordinate system. The integration constants in the general solution,
obtained with the separation of variables technique, are then determined by com-
parison with the boundary values. The classical method compares the integration
constants with the Fourier series expansion of the field components on the domain
boundary. In accelerator magnets, the domain boundary is often chosen as a circle
with a radius of two-thirds of the aperture radius. A general solution that satisfies the
Laplace equation, V2A, = 0, can be found by the separation of the variables method.
Considering the magnet aperture as the problem domain the general solution for the

vector potential is

= Zr"(C’n sinng — Dy, cos ng) (1.1)
n=1

and the field components can then expressed as

B, (r,¢) = i 5;; Z nr"~Y(C, cosng + D,, sin ne) (1.2)

By(r,¢) = an (C,, sinng — D,, cos ne) (1.3)

Each value of the integer n in the solution of the Laplace equation corresponds to
a specific flux distribution generated by ideal magnet geometries. The three lowest
values, n = 1,2, 3, correspond to the dipole, quadrupole, and sextupole flux density
distributions. Assuming that the radial component of the magnetic flux density is
measured or calculated at a reference radius r = r( as a function of the angular posi-
tion ¢, the Fourier series expansion of the field components (radial B, and azimuthal

By)

By(ro,¢) = Y _(Bn(ro) sinng + Ay (ro) cos ng) (1.4)
n=1

o (10, @ i n(r0) cosng — A, (ro) sinng) (1.5)
n=1

12



1.1. Field Harmonics

where
27
An(r0) :% ; B, (1o, ¢) cosndded (1.6)
27
Bu(ro) =+ /0 B, (10, 9) sinngdg (1.7)

Because the magnetic flux density is divergence free, Ag = 0. In computational
practice, the B, field components are numerically calculated at N discrete points in
the interval [0, 27)

27k
P =

This allows the calculation of two times N Fourier coefficients by the discrete

Fourier transform (DFT):

k=0,1,2,...,N — 1. (1.8)

N—
Z (70, P1) COS NPy, (1.9)
g N-
70) ﬁ Z (70, Ok ) sSin Ny (1.10)
k—0

These coefficients are usually noted in units (10~%) of Tesla at a given reference
radius 79 (2/3 of the magnet aperture). The normal and skew multipoles a,,(rg) and
by (ro) are related to the main field By (rg) (B; for the dipole, By for the quadrupole,
and so on). The equations (1.4) and (1.5) become

B(ro,¢) = n(r0) sinneg + a, (ro) cosne) (1.11)

By(ro, ¢) = n(r0) cosng — ay,(ro) sinng) (1.12)

HM8 I M8

The magnetic field usually is represented in the 2-D complex plane (x,y) in terms
of the complex variable z = x + iy. If the trigonometric transformation (cos¢ +
ising)” = (e!®)" = e? = cosng + isinng, with n € Z is applied to Eqgs. (1.4) and

(1.5) the magnetic field can be represented in Cartesian coordinates as:

oo

Z n(r0) sin(n — 1) + Ay (o) cos(n — 1)¢) (1.13)

n=1

13



Rotating Coils for Measuring Accelerator Magnets

o0

By(r,¢) = Z(Bn(ro) cos(n — 1)¢ — A, (ro) sin(n — 1)¢) (1.14)

n=1

In literature the multipole coefficients are represented in complex notation as

Cn(TO) = Bn(’f‘o) —+ ZAn(To) (].].5)

In the complex plane (z,y) the field representation becomes simply

[eS) (n—1)
B(2) = By(2) +iBu(2) = ¥ Cu(2) (z) (1.16)
i=0 "o
Commonly, the harmonic cefficients are indicated relatively to main field compo-
nent By:
C, B A .
Cn = 1043—;] =10* (B:’ + ZB;> =b, + ta, (1.17)

where the normalized ¢,, are expressed in the form of units.

1.1.1 Field Harmonics: dipole and quadrupole distribution

A dipole magnet gives an homogeneous field displayed in Fig. 1.1

A A A AAALA >
b
>
P
>
=
>

Normal dipole Skew dipole

Figure 1.1: Field lines for normal and skew dipole field.

In this case (normal dipole of Fig. 1.1) for n = 1 the Egs. (1.4) and (1.5) yield

B, (r,¢) = Bycos¢ + Aysing (1.18)

14



1.1. Field Harmonics

B,70 A0 A,#0 B,=0
« ‘.
~— A4
YA
) 4 | < | e
}‘ ¥ 1\1; ; "
Y RN
r h\L
D' |
Normal quadrupole Skew quadrupole

Figure 1.2: Field lines for normal and skew quadrupole field.

By(r,¢) = Bycos¢ — Ay sing (1.19)
and the Egs. (1.13) and (1.14)

Br(xay) = Alv By(I7y) = Bl (120)

For n = 2 (Fig. 1.2) the Egs. (1.4) and (1.5) yield a quadrupole field distribution,

represented as

By (r,¢) = % (Ba(ro) sin 2¢ + As(ro) cos 2¢) (1.21)
By(r, ¢) = % (Ba(ro) cos 2¢ — As(ro) sin 26) (1.22)
and
Balayy) = o (Balro)y + Aa(ro)o) (1.23)
By (a,y) = % (= Aa(ro)y + Ba(ro)z) (1.24)

Both components vary linearly with the distance form the origin, and in a normal
quadrupole (A5 = 0)

B.(z,y) = gy, By(z,y) = gz (1.25)

where ¢ is the gradient (T-m™!). This kind of field distribution focuses the

charged particles of the beam.

15



Rotating Coils for Measuring Accelerator Magnets

-

Y
Jues®

Figure 1.3: Rotating coil: generalized scheme.

1.2 Harmonic coil method

The harmonic coil method has followed the development of the early analog integra-
tors, that forced the measuring coil to rotate stepwise between consecutive angular
positions [16]. The method represents the best choice for higher order multipoles
measurements within a well-established theoretical frame, such as the circular aper-
tures of superconducting and quadrupole magnets [17]. The method is based on the
Lens’s law, that says: "If an induced current flows, its direction is always such that
it will oppose the change which produced it". In the Faraday’s law of induction (Eq.
(1.26)), this is shown with the negative sign.

dd®
U= ~ (1.26)
which indicates as the change of the magnetic flux in the time generates an induced
voltage with opposite sign, i.e. the induced voltage goes against the magnetic flux
change and/or variation.

The magnetic flux can be evaluated integrating the Eq. 1.26 in time

B(t) = — /ttz Udt (1.27)

If the field is assumed to be uniform in z-direction and constant in the time, the

flux can be written in terms of coil area, A, function of the coil turns, N,
d = NT/ B-da (1.28)
A

16



1.2. Harmonic coil method

Figure 1.4: Rotating coil: (A) tangential and (B) radial coil schemes.

where ® is evaluated in Vs = Tm? = Wb. The coil is perfectly centered in the
magnet and rotates rigidly with an angular velocity w around the magnet axis (Fig.
1.3). Assuming the coil wire infinitely thin, the surface for all the coil turns Np

around the axis is

A= NTZ/ dr = Npl(rq —r1) (1.29)

T1

where [ is the length of the coil.

Considering the tangential coil scheme in Fig. 1.4A, the magnetic flux at time ¢ is

o(t) = Nyl /w B, (ro, ¢)rody

o (1.30)
- Z K™ [B,,(r0) sin(nwt + nO) + A, (ro) cos(nwt + nO)]
n=1
where O is the angle of the coil at time ¢ = 0 and
2NTl A
Klom — %TO sin <”2> (1.31)

is the coil sensitivity of tangential coil, that depends on the geometrical features of the
coil, A is the opening angle, and ry the measurement coil radius. The coil sensitivity
factor are evaluated by calibration procedure, and the field harmonics are obtained
by Fourier transform of the flux (1.30). Aunother traditional scheme is the radial
one shown in Fig. 1.4-B. In this case the magnetic flux is induced by the azimutal
component of the field, as

17



Rotating Coils for Measuring Accelerator Magnets

B(t) = Nyl / " By(r, 0)dr
o (1.32)
= Z K. B, (ro) cos(nwt + nO) — A, (ro) sin(nwt + nO)]

where the r; and 7o are the coil inner and outer radii. The coil sensitivity factor is

2N n n
=G -G 159

As explained for the tangential coil, the field harmonics can be evaluated by Fourier
transform of the flux (1.33).

1.3 Rotating coil systems

The rotating coil systems remain the main instrument to check the field quality of
accelerator magnets. The measurement requirements and techniques are very de-
manding for the optimization and performance analysis of accelerator magnets, and
for the manufacturing and assembly tolerances. From this the magnetic measure-
ments assist the production of high field quality magnets, and the goal depends on
the accuracy of the desired analysis. In order to achieve the targets given from ac-
curate magnet models, the study and development of more advanced measurement
technique and relative systems are going on in all the research centers treating the
accelerator machines. At CERN, recent instrumentation and acquisition systems im-
plement high bandwidth and fully automated measurements, for accelerator magnets
at warm and cryogenic temperature, satisfying the field quality precision requests
from beam optics. For reproducing the relative measurement procedure (1.2), these
systems present three main areas to develop: mechanics and automatics, electronics
and software.

The mechanics (rotating motor, encoder, shaft, bearings and support, shown in
Fig. 1.5) of these systems is conceptually the same in the last years. From the other
hand, the manufacturing precision is improved, pushed to more tighten measurement
requirements. The electronics, in particular the acquisition block of the coil signals
(Fig. 1.5), has seen important progress in this field. At CERN, the Fast Digital Inte-
grator (FDI [18]) was developed for facing the challenges posed by the new generation
of fast rotating coils. The scheme of functionality of FDI is shown in Fig. 1.6.

18



1.3. Rotating coil systems

Encoder Slip ring

Measurement Rack

Figure 1.5: General architecture of rotating coil system.

voltage signal 4% PGA ADC DSP

T (=

trigger pulses TIME BASE = T

FPGA

Figure 1.6: Function scheme of Fast Digital Integrator (FDI) [18].
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Rotating Coils for Measuring Accelerator Magnets

The principle shown in Fig. 1.6, consists in the integration of the input signal volt-
age in the digital domain, in order to reduce the impact of analog uncertainty sources.
A differential gain amplifier (PGA in Fig. 1.6) conditiones the input signal, with self-
calibration capabilities. An Analog-to-Digital Converter (ADC-18 bit) digitizes the
input signal, and a Digital Signal Processor (DSP) processes the measurement data
and supervises the board with a Field Programmable Gate Array (FPGA). About the
software, a Flexible Framework of Magnetic Measurement (FFMM) software [19] was
developed at CERN. This satisfies wide range of measurement requirements, such as
the adaptability and extend-ability for the new applications. The software is installed
on a workstation and controls the integrators, the motor rotating the shaft and the
magnet power supply.

The systems gives a 2D (or integrated 3D) field distribution, expressed by a series

of multipoles. The procedure of the system is composed of the following steps:

1. the motor controller driven by the measurement software actuates the rotating
motor of the measurement shaft;

2. the voltage signal induced from the magnetic field is acquired by slip rings and
sent to the integrator. In the same time the encoder board receives the pulse
signal (square wave, Fig. 1.3) from the encoder;

3. the integrator triggered by the encoder pulses through the Encoder board (deci-
mation and/or multiplication ratio of the encoder pulses) integrates the sampled
coil signal in K points aver a full revolution, v, = %, where k = 1,..., K. At
each sample it’s associated an instant time, evaluated and saved by integrator as
a number of internal clock pulses. From this the Eq. (1.27), seen by integrator,

can be written as

AD = D(ty) — D(ty) = /t2 Udt (1.34)

t1

substituting the instant time with the relative angular position,

AD,, = D) — B(thrs) = / L v (1.35)

where the v,,,—1 and v,, are two consecutive angular position triggered by an-
gular encoder. In Eq. (1.35) the A®,,, are known as delta magnetic fluxes, and

they depend also on the rotation speed of the coil;

20



1.3. Rotating coil systems

4. the magnetic flux through the search coils is obtained as a cumulative sum over

the magnetic delta fluxes:

0, ifm=0,
(k) =4 _, (1.36)
Sk A®,,, ifke[l, K]

5. Drift correction: the magnetic flux evaluated in Eq. (1.36) must be corrected
taking into account the electronic noise of the integrator. The drift correction is
realized in the post-processing phase, cnsidering the offset voltage V{, and the
Eq. (1.36) becomes

k
() = > [APpy + Voltm — tm-1)] (1.37)
m=1
. K A,
where the offset voltage is V[ = —m,

6. the magnetic field B and its multipoles can be calculated as an discrete Fourier
series expansion of ®(¢) (Egs. (1.30) and/or (1.32)), using the coil sensitivity
(Egs. (1.31) and/or (1.33)). Generalizing the field multipoles can be obtained
as

B, =10 _"n (1.38)

7. Bucking coil - to increase the resolution of the higher order multipoles, differen-
tial coil measurements are evaluated by connecting a series of coils. These coils
are known as compensation or bucking coils, and the scheme of series connection

depends on the magnet typology (dipole, quadrupole, etc...).

The signal of the compensation coils must suppress the main field, and this is
carried out connected electrically with opposite polarities. The compensation
scheme emproves the resolution of the higher order multipoles for three main
reason: 1) reduction of the electrical noise and of the errors coming from the
offset and non-linear coupling between rotation rate and main field component;
2) avoiding the variations of the magnet power supply; and 3) noise rejection
emproved with respect to mechanical instabilities (e.g. vibrations of the shaft,

bearings quality, etc...).
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Rotating Coils for Measuring Accelerator Magnets

Figure 1.7: Cross section of a tangential coil shaft with dipole compensation scheme, from [20].

1.4 Limitations of the rotating coils

The rotating coil method has some limitation due to mechanical and electronic im-
perfections. These degrade the measurements of the higher order multipoles. The

main sources of limitations/errors can be summarized in the following:

1. imperfections in the rotation of the coil (vibrations and disalignment) due to

quality of mechanical components, such as shaft, ball bearings and supports;
2. coil angle error due to angular encoder or to torsion of the coil shaft;

3. coupling of the voltage integrator offset with the irregular rotation rate of the
shaft;

4. magnet current instability during the measurements;
5. coil cross sections with respect to magnet, geometries.

Regarding the first point, the mechanical imperfections can generate lateral move-
ment of the rotating coil, inducing non-linear coupling on the higher order harmonics
(quadrupole, sextupole, etc...) and consequently increasing the uncertainty of the
measured harmonics. The encoder quality and the eventual torsion of the shaft in-
creases the uncertainty on the pulse triggers. The integrator usually presents a voltage
offset that gives a flux error inversely dependent to the rotation rate. This effect can
be eliminated evaluating an average offset over a turn, when the field is static during
the coil rotation. The power converter of the magnet mujst be stable. In fact, the
exticing current must be in the range of ppm to 10 ppm, in order to avoid high-order

multipoles on the turn. In this sense, the acquisition of the current value for each
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1.4. Limitations of the rotating coils

Figure 1.8: Printed circuit board coil shaft (7.75 mm) in small aperture magnet.

increment, and a first order correction are necessary to emprove the measurement
quality. The transfer funtion (integral field divided by the current) and the field
strenght measurements are insensitive to electronic and mechanical noise sources.
However, the calibration of the coil surface influences the dipole measurement and
the positioning of the coils on the shaft the quadrupole and higher order ones.

Regarding the last point, the traditional rotating coil cannot be used in the follow-
ing cases: i) for magnets with small-aperture (height less than 20 mm, Fig. 1.8); ii)
for curved magnets; iii) in case of magnets with horizontal apertures much bigger than
height; Moreover, the rotating coil method is not able to measure pulsed fields,when
the variation of the field in time (AB/At) is not negligible on a coil revolution.

23






Chapter 2
Magnetic Field Mapping

The magnetic field mapping is the reproduction of magnetic fields on a map or images.
The design and optimization of accelerator magnets is carried out by magnetic field
maps, in particular for mass spectrometers and separetors. Usually, the mapping is
relied one point at a time with various measuring methods. The methods and tech-
nologies of magnetic field mapping are the focus of this chapter. How reported in [21],
the measurement methods have remained unchanged for a long period, while the in-
strumentation was subjected to continuous progress. This chapter, complementary to
the previous one, analyses only the more common methods (Hall element, Fluxmeter,
and NMR).
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Magnetic Field Mapping

2.1 Mapping measurement technique

Different measurement methods are avaialble for magnetic field mapping. The cri-
terion to choice the more suitable depends on the application and in particular on
the requirements of the magnetic field to be mapped. As reported in [22] the main
features to check are i) the field measurement range, ii) reproducibility and accu-
racy, iii) mapped volume and field geometry and, iv) time bandwidth. In some case
the choice of the suitable method is conditioned from non-magnetic features, such as
the operation temperature and/or the measurement volume, limiting the selection of
these.

2.2 Nuclear Magnetic Resonance

The Nuclear Magnetic Resonance (NMR) represents the standard for the measure-
ment, of homogeneous magnetic fields. They commonly achieve accuracy of 0.1 ppm,
for this the NMR is considered today the primary standard for calibration [22]. The
field measurement of the NMR probes is based on the measurement of the precession
frequency f of the particles (Fig. 2.1) in a sample places in the magnetic field. This
principle follows the Larmor equation

f=9B (2.1)

where f is the precession frequency of the particle (Fig. 2.1), v is the gyromagnetic
ratio (constant for each particle), and B the magnetic field. Measuring the frequency
f for proportionality is possible to deduce the magnetic field. The high accuracy of
the frequency measurement, fractions of ppm, allows to achi