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CHAPTER 1

INTRODUCTION

1.1 SCOPE OF THIS THESIS

This Ph.D. thesis concerns the study of the quench propagation, through elec-
tromagnetic and thermal simulations, and the development of a magnetic field
measurements system, for the analysis of the field quality, of the new High
Order corrector magnets for the Large Hadron Collider upgrade project called
High Luminosity LHC. The simulation of the quench development inside the su-
perconducting coil has firstly focused on the analysis of the material properties
to reproduce experimental data and secondly on the evaluation of the quench
protection system requirements during the powering tests of the magnet. All
the simulations have been firstly performed with the program QLASA [1], de-
veloped at LASA in Milan and then improved with the combination of QLASA
and the STEAM package, developed at CERN [2], to identify the real behavior
of the magnet internal voltages. The here presented magnetic field measure-
ments system has been developed in a collaboration framework between INFN
Milan and the CERN magnetic field measurement system department and it
is based on the classical rotating coil measuring system design. This device is
based on the introduction of a system of PCB coils that can be manufactured in
the industry with modern technologies which assure accuracy in the building
process and low values of uncertainties that cannot be obtained with the pre-
vious techniques. Also, the proposed magnetic field measurement system has
been developed to be able to measure different types of HO corrector magnets
in parallel during the same cryogenic test. This innovation allows measur-
ing at the same time one or more corrector magnets reducing the number of
scheduled vertical cryogenic tests which will be necessary to measure all the
54 future HO corrector magnets to be installed in LHC from 2025 to 2027. The
high rotational order of the HO corrector represents a challenge for this mag-
netic field measurement system both for the calibration of the measurements
and their accuracy. All the measurements have been compared to 3D simula-
tions of the performances of both the prototypes and the series of the magnets
showing a very good agreement both in the principal component of the gener-
ated magnetic field and, overall, in the field quality. The 3D electromagnetic
simulations have been used also to study the interaction between the different
magnets during the energization test and the field quality measurements to
better understand the performances of the magnet in the final configuration in
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the LHC machine lattice. The main innovative aspect of this thesis concerns
the use of this developed magnetic field quality measurement system to eval-
uate and locate the development of a quench inside the superconducting coils
of the magnet. Even if different magnetic measurement system has been al-
ready used to detect the development of the quench inside superconducting
magnets, lie for example quench antennas, the presented method is based on
the measurement of the residual magnetic field which is strongly influenced by
the number of the coils quenched in the magnet. By analyzing the magnetic
field harmonics produced by the magnetization of the superconductor inside
the not-quenched coils, and adding the residual magnetization of the ARMCO
Iron, we can precisely identify the quenched coil. Therefore the presented
method aims not to detect the development of the quench inside a supercon-
ducting magnet, helping to trigger the protection system but is capable to re-
construct, after the magnet discharge, the exact location of the quench. This
feature can help during the construction processes of a superconducting mag-
net prototype to identify weak points of the magnet and also can help during
the series production to highlight possible degradation of the superconducting
coils which limit the performances of the magnet.

1.2 THESIS STRUCTURE

To better introduce the work performed on the quench protection and on the
magnetic measurement system describing how we can localize the quench in-
side the superconducting HO corrector magnets, a brief introduction to acceler-
ators and superconducting magnets is here described in Chapter 1. This intro-
duction aims to describe the scope of a particle accelerator and in particular of
particle accelerator colliders which are currently the most powerful accelerator
machines to better understand particle physics at high energy scales and the
rules which govern particle interactions and their properties. The introduction
focuses on the description of the magnetic field produced by a superconduct-
ing magnet and how the magnetic field quality can be measured and qualified.
The basic notion of magnetic field harmonics is introduced to allow the com-
prehension of the results of the simulations and data analysis performed dur-
ing the tests of the magnets. A brief description of the theoretical frame of the
rotating coil method for the magnetic measurement system is introduced high-
lighting the correlation between the magnetic field harmonics and the Fourier
decomposition of the voltage induced in the rotating coil PCB. A brief intro-
duction to the High Luminosity LHC upgrade project is introduced in Chapter
2 to better describe the motivation and the requirements for the development
of the new superconducting magnet on which this thesis work is performed. A
detailed description of the HO corrector electromagnetic and mechanical de-
sign is reported together with the description of the development of the new
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magnetic measurement system installed at the INFN-LASA laboratories in Mi-
lan. To optimize the design of the new magnetic measurement system a set
of electromagnetic 3D simulations have been performed. The final configura-
tion obtained for the shaft assure that the cross-talking between the magnet
during the cryogenic powering test is negligible. The same set of simulations
has been performed also for the configuration of the magnet when installed at
LHC showing the same results of the vertical test configuration. Finally, exam-
ples of real data of magnetic field quality, taken during the last phase of the
prototype development and the first batch of the magnet series, are compared
with the 3D electromagnetic simulations showing very good performances of
the produced magnet. The quench protection study of the HO corrector mag-
nets is reported in Chapter 3. A brief introduction to the superconductivity is
reported together with the description of the main problems which has to be
faced during a quench development inside a superconducting magnet. The su-
perconductor wire and all the coils properties are described together with the
comparison of the calculated expected differential inductance of the magnet
with real data taken from the powering of corrector magnet prototypes. The
simulations of the real quench that happened during both the prototype de-
velopment phase and the series production, are in very good agreement with
the data obtained demonstrating high accuracy of the models used. The most
innovative aspect of this thesis is reported in Chapter 4. A brief introduction
on the observed behavior of the residual magnetic field measured in the HO
corrector magnets is reported. An analytical model of the expected behavior of
the superconductor coil magnetization contribution is reported with the com-
parison with experimental data. After the analytical model, a detailed FEM
model and 2D simulations are described with the comparison with experimen-
tal data showing the possibility to locate exactly the quenched coil inside the
superconducting magnet for any rotational order of the main harmonic pro-
duced. Finally, the conclusion of this Ph.D. work is reported with discussed
future perspectives for additional analysis of this new type of investigation of
the quench development inside superconducting magnets.

1.3 PARTICLE ACCELERATORS: COLLIDERS

In the research field of particle physics, accelerators are used to bring the speed
of charged particles, such as protons or electrons, near the speed of light. The
main goal of this acceleration is to create collisions among the accelerated par-
ticle or between the accelerated particle and a fixed target. Depending on the
type of particle in the collision, part of the energy of the relativistic acceler-
ated particles is used in the interaction to produce hadron and lepton showers
which cascade is revealed and reconstructed by the high energy physics detec-
tors. By studying the particle generated during the interaction, physicists can
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retrieve their properties and observe their interactions with the known ones
understanding the fundamental laws which rule our Universe and all the mat-
ter. To accelerate particles both electric and magnetic fields are used. However,
only the electric field is used to increase particle energy and speed reaching a
very high fraction of the light speed. Two types of particle accelerators can be
used, linear accelerators, which use mainly radiofrequency cavities with high
values of an electric field to increase the energy of the traveling particles and
their linear acceleration, and circular ones, where particles are bent by dipole
magnets and longitudinal accelerated by radiofrequency cavities. The main
advantage of a circular accelerator, instead of a linear one, is the possibility
of keeping the particles in the same set of radiofrequency cavities which are
used firstly, to increase the energy of the particle at the working point, and
secondly to compensate the beam energy loss during the revolution inside the
machine. As already said, to keep the particle confined and controlled in the
center of the circular accelerator huge main dipole magnets create the needed
Lorentz Force provided by the magnetic field produced. Usually, in a particle
accelerator, many charge particles are accelerated together in the same set of
magnets and RF cavities. To compensate for the divergence of the beam, due
to the mutual repulsion of the particles and additional instabilities, the use of
a unique dipolar magnetic field is not enough. A quadrupolar magnetic field in
the cross-section plane of the beamline provides a focusing effect in one direc-
tion and a defocusing effect in the other one. To provide a net focusing effect
in both the transversal directions of the beamline, two quadrupolar magnets,
rotated by 90° between them and alternated with dipole magnets, are used in
the so-called FODO cell. The net focusing effect keeps the dimensions of the
beam limited in the transversal direction to beam one, providing an oscillation
pattern which is a function of the two quadrupolar magnets gradient and the
distance between them. In the particle physics frame, circular accelerators are
used as colliders where two counter-rotating beams are accelerated at the same
time and then focused in specific interaction points where the particle physics
experiments are located. Today, the most powerful collider in the world is the
Large Hadron Collider near Geneva in Switzerland, see Fig. 1.1. The particles
travel through a 27 km tunnel and are accelerated up to the energy of 7 TeV
for each colliding beam. The energy of the particle collision is fixed by the
maximum energy which the bending magnet can accept. By fixing the length
of the collider, and so the radius of each single bending magnet, the relativistic
energy of every single bunch can be calculated as E=0.3BR where the curva-
ture R is measured in km, the main dipole magnetic field B is measured in
Tesla and the energy in TeV. To increase the nominal energy of the collider two
possible solutions can be adopted: increase the length of the collider and so
the bending radius or increase the magnetic field strength. The dimensions
of the accelerator have many different constraints and its costs increase with
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Figure 1.1: Sketch of the underground structure of the Large Hadron Collider. The
sketch has been simplified for clarity and the main interaction points are highlighted

the length of the tunnel which contains the machine. To keep the dimensions
reasonable, the only way to exploit higher particle energy is to increase the
magnetic field of the main bending dipoles of the accelerator. Starting from
the history of the accelerator, electromagnets were able to generate magnetic
fields up to 1/1.5 T with only copper coils and up to 2 T combining copper coils
with iron yokes. However, to overcome the iron saturation for magnetic fields
higher than 2 T, the use of copper coils cannot be longer considered due to
their large occupied volumes and high values of loss energy through the joule
effect. Therefore, nowadays, superconducting magnets are mainly used for
particle accelerators thanks to their ability to transport a huge amount of cur-
rent without heat generation and their compact dimensions. LHC uses more
than 1200 superconducting magnets with a nominal main magnetic field of
8.33 T which provides collision energy of

p
s=14 TeV in the mass center frame,

see Fig. 1.2. Because the accelerated particles have the same charge but travel
in counter-rotating directions, also the directions of the magnetic field have to
be flipped between the two beams. To reduce the space in the tunnel occupied
by the magnets, the two beams are bent by the same superconducting dipoles
in the twin-aperture configuration. The magnetic field is produced in both
the two beamlines by cosθ NbTi superconducting coils. The electromagnetic
forces acting on the coils during energization are managed by a single mechan-
ical structure made by a stainless-steel collar and the magnetic field flux lines
are focused on the bore through the iron yoke surrounding the structure. Both
protons and heavy ions can be accelerated and bring to the collision in the 4
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Figure 1.2: Rendering of an LHC main dipole cut to observe the particle bunches trav-
eling in the tunnel [3](left). Cross section of an LHC dipole. The mechanical structure
is highlighted and the different connection and superconducting coils are clearly visi-
ble [4],(right).

main interaction points where the ATLAS (IR1), CMS (IR5), ALICE (IR2), and
LHCb (IR8) experiments are located. Near the interaction point, a particular
configuration of quadrupole magnets, called low-β∗ quadrupoles, squeeze the
particles in a quasi-single point to increase the number of possible interactions
for the particle physics research. The rate number of collisions produced in
the collider can be described by the luminosity of the accelerator. The total
number of collisions per second can be obtained by multiplying the luminosity
L of the collider and the cross-section σpp of the interaction, see Eq. 1.1.

d N

d t
= Lσpp where L = f Nb

N1N2

4πσxσy
(1.1)

The luminosity is directly proportional to the revolution frequency of the
particles and the number of particles in each colliding bunch and by squeez-
ing the beam sizes (σx ,σy ) at the interaction points through the focusing
quadrupoles, the number of particle collisions can be increased by several or-
ders of magnitude. The use of dipoles and quadrupoles in a particle collider,
however, is not sufficient to assure the stability of the beam. All the magnets
used in an accelerator have imperfections due to construction process errors
or technical limits which cannot be overcome and could cause resonant insta-
bilities in the beam bringing to the loss of the bunches. To compensate them,
additional magnets with a higher order of rotational symmetry are installed in
the accelerator and tuned according to the results of the beam stability analy-
sis.
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1.4 MAGNETIC FIELD HARMONICS

To describe the magnetic field quality of a single particle accelerator magnet
we can decompose the generated magnetic field in the known magnetic field
harmonics, [5]. In the bore area, where no current sources are present, we can
set the divergence of the magnetic field to zero and consider the null curl of
the magnetic field to obtain the following set of equation:

∂Bx

∂x
+ ∂By

∂y
= 0

∂Bx

∂y
− ∂By

∂x
= 0 (1.2)

where the x and y directions identify the cross section plane of the magnet.
These equations, however, are only valid if ∂Bz

∂x = 0, ∂Bz
∂y = 0 and ∂Bz

∂z = 0 which
means that the longitudinal field is constant inside the magnet. By extending
the magnetic field definition to the complex variables described in Eq. 1.3 the
new variable is an analytic function of the complex variable z= x + i y satisfing
the Cauchy-Riemann condition.

B= By (x, y)+ i Bx (x, y) (1.3)

The new definition of the magnetic field can so be rewritten as a power
series of the complex variable z with complex coefficients Cn as described in
Eq. 1.4.

By (z)+ i Bx (z) =
∞∑

n=1
Cn

(
x + i y

Rr e f

)n−1

(1.4)

The complex coefficients of the power series, called magnetic field harmon-
ics, can be also decomposed in their real and complex parts and normalized
to a fixed reference radius value Rr e f from the central rotational axis of the
magnet often calculated as 2/3 of the magnet bore radius.

Cn = Bn + i An (1.5)

By (z)+ i Bx (z) =
∞∑

n=1
(Bn + i An)

(
x + i y

Rr e f

)n−1

(1.6)

The normal and skew components of the harmonics identify the two same
components of the magnetic field for each of the rotational order of the mag-
net, as we can see in Fig. 1.3. Because the optimization process of the magnet
design aims to create a pure 2m-order magnet, where m is the rotational order
symmetry in the magnetic field, often the magnetic field harmonics are also
normalized to the main field harmonic component Bm and multiplied by a 104

factor becoming measured in units, see Eq. 1.7.
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By (z)+ i Bx (z) = 10−4Bm

∞∑
n=1

(bn + i an)

(
x + i y

Rr e f

)n−1

(1.7)

In a dipole magnet, the main normal component B1 is equal to the mag-
netic field at the center of the magnet, while, for a quadrupole magnet, the
main field component B2 is linked to the generated gradient by the relation-
ship G=B2/Rr e f . The obtained coefficients are so called "normalized multipoles"
and they measure the accuracy of a magnet to the ideal perfect 2m-order mag-
netic field that has to be produced by it. The normalized multipoles can be so
directly obtained from the magnetic field harmonics using the Eq. 1.8.

cn = bn + i an = 104 Cn

Bm
= 104

(
Bn

Bm
+ i

An

Bm

)
(1.8)

Using the cilindrical coordinates and knowing the trigonometric transfor-
mation (cos(φ)+i si n(φ))n = (e iφ)n = e i nφ = (cos(nφ)+i si n(nφ), each single com-
ponent of the magnetic field, in the magnet cross-section, can then be rewritten
as function of the normal and skew component of the harmonics:

Bx (r,θ) =
∞∑

n=1

(
r

Rr e f

)n−1

(Bn si n((n −1)θ)+ Ancos((n −1)θ)) (1.9)

By (r,θ) =
∞∑

n=1

(
r

Rr e f

)n−1

(Bncos((n −1)θ)− An si n((n −1)θ)) (1.10)

Br (r,θ) =
∞∑

n=1

(
r

Rr e f

)n−1

(Bn si n(nθ)+ Ancos(nθ)) (1.11)

Bθ(r,θ) =
∞∑

n=1

(
r

Rr e f

)n−1

(Bncos(nθ)− An si n(nθ)) (1.12)

1.5 ROTATING COILS

Many different methods to measure the magnetic field harmonics are used in
the currently operating research centers which produce superconducting mag-
nets. According to different aspects of the produced magnet, like for example
its length, the bore diameter, the order, if it is normal conductive or supercon-
ducting, many technologies for the measure of the magnetic field harmonics
reach different accuracy and have different sources of errors. One of the main
techniques used for superconducting accelerator magnets is the "Harmonic Ro-
tating Coil Method". This method allows to sample the magnetic flux variation
linked to a rotating coil in the magnet bore and correlate this function of the
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Dipole Quadrupole Sextupole Octupole Decapole

A1 A2 A3 A4 A5

B1 B2 B3 B4 B5

Figure 1.3: Isolines of the magnetic field produced by the different magnet order inside
the bore. Top layer: skew configuration of a magnetic field. Bottom layer: normal
configuration.

angular position with all the different n-order magnetic field harmonics pro-
duced. It has been early developed, using analog integrators, to acquire several
points per turn without dead time between consecutive angular positions. The
use of a voltage integrator, connected to the measuring rotating coil, makes
it possible to exploit the Faraday law eliminating the time dependence of the
integration between two consecutive steps. The magnetic flux is therefore de-
scribed as a function of the angular position, having integrated over a fixed
angular interval defined by an external encoder which triggers the integra-
tor. This method prevents also the requirement of a constant rotating speed to
have a uniform time interval for each angular position. The plane of the loop
of the rotating coil can be oriented in any direction, as in Fig. 1.4, but the two
specific configurations of complete "radial" coils and complete "tangential" are
often used for their easy fabrication process, characterization and data analy-
sis. Considering a generic configuration where z1 and z2 are the locations of
the two sides of the coil and approximating the model to a single turn coil, the
magnetic field flux induced during the rotation can be written as:

Ψ= LRe

[∫ z2

z1

B(z)d z

]
(1.13)

where L is the length of the coil. Using the multipole expansion previously
described in Eq. 1.4, the expression can be described directly as a function of
the harmonic coefficients.

Ψ= LRe

[ ∞∑
n=1

1

nRn−1
r e f

Cn(zn
2 − zn

1 )

]
(1.14)
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θ

Center of
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z1

α2

α1

θ2θ1

Figure 1.4: Sketch of the rotating coil during the rotation in the magnet bore at the
reference radius. The position of the two cross-sections of the coil is highlighted and tilted
with an angle θ to consider the most general configuration of the measurement. Usually,
without considering errors of the planarity of the coil, a complete tangential or radial
configuration is used for the measurements

Neglecting possible errors in the rotation velocity or displacement from the
ideal circular path of the coil, we can describe the rotation at two fixed radius
R1 and R2 with initial phases and fixed angular velocity. The last member of
the previous equation can be written as:

zn
2 − zn

1 =
(
Rn

2 e i nθ2 −Rn
1 e i nθ1

)
e i nθ =

(
Rn

2 e i n ∆θ
2 −Rn

1 e−i n ∆θ
2

)
e i nθ0 e i nθ (1.15)

where we defined the initial phase θ0 as an average of the two initial phases
and the phase difference ∆θ between θ2 and θ1. Compacting the flux expres-
sion by collecting the dependency from the coil geometry parameters in a sin-
gle complex coefficient χn as:

Ψ(θ) = LRe

[ ∞∑
n=1

χn

nRn−1
r e f

Cne i nθ

]
(1.16)

χn =
(
Rn

2 e i n ∆θ
2 −Rn

1 e−i n ∆θ
2

)
e i nθ0 (1.17)

The introduced complex parameters χn are called geometrical factors and
are related to the sensitivity of the coil ruled by the transversal dimensions
of the turns in the cross-section plane of the rotating coil. The value of the
magnetic flux here described is sampled by the rotating coil as a function of
the rotation angle in a discrete N points series during the single turn. We can
therefore indicate as ψk each single sampled flux. To retrieve the harmonic
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coefficients a Discrete Fourier Transform (DFT) is operated on the sampled
flux according to Eq. 1.18.

Ψn =
N∑

k=1
ψk e−2π(n−1) (k−1)

N with n = 1...N (1.18)

The DFT complex coefficients Ψn can be correlated with the field harmonic
coefficients Cn . The relation between the two types of coefficients, for an even
number of points and the simplified model of a single turn coil, is reported in
Eq. 1.19.

Cn = 2

N

1

L

nR(n−1)
r e f

χn
Ψn+1 with n = 1...

N

2
(1.19)

The presented result is only valid for a single turn model for a rotating
coil. In practice a single rotating coil is composed of Nt turns stacked on each
other in different layers or wounded side by side. The presented process for
the calculation of the harmonic coefficients can be also done for the upgraded
multi-turns rotating coil model, leading to a slightly different equation:

Cn = 2

N

R(n−1)
r e f

kn
Ψn+1 with n = 1...

N

2
(1.20)

Each of the new coefficients kn is the complex coil sensitivity factor for the
nth magnetic field harmonic. They are proportional to the coil geometric fac-
tors χn previously described and are generally calculated during the calibration
process of the rotating coil shaft. In the case of a perfect radial or tangential
coil, the sensitivity factors reduce to a pure real or imaginary number. For a
perfect radial coil the sensitivity is equal to:

kr adi al
n = Nt L

n

(
Rn

2 −Rn
1

)
(1.21)

where we set the initial phase θ0 = 0 and R1 and R2 the internal and external
radius of the coil. If we consider a pure tangential coil we can describe the sen-
sitivity factors as function of the middle point radius from the central rotation
axis and the coil aperture defined by the variable ∆θ.

k t ang enti al
n = 2i Nt L

n
Rn sin

(
n∆θ

2

)
(1.22)

A linear combination of two to five rotating coils, instead of using a single
one at a fixed radius, can be used to improve the accuracy of the measurements
for n>1.
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1.5.1 COMPENSATION SCHEME

Generally, a rotating coil system is composed of 3 or 5 rotating coils at the same
time and centered in the same reference system of the magnetic field measure-
ment shaft. The exact position of the winding of every single coil has to be
calibrated to have the best accuracy during the measurement of the magnetic
field. The combination of the signal of one or more coils, at different radius,
can be used to further increase the accuracy of the measurement. Generally,
like in the magnetic field measurement system installed at LASA for the char-
acterization of the HO corrector magnets, two raw signals are obtained from
the combination of 5 symmetrical coils (Coil A, Coil B, Coil C, Coil D, Coil E).

Figure 1.5: Graphic representation of the geometric parameters of a single rotating
coil useful to calculate the single sensitivity factor, (left). The yellow details describe the
paths of the winding which has to be precisely calibrated during the preparation of the
rotating coil shaft. A scheme of the 5 coils used to fully characterize a magnetic field is
reported here showing the location of each single rotating coil center and the position
of every single winding, (right). The rotating coil here reported is a radial design used
for example in the magnetic measurement system for the high order corrector magnets
studied in this thesis.

The first signal is composed of the raw electromagnetic induction voltage
induced in the main external coil (Coil A) and is used to evaluate the main
component of the generated magnetic field inside the superconducting mag-
net. Indeed, the external coil is the most sensitive because its located at a
higher reference radius and the magnetic field produced increases with the
distance from the central rotational axis of the magnet for each magnetic field
order greater than the dipole one. The second signal is obtained through a par-
ticular combination of the rotating coils and it aims to suppress the principal
magnetic field harmonics to increase the sensibility to the imperfection of the
generated magnetic field. Knowing for example that a dipole magnet produces
a uniform magnetic field inside the bore, the subtraction of the central rotating
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coil (Coil C) from the external rotating coil (Coil A) signal will cancel the main
dipole harmonic without affecting the higher harmonic orders. To retrieve the
magnetic field harmonics from the DFT (Discrete Fourier Transform) of the
induced voltage on the rotating coil, the sensitivity factor could be combined
with the same scheme of the coils signals. To compensate for the quadrupolar
magnetic field, the combination of 4 rotating coils can be exploited using the
following scheme:

Compensation: A−B −C +D kcmp
n = k A

n −kB
n −kC

n +kD
n (1.23)

Using an amplifier, each coil signal can be also multiplied by a gain fac-
tor to create additional compensation schemes to cancel higher magnetic field
harmonic orders. Considering also the gain factors, the total sensitivity factor
which has to be used to calculate the magnetic field harmonics can be described
by the Eq. 1.24.

kcmp
n = g Ak A

n + gB kB
n + gC kC

n + gD kD
n + gE kE

n (1.24)

1.5.2 CENTER LOCALIZATION AND FEED DOWN CORRECTION

One of the main problems with the rotating coil system is the localization of
the central rotational axis of the magnet and the alignment of the rotating shaft
referee frame with it. The misalignment between the rotating coil shaft and
the magnet understudy could create additional magnetic field harmonics which
do not corresponds with the real produced field quality of the magnet. If the
reference system of the magnet, see Fig. 1.6, is translated by a distance in the
z complex plane, the harmonic coefficients of the magnetic field quality could
be described as a function of the real harmonics calculated in the centered
reference system using the Eq. 1.25.

C
′
n = B

′
n + i A

′
n =

∞∑
k=n

(
(k −1)!

(n −1)!(k −n)!

)
Ck

(
∆z

Rr e f

)k−n

(1.25)

Moreover, the translated magnet reference system could also be rotated to
the axis of the measuring reference system imposing a phase for the magnetic
field harmonics. The phase of each single harmonic is not equal to the rotation
between the two reference systems but is a function also of the rotational order
calculated. The harmonic coefficients, rotated by an angle θ can be written in
the non rotated reference system according to the equation:

C
′
n = B

′
n + i A

′
n =Cne i nθ (1.26)
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Figure 1.6: Sketch of the possible translation (left) and rotation (right) between the
reference system frame of the magnet and the one used by the rotating coils for the
analysis of the produced magnetic field quality

To evaluate the exact position and rotation of the center of the magnet,
a possible solution is to compute the value of ∆z which cancel non-allowed
magnetic field harmonics in the measured spectrum of the field quality. The
calculation of the magnet center has to be different for high values of rota-
tional order and low values like for the dipoles. In a dipolar magnetic field,
much rotational order of harmonics is allowed by the symmetries of the mag-
net. Therefore, to evaluate the magnet center, very high values of not allowed
magnetic field harmonics have to be considered. A common procedure is to
calculate the value of ∆z which cancels the fields harmonics greater than the
8th order up to the 15th order and which minimize the value of non allowed
harmonics in the central reference frame. A different approach is used when
a 2m-poles magnet is considered. If the two reference systems are not cen-
tered, the most sensitive magnetic field harmonics, affected by this error, is the
2(m-1)-pole harmonic. For example, a shift in one direction on a quadrupolar
magnetic field can be described by an additional dipolar magnetic field super-
imposed on the produced one which is measured by the rotating coil system.
The definition of the ∆z shift that has to be imposed on the rotating coil ref-
erence system, feed-down correction, is, therefore, the value that satisfies the
following equation:

∆z=− Rr e f

m −1

Cm−1

Cm
(1.27)

Using the result obtained from this equation we can therefore obtain the
real magnetic field quality produced by the magnet by replacing the value of
the translation into the Eq. 1.25.
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CHAPTER 2

HIGH ORDER CORRECTOR

MAGNETS

2.1 INTRODUCTION

The Standard Model of particle physics has been completed recently by the
discovery of the Higgs Boson in 2012, Nobel Prize for Peter Higgs [6], at the
Large Hadron Collider, LHC. Thanks to the huge amount of statistic obtained
during the different collision run of the machine, particle scientists have ob-
tained the necessary amount of data to determine the statistic significance at
5 σ of the discovery and determine the mass of this particle, compatible with
a value between 125 and 127 GeV/c2, [7] [8]. To evaluate and character-
ize all the physical properties of this particle, like its charge, the spin and all
its interactions with the other known particles, the data acquired from the
Run2 of LHC, ended between 2018 and 2019, are currently being analyzed.
It is expected to achieve a level of accuracy never obtained before allowing
to evaluate the existence possibility and indirect effects of physics beyond the
standard model over the yet discovered ones. To further increase the potential
of discovery and allow the study of a new extended Particle Physics Model over
the SM, a new upgrade project called High Luminosity LHC [9], HL-LHC, has
been studied and developed in the last few years. The principal aim of this up-
grade is to achieve an instantaneous luminosity larger than the LHC nominal
value by a factor of five increasing the data sample provided to experiments
by an order of magnitude. The upgraded LHC will deliver proton-proton col-
lisions at an energy of

p
s=14 TeV in the center of mass reference frame with

an instantaneous luminosity of 6.5 1034cm−2s−1 and integrated luminosity of
3000 fb−1. The development of the project depends on several technological
innovations, [10]. New superconducting magnets will be implemented in the
beamline. Near the Interaction Points, IP, new Inner Triplet Magnets, based on
Nb3Sn superconductors, will be installed to reduce the transversal dimension
of the beam during the crossing. A higher value of luminosity, for the mag-
nets and the electronic components used to focus the beam, translate into a
higher dose of radiation of about 30 MGy, which can bring to the damage and
faults of the material. The reduction of the transversal beam sizes at the IP
corresponds also to an increase of them inside the bore of the inner triplet, an
increased crossing angle and dimensions of the beam separation main dipole
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Figure 2.1: Time table of the HL-LHC project upgrade with details on the beam energy
and the shutdowns of the collider. Both the experiment upgrade and magnets installation
are enlighted showing the variation of the beam energy in the center of mass reference
frame expected and the increasing of the luminosity during the future run.

before the interaction. The transversal sizes of the beam in a particle accel-
erator can be generally described by the β function. This parameter is linked
to the actual beam sizes by the equation σ(s) =√

εβ(s) where the s parameter
identify the position along the beam direction, σ(s) is used to measured the
width of the supposed Gaussian beam shape in the transversal direction and ε

identifies the RMS geometrical beam emittance which is a constant value along
the beam trajectory where no linear acceleration is applied to the particles. At
the interaction point of a particle collider, the β function assumes its minimum
value called β∗ while for all the interaction region the beam transversal sizes
can be approximated by the expression β(z) = β∗+ z2/β∗ where z is the dis-
tance from the particles interaction point. From this expression it is clear that
with smaller sizes of the beam in the interaction point, the transversal dimen-
sions of the beam tube increase rapidly immediately before and after the beam
crossing where the focusing magnets, also called low-β∗ quadrupole magnets,
are installed in the accelerator lattice. The increased number of interactions
per second will cause also a higher pile-up and events seen by the detectors.
To withstand the radiation dose of this new number of events, components of
the detectors will be substituted and upgraded to achieve better performances
and reconstruction of the particles generated after the collisions. The currently
available collimation system, designed for the LHC nominal energy and beam
intensity will be substituted and optimized to cope with the expected HL-LHC
beam losses. To allow the installation of the new collimation system, the old
Nb-Ti 8.33 T dipole, which is 15 m long, will be replaced by an 11 Nb3Sn T
main dipole with a length of approximately 11 m to provide the same bending
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strength, [11]. To increase the intervention flexibility the cryogenic plant in
the IR will be completely redesigned. The new cryogenic system will separate
the RF cavities from the superconducting magnets avoiding the warm-up of the
entire arc in case of faults or damages and increasing the overall efficiency. A
new type of superconducting RF cavities, called crab cavities, will be installed
before the IPs and used to rotate the counter-rotating bunches increasing their
overlap during the crossing and which will enhance the collision probability of
the protons. New MgB2 low losses and high-power superconducting link lines
will be implemented to simplify the access to the power supply of a portion of
the interaction point machines. New diagnostic and advanced modeling will
be necessary to assure machine protection and deal with the increased energy
of the collider and fully exploit the physics potential of the upgrade.

2.2 MAGIX PROJECT AND INFN-CERN COLLABORATION

The HL-LHC project, as already described, will completely modify the layout of
the superconducting magnets of the near IP regions besides the experiments.
Many different types of magnets are required to precisely provide the exact
amount of beam focusing and stability before the collision. Even if the re-
quirements, on the magnetic field quality of the Inner Triplet Magnets (Q1,
Q2, Q3) and the separation dipole magnet (D1), are very tight [12], a dedi-
cated series of corrector magnets are required to fine-tuning the performances
of the layout of the whole magnets. According to the required multi-order
of the magnetic field needed for the correction, 5 different types of High Or-
der Corrector Magnets, starting from the skew quadrupole up to the 6th order
of magnetic field harmonic, have been studied and built by INFN-LASA with
feedback from the collaboration with CERN, (Agreement HL-LHC KE2291).
All 5 prototypes have been already built and tested at LASA at an operational
temperature of 4.2 K and 2.2 K in a vertical cryostat. All the magnets have
reached the required specification of energization and quench protection per-
formances allowing the starting of the production series of all the 54 series
magnets within a new collaboration between CERN, INFN, and the industry,
(Agreement HL-LHC K3085). The magnetic field quality of the different proto-
types has been measured at CERN in the SM18 laboratory during the vertical
cryogenic tests used also to check the performances of the magnets. The only
prototype, which magnetic field has been characterized at INFN-LASA is the
skew quadrupole MQSXFP1. In the second agreement, the INFN has been in
charge of qualify and control all the production steps of the magnet series
production. The different magnets of the series are built and assembled at
Saes Real Vacuum (SRV), Italy. All the magnets are then tested and qualified
at INFN LASA laboratory in a vertical cryostat to evaluate the powering per-
formances and the produced magnetic field quality. Finally, the magnets are
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shipped to CERN which is responsible for the integration in the cold mass of
the Interaction Region corrector package. The first four magnets of the series
have been already tested at LASA with positive feedback on their performances
and the second half of the first batch of the production has been already built
and assembled at SRV. The magnets have been delivered at LASA at the end
of 2020 and the first vertical cryogenic full test is expected at the beginning of
February 2021.

2.3 ELECTROMAGNETIC AND MECHANICAL DESIGN

As mentioned above, the electromagnetic and mechanical design of all the
High Order Corrector magnets has been developed by INFN-LASA supercon-
ducting magnet group. The requirements for the corrector package perfor-
mances have been fixed by the expected quality of the quadrupole triplet and
the available mechanical space for the integration in the package layout. All
the required magnetic field harmonics have been associated with a single mag-
net to separate the different contributions avoiding nested magnet solutions
and allowing more freedom in the parameters operational space. The correc-
tor package is composed of the MCBXF orbit corrector magnet developed by
CIEMAT, [13], and 9 High Order corrector magnets, two magnets for each
order to provide the normal and skew component except for the quadrupole
which is only skew.

Figure 2.2: Cross section of all the HO Corrector Magnets with the corresponding mag-
netic field main harmonic produced. The normal and skew configurations of the magnet
have the same configuration except for the skew quadrupole, which is not required in the
normal configuration, and the normal dodecapole which has a longer mechanical length
than the skew dodecapole.
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The main expected magnetic field error of the main triplet magnets is repre-
sented by the skew magnetic field quadrupolar component which would cause
the divergence of the particles and the beam loss if not properly compensated.
Both the normal and skew contributions of the corrector package are used
to correct energy dependent errors of the quadrupolar magnetic fields. The
spread in energy and momentum of the accelerated particle, which are fo-
cused by the inner triplet magnets, causes a variation of the focal length of
the quadrupole magnets like, in optic, light rays of different wavelength are
not refracted in the same direction which depends by the material refraction
index. This non linear behavior is usually called as "chromaticity" effect and is
always present in particle accelerator with the use of focusing elements. The
octupolar magnets are used in particle accelerators to correct beam interaction
effects with the accelerator elements like space charge effects and in particular
are used to obtain the Landau damping of the particles while decapole and
dodecapole magnets are used to correct principally the imperfections of the
first allowed harmonics of dipoles and quadrupole magnets. All these different
magnet types are especially needed in the IP region due to the higher transver-
sal dimensions of the beam, compared to the sizes in the collider arc, which
enhance the effects of the magnets field errors on the beam dynamic. Due
to the small available space for the insertion of the magnets, the superferric
design has been chosen to obtain very short ends length and a simplified con-
struction process of the racetrack superconducting coils. The magnetic field
quality produced by this design is mainly ruled by the iron pole shape which
has to be precisely produced with low mechanical tolerances. The particular
shape of the iron poles follows a slightly modified equation of the perfect n-
order equipotential surface which produces a perfect n-order multipolar mag-
netic field. This correction has been introduced to compensate for the finite
dimensions of the poles in the transversal dimensions and the harmonic con-
tributions of the superconducting coils cross-sections. All the magnets have
a bore aperture diameter of φ =150 mm and the poles are excited by super-
conducting NbTi racetrack coils which flux is closed on the external iron yoke
increasing the focusing of the produced magnetic field. The final operational
temperature in the accelerator lattice is 1.9 K and the superconducting coils
are directly in contact with the superfluid liquid helium allowing higher heat
exchange to increase the stability in the superconductor state. All the mate-
rials used for the construction of the magnets have to withstand the expected
amount of radiation of 25 MGy. The body of the whole magnet is composed of
pure ARMCO iron laminations, produced by AK Steel, which are precisely ma-
chined by electro-erosion to assure the precision of the pole profiles within the
requested tolerance of +/- 0.03 mm. This type of iron has been several times
used for the construction of particle accelerator magnets thanks to its high pu-
rity and magnetic performances like the low values of residual magnetization
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Figure 2.3: Picture of the MCDXFP1 (first decapole prototype) corrector magnet cad
model. The model is cutted, (left), to observe the internal side of the iron laminations
and the superconducting coils mounted on each pole. The mechanical details are the
following: superconducing coils(A), CuBe rods(B), wedges(C), magnetic pole(D), flux
return laminations of the end cap(E). Additional details of the connection side are visible
in the model, (right): stainless steel closing plate(F), connection board(G), electrical
connection box(H), longitudinal plates(I). For more details see [14]

at cryogenic temperatures. At the two ends of the magnets, closing iron lami-
nations with a larger internal radius, compared to the ones of the magnet core
which compose the poles, are used to create the end caps which protect and
contain the superconducting coil ends. Additional iron laminations are used
to create a closing path for the flux along the axial direction of the magnets.
This expedient improves, in general, the performances of the correctors focus-
ing the magnetic field inside the bore of the magnet. All the iron laminations
pack is pressed by Cu-Be tie rods which provide also the axial alignment of
the magnet. The external side of the iron lamination pack is then closed by
stainless steel plates, fixed always through the same rod of the lamination, to
create the mechanical interface with the mounting system for the LHC lattice.
The external radius of the magnets has been limited to the maximum internal
radius of the final configuration cryostat at CERN and different grooves, which
are precisely machined on the external radius of the magnets as the iron poles
profile, allow for easy and standard installation of the two different operating
configurations (normal and skew) assuring precisely alignment of all the mag-
net. To assure radiation damage resistance of the magnet, the superconducting
coils are impregnated with CTD-101K epoxy resin [15] and the insulation lay-
ers towards ground have been tested during the prototype construction using
both BTS2, by Arisawa industry, and Duratron. Also, the single wire insulation
is composed of reinforced S2 glass to prevent any electrical shorts during the
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coil energizing. All the coils are mechanically supported by wedges on their
long side. During the assembly of the magnets, the wedges are pushed against
the coils to provide a preload which compensates the thermal contraction and
the Lorentz forces during the cool down and energizing of the magnet. On
the shorter side of each superconducting coil, a small plate is used only to
fix the vertical position of each coil along the magnet axis. The coils support
towards the iron pole is composed of a thin layer of 304/L stainless steel to
prevent direct contact between the coil insulation layer and the iron yoke. The
connection between every single coil is created in a PCB layer placed on the
connection side of the magnet before the end iron laminations. The PCB is
composed of insulation disks of Arlon and lamination sheets of copper from
which the paths of the connections are created using standard etching tech-
niques. The PCB is insulated from the rest of the magnet using two additional
Arlon disks and covered with liquid polyimid to protect the connections. The
PCB is then connected, through a hole in the external iron yoke laminations,
with the external power lines to energize the magnet. The external connec-
tion is composed of two separated standard boxes to avoid connections error
during the mounting process in the final configuration at CERN. The first box,
designed by INFN, contains the external connection for the powering supply
made by two copper plates for the connections with the bus-bars. The second
box, designed according to CERN specifications, contains all the voltage taps
for the quench detection system and magnet control.

2.3.1 RCSM DESIGN

Thanks to the acquired experience during the electromagnetic and mechanical
design of the HO corrector magnets, the INFN-LASA group has also developed,
in the INFN-CERN collaboration framework for the HL-LHC upgrade project,
a new type of superferric corrector magnet suitable for particle accelerator
which uses MgB2 superconducting wires instead of the conventional LTS su-
perconductors. This new class of superconductor magnet, called Round Coil
Superferric Magnet, RCSM, is suitable for strain-sensitive superconductor ma-
terials that require high values of bending radius in the winding process of the
construction of the superconducting coil. This new design is particularly devel-
oped for the construction of arbitrary multipole order magnets. The iron yoke
is shaped with an arbitrary number of poles being able to create the desired
harmonic component magnetic field using only round superconducting coils
connected in anti-series to cancel the solenoidal component. The first idea of
the particular design of this superferric magnet has been studied by I. F. Maly-
shev and V. Kashikhin [16], who also built a quadrupole prototype with HTS
tapes working in a persistent current mode operation [17], and optimized by
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Round Coil Iron Poles

Coil Ends
Current Leads

Figure 2.4: Picture of the first assembled semi-module prototype of the full RCSM mag-
net. The six alternating iron poles (left) redirect the solenoidal magnetic field, produced
by the round superconducting coil, in the magnet trasnversal plane creating the sextupo-
lar harmonic component desired. The magnet has been already testes at LASA at the
cryogenic temperature of 4.2 K in the vertical cryostat reaching the 78% of the SSL.

G. Volpini and J. Rhysti who first tried to use MgB2 tapes for the coil realiza-
tion [18]. The ARMCO iron yoke design and coil geometrical dimensions have
been optimized to create the first prototype of a sextupole corrector magnet,
see Fig. 2.4, with an integrated magnetic field equal to 75% of the classical
sextupole HO corrector satisfying the same magnetic field quality required for
particle accelerator corrector magnets, [19]. The developed design has a mod-
ular configuration allowing to build separately the different parts of the iron
yoke which are then assembled with the round superconducting coils. The
whole complete magnet is composed of two modules, necessary to provide the
required integrated magnetic field, each of them made up of two round coils
with their corresponding iron yoke and poles. The first RCSM semi-module
has been already built and tested at the LASA department. The magnet design
parameters have been reported in Table 2.2. The MgB2 wires have been insu-
lated with a polyester filament while the ground insulation, performed using
BTS2 sheets, and the impregnation process, using the CTD-101K epoxy resin,
have been inherited from the HO corrector coil design. Also, the mechanical
design of the magnet is very close to the HO corrector design. The two pieces
of the iron yoke are centered with an external groove and the rotational align-
ment of the poles is made by Cu-Be rods which provide also the compression
in the axial direction to the magnet. The mechanical support of the coil is pro-
vided in the axial direction by the two sides of the iron poles connections and
in the radial direction by spring washers to counter react the Lorentz Forces
during coil powering. The superconducting coil has been firstly successfully
tested without the iron yoke and poles to verify the performances of the spring
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TABLE 2.2.
PARAMETERS OF THE RCSM MAGNET AND MGB2 WIRE

Magnet Parameters Coil and Wire Parameters
Nominal Current 148.81 A Turns Number 336
Ultimate Current 161 A Layers Number 28
Magnet SSL @ 4.2 K 300 A Radial Thickness 32.3 mm
Coil SSL @ 4.2 K 333 A Axial Thickness 18 mm
Stored Energy @ Inom 1.1 kJ Internal Radius 133 mm
Stored Energy @ Iul t 1.23 kJ Radial Insulation 0.15 mm
Inductance @ low-I 375 mH Axial Insulation 1.2 mm
Inductance @ high-I 73 mH Wire Diameter 1±0.01 mm
Two Modules Length 360 mm Filaments 37
Integrated Field 67 Tmm Filament Diameter 55 µm

Wire Composition
MgB2 Monel Niobium Nickel Copper
11.5% 46% 14.5% 14% 14%

washer system [20]. A second test of the whole first semi-module configura-
tion have been made at LASA vertical test station at 4.2 K. The nominal and
ultimate current values have been reached without any quench and the pow-
ering has been successfully performed up to the current limit of 236 A which
corresponds to the 78% of the magnet loadline. The detailed analysis of the
magnet performance is not reported here because this novel type of magnet,
on which optimization I performed my Master degree thesis and followed the
construction process, during my Ph.D., with electromagnetic 3D simulations
and quench analysis of the measured signals, is not the main argument of this
thesis. However, the analysis has been reported in [21] together with the com-
parison between the experimental data and magnet simulations finding a very
good agreement in the predicted behavior. The magnet is scheduled to be up-
graded with a second semi-module to further evaluate the performances and
complete the characterization with the analysis of the magnetic field quality
produced by a complete module.

2.4 QUALITY CHECKING

The construction process of all the HO corrector prototypes and magnets series
has to be carefully checked to detect possible non-compliance with the techni-
cal specifications of the magnets. For the mechanical quality, the dimensions
of all the produced parts of a magnet have to be measured and have to satisfy
the mechanical tolerances imposed by the design. All the iron laminations are
carefully inspected and measured by a numerically controlled touch probe for
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the detection of bumps in the pole profiles or the external grooves. During
the assembly of the iron laminations the length of the pole, derived from the
thickness of each single iron lamination and their mechanical tolerances, is
controlled and verified. An additional iron lamination can be used to compen-
sate for small variations of this length to provide the right amount of packing
factor in the magnet. Dimensional inspections are also performed on all the
superconducting impregnated coils to assure that no mechanical interferences
during the assembly would damage the coil or the iron poles. All the coils are
checked for cracks and delaminations of the external insulation layers and their
quality has to be firstly approved by the S.R.V. industry and then by INFN. The
number of the turn of every single coil is also checked. During the prototype
development, this number has been controlled by measuring the total wire DC
resistance and compared to the resistance of the other identical coils. However,
to detect possible counting errors of the turn number, the resistance has to be
measured with high precision of 1 part over 1000 due to the high number of
turns in the coils (typically from 200 to more than 400). A calibrated current
is applied in each single coil and the voltage drop is measured using a 4 wire
method to retrieve the value of the total resistance, [22]. During the measure-
ments, the small variations of the temperature inside the coils, which would
affect the precision causing drift of the total resistance, are compensated by
performing multiple simultaneous tests on the referee coil and the inspected
one. Recently, for the production of the magnet series, a new method for the
calibration of the coil turns number has been developed at LASA, [23]. Two
coils of the same type of magnet are powered in anti-series to produce opposite
magnetic fluxes in a single iron core. A pickup coil, winded on the iron core,
is used to detect the variation of magnetic flux, and therefore induced current
variation, which will be created by a difference in the number of turns in the
two inspected coils. This method has higher accuracy than the previous one
and is capable of evaluating variations of one single turn with high reliability.
All the coils and the PCB connections have to withstand the electrical quality
tests. The insulation of the coils and the PCB has to be tested to verify their
integrity before and after the final assembly in the magnet. Both the coil to
ground and turn to turn insulation are tested and, according to CERN require-
ments, a 2 kV DC voltage is applied between the coil and the ground measuring
the leakage current. The single coil is considered suitable to be installed in the
magnet if the leakage current is lower than 10 µA.

2.5 MAGNETIC MEASUREMENT TEST STATION AT LASA

As described previously, the INFN research group has been in charge of the de-
velopment of the High Order corrector magnets for the High Luminosity LHC
update program. Together with the design and construction of the magnets,



26 Chapter 2. High Order Corrector Magnets

the LASA laboratory has been selected to perform the cryogenic test of both the
developed prototypes, tested also at CERN SM18 after the thermal cycle to cer-
tificate the performances, and all the magnet series production. The first part
of the cryogenic test, performed at LASA, is composed of the powering of each
single magnet up to its nominal current, at first, and then up to the ultimate
current. During the ramp-up of the current, the magnet could experience some
training which triggers the quench protection system forcing the magnet to dis-
charge on an external dumping resistance, in case of the MQSXF magnet, or
on the only internal developed resistance in case of all the other HO corrector
magnets. After the establishment of the magnet stability, a thermal cycle is per-
formed and the magnet is again cooled-down to cryogenic temperature for a
second powering after the thermal cycle. The magnet has to reach the nominal
current with a maximum of one single quench and has to perform at nominal
current for the entire 1-hour stability test without any quench events. After
the powering test, a complete magnetic measurement test can be performed
to measure the field quality produced. To fully characterize the magnet, as
we can see from Fig. 2.5, two magnetization cycles are performed to set the
magnetization level of the magnet and the stair-step cycle used to measure the
field quality at different current values. All the powering cycles can be fully
automatized while the rotating coil measurement system continues to acquire
the magnetic field produced. The switching from positive to negative current
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Figure 2.5: Example of magnetic measurement powering cycle of the magnet. The first
two complete cycles are used to fix the iron magnetization level at the future working one
when the magnet will be installed in the beamline. The stair steps cycle, instead, is used
to evaluate, at different levels of current, the magnetic field quality and magnet transfer
function.
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Figure 2.6: Different configurations of the vertical magnets stack for the cryogenic tests
performed at LASA. The longer magnets, MCTXF and MQSXF, are placed at the bottom
of the stack while, according to necessity, the position of the shorter magnets could be
exchanged.
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has been incorporated in the control system of the power converter used at
LASA and a PID controller adopted to fine-tuning the amount of current that
flows in the magnet. The current during the plateau has to be stable within
10−3 to avoid oscillation of the magnetic field produced during a single turn
of the rotating coil and this limit is fixed by the needed accuracy in the mea-
sured magnetic field quality measured in units of the main produced field. To
speed up the test of all the magnet series, three stacked configurations of the
magnet, inside the vertical cryostat, have been designed to be used at LASA,
see Fig. 2.6. With this configuration, a common line is used for all the magnets
and four different power lines are used one at a time for the magnets powering.
The magnetic measurements system, used during the tests performed at LASA,
has been developed in collaboration with CERN which has been in charge of
designing the rotating coils and the data acquisition system together with the
motor powering unit. The data acquisition system hardware is composed of a
patch panel, connected to the voltage taps of the rotating coils, 2 Fast Digital
Integrators which integrates the signal over the angular steps of the encoder

Figure 2.7: Data acquisition systems and motor unit for the magnetic field measure-
ments of the HO corrector magnets. Acquisition rack which contains the patch panel, the
FDIs and the encoder and motor control boards all connected to the main computer for
the user interface, (left). Motor Unit which rotates the PCB coil in the vertical cryostat.
The motor contains also the encoder for the trigger of the FDIs at fixed angular positions,
(right).
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unit, the encoder which is synchronized with the digital integrators, and the
motor unit which control the rotation speed, see Fig. 2.7. The integration of
all the hardware systems is performed with the FFMM (Flexible Framework for
Magnetic Measurements) framework which performs also the direct analysis of
the acquired signal and calculates the magnet field quality. The patch panel has
30 multiple connections and redundancies allowing the hardware combination
of different signals to remove possible noise, defects, or compensate undesired
harmonics in the rotation. Two different types of signal compensation schemes
are used for the HO corrector magnets. For the MQSXF magnet, a quadrupolar
scheme is used to compensate the dipole and quadrupole harmonic, allowing
the signal to be composed by all the higher magnetic field harmonics only. To
obtain the main field harmonic produced by the magnet, a separate voltage
tap of the external coil, which is the most sensitive as it is located at a higher
radius value, is sampled during the rotation and analyzed as described in Sec-
tion 1.5. The INFN, within this Ph.D. study and research, has been in charge
of the integration of the CERN designed system with the mechanical structure
of the vertical cryostat already used at LASA. To fit the rotating coil inside the
vertical cryostat a mechanical mounting system has been developed. The ro-
tating shaft has been fixed throw stainless steel flange which shrinks around
the top and bottom of the external rotating coil tube and assures the correct
centering inside the mechanical structure which supports the magnets. The
rotating coil shaft is connected throw a junction carter to the top connection
shaft. The connection between cryogenic temperature and room one is made
by a small ball bearing sealing element designed from the one used at SM18
at CERN for the vertical cryostats. To fit the HO corrector magnet test configu-
ration inside the vertical cryostat and cover the three possible configurations,
previously described, a new rotating coil has been developed by CERN mag-
netic measurement department and shipped at LASA at the end of 2020, see
Fig. 2.8. The new rotating coil shaft is composed of a G10 T-beam internal
supporting system with 5 slots for the installation of the rotating coil PCBs. Its
diameter is equal to 130 mm and has a measuring reference radius of 50 mm
for the characterization of the HO corrector magnets. However, to configure
the all magnetic measurement system and verify the integration with the INFN
mechanical structure, a temporary rotating shaft has been borrowed to LASA
together with the CERN equipment. The temporary shaft, see Fig. 2.9, is com-
posed of a single 1.5 m external carbon fiber shell which contains a 1.311 m
long PCB with the 5 typical symmetrical coils for the sample of the magnetic
field at different reference radii. The signal acquired from the external coil of
this rotating shaft is sampled at a reference radius of 43 mm, due to the width
of the shaft equal to 90 mm, which is lower than the 50 mm reference radius of
all the High Order corrector magnets. Therefore, the sensitivity of this shaft to
the magnetic field produced is expected to be lower than the new rotating coil.
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Figure 2.8: Two different configurations of the rotating coil shaft system are displayed.
The temporary shaft used for the MQSXFP1b test and the MQSXFP1c-MCDXF01 assembly
test is a CERN shaft developed with a single 1.3 m long PCB with 5 coils, (left). The final
shaft is designed to fit the magnet configuration for the vertical cryogenic tests,(right).
The probe consists of 5 equal PCB each composed of 5 symmetrical coils at the different
radius. The first three PCBs from the top are dedicated to the first three short magnets
while the other two PCBs have to be sampled together to acquire the magnetic field of
the longer magnets (quadrupole and dodecapole).
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Figure 2.9: Details of the single rotating coil temporary shaft used for the measurements
of the MQSXFP1 magnet and the first batch of HO corrector series. The PCB runs for all
the length of the shaft and two layers of Kapton are used to insulate the copper paths
from the carbon-fiber case (left). Each PCB, as described in the theoretical model of the
rotating coil measuring method, can be composed by several single windings like the
5-coils layout here adopted.

To retrieve the real magnetic field quality and the magnetic field produced at
the reference radius a software extrapolation is performed offline by scaling
the single magnetic field harmonics. The distance of the magnets in the verti-
cal cryostat configuration has been studied to prevent any cross-talking up to
the full magnets powering. In particular, the length of the PCB coils of the new
shaft has been set to cover the entire magnetic length of all the HO correctors
with different pickup coils. To evaluate the exact needed length, we can calcu-
late the variation of the magnetic field sampled by the rotating coil. In Fig. 2.10
we reported the magnetic radial field produced by every single HO corrector
of the series as a function of the rotational axis position z. We can observe the
difference between the short magnets like the MCSXF, MCOXF, and MCDXF,
and the longer magnets like MQSXF and MCTXF. Using the profile and choos-
ing a length of the PCB coil, we can calculate the lost fraction of the sampled
magnetic field produced by the magnet during the magnetic field measurement
with the new rotating shaft. To cover all the produced magnetic fields, the new
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Figure 2.10: Graphic of the variation of the produced magnetic radial field of the HO
corrector magnets at the reference radius of 50 mm from the magnet rotational axis. The
produced profile from each magnet is also reported at the nominal and ultimate current.
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Figure 2.11: Rapresentation of the fraction of the produced magnetic field for each
single magnet which is lost by the PCB rotating coil as function of the length of the
paths.
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shaft mounts two connected PCBs at the bottom slot, where the longer mag-
nets will be mounted, to double the sensitive area. Indeed, the reported lost
fraction, see Fig. 2.11, is considered for a single PCB coil mounted on the cen-
ter of the shorter magnets and for two connected PCB coil mounted together
in the lower slot of the rotating coil shaft. The required distance between the
magnets in the vertical cryostat configuration has been set to be higher than
the free space between the correctors when mounted in the beamline layout at
LHC to avoid any cross-talking effect. The free space allows for PCB coils of 358
mm which assure a cover of the produced magnetic field higher than 99.7%
for each type of magnet. The required distances between magnets in the beam
layout are 45 mm between each short corrector and 90 mm space between
MCTXF and MQSXF magnets. To evaluate the cross-talking effect, 3D simu-
lations of the fringing field of the magnet prototype layout initially had been
already performed using COMSOL by Dr. Giovanni Volpini, [24]. An improved
analysis has been performed on the final prototype and magnet series layout
using OPERA 3D software. The cross-talking effect has been evaluated both in
the electromagnetic attraction between energized magnets and in the variation
of their magnetic field quality if mutually coupled. Since the electromagnetic
fringing field decreases with the order of the magnet two possible critical con-
figurations of the magnets have been studied to evaluate the magnitude order
of the cross-talking. Considering the layout in the interaction region in the
beam lattice at CERN, the interaction between a normal and a skew sextupole
has been simulated measuring the magnetic field produced and analyzing the
field quality variation due to the induced magnetization, reported in Table 2.3.

TABLE 2.3.
CROSS TALKING BETWEEN MCSXF AND MCSSXF

Order MCSXF
MCSXF on

MCSSXF off
MCSXF +
MCSSXF

Both On

an

units
bn

units
an

units
bn

units
An/Bn

Tmm
An

Tmm
Bn

Tmm
3r d 0.038 10000 0.019 10000 63.645 63.643 63.621
9th 0.034 0.394 0.005 0.367 0.003 -0.004 0.002
15th 0.004 -0.540 -0.003 -0.539 -0.003 -0.004 -0.003
21st -0.003 0.021 -0.002 0.022 - - -

In the simulations, the magnets are reproduced at their nominal current
and the variation in the field quality is evaluated powering both and only one
of them. Powering the normal sextupole and observing the shift of the skew
harmonics the not allowed harmonics are negligible and are not considered.
The allowed harmonics show to be all less than 1 unit and the total variation
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TABLE 2.4.
CROSS TAKING BETWEEN MQSXF AND MCTXF

Order MQSXF standalone MQSXF + MCTXF off Variarion
Bn [Tmm] Bn [Tmm] ∆ [%]

2nd 718.76 718.13 -0.006
bn [units] bn [units] ∆ [%]

6th 11.2 11.5 +2.9
10th -7.8 -8.1 -2.2
14th -0.49 -0.26 +62.6
18th -0.11 -0.06 +62.5

can be considered negligible compared to the single field quality of the magnet.
The same study has been performed between the skew quadrupole and normal
dodecapole. To study the effect of the cross-talking, simulations of the powered
quadrupole are performed standalone and with the presence of the normal
dodecapole to add the effect of the iron magnetization. The variation of the
harmonics is reported in Table 2.4.

2.6 DESIGN STABILITY

During the construction process of the magnet, the mechanical tolerances of
the pieces created for the assembly have to be taken into account for the sta-
bility of the magnet design. One of the main parameters under observation
during the assembly is the thickness of the iron laminations obtained from the
sheets of ARMCO Iron Grade 4 coming from the CERN supply. The nominal
parameter accepted during the mechanical assembly for each iron lamination
is a thickness of 5.8 mm and they are carefully sorted for every single magnet
to match the exact desired length of the iron poles and the total mechanical
length of the magnet. The space between the end of the iron pole and the
closing iron laminations is occupied, on the connection side, by the PCB box
at which every single superconducting coil is soldered. During the assembly
of the MCOFX01 and, in detail, during the installation of the closing plates of
the magnet, due to the tolerances of the iron laminations, the coil connections
with the PCB box have been deformed and pushed towards the iron poles. The
proposed solution to avoid the mechanical interference is the re-machining of
one of the last closing iron laminations creating different holes corresponding
to the position of the PCB screws, see Fig. 2.12. A series of OPERA 3D simu-
lations have been used to evaluate the feasibility of this solution applied to all
the magnets orders, focusing on the variation of their performances. Different
parameters have been used to evaluate the variation in the simulations: the
integrated main field as a function of the current, or equivalent the transfer
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Figure 2.12: Exploded view of PCB Boxes of MCDXF and MCOXF. All the Arlon layers
are clearly visible: Lowe arlon sheet (1),Lower printed circuit (2), Lower PCB protection
sheet (3), Upper printed circuit(4), Upper PCB protection sheet(5), Upper arlon sheet(6)

function, the allowed/non-allowed magnetic field harmonics, and the mag-
netic field decay rate outside the magnet. Possible effects of the mesh in the
model symmetry have been avoided by using the same overall mesh dimen-
sion both in the referee simulation and studied cases. Due to the complete
asymmetry of the holes in the closing iron lamination, two different simulation
cases have been compared for the MCOXF01 magnet to evaluate the magni-
tude of the variation in the performances. The first simulation has a symmetri-
cal configuration of the holes and the second one is performed with a complete
asymmetric distribution which describes the exact position of the holes in the

Figure 2.13: Comparison between the complete symmetrical configuration (left) used
in Opera3D for the first simulation and the exact configuration (right)of the holes as
inferred from the technical drawing of the PCB box design.
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magnet. The difference in the hole distribution can be immediately recognized
in Fig. 2.13. The complete asymmetrical configuration, together with the ef-
fect of the holes, considers also the influence of the iron laminations cut near
the PCB box created for the connections of the magnet with the bus bar. Be-
cause the symmetrical configuration imposes the symmetry of the model to the
middle cross-section plane of the magnet, the cut for the connection box is
neglected. The results of the simulations for the MCOXF magnet are reported
in Fig. 2.14 and Fig. 2.15. The first allowed harmonic is reported to better
visualize the most important variation on the produced magnetic field quality.
All the other harmonics, especially the non-allowed ones, have a variation of
fewer than 2 units over all the range of magnet energization. The little im-
provement in the field quality is not related to the variation of the main field
suggesting that the holes in the last lamination contribute to the compensation
of the non allowed harmonics. The same type of study has been performed also
on MCDXF, MCSXF, and MQSXF magnets, while MCTXF is not affected by this
mechanical interference due to the more space between the superconducting
coils, the PCB box, and the iron laminations. Especially for MQSXF, which has
a higher integrated main field and more iron laminations, the variation of the
magnetic field quality and the integrated main field is negligible. The study has
been performed on all the ranges of the magnets energization but, as a sum-
mary, only the nominal current of the magnets is reported in Table 2.5. The
new configuration used in these simulations considers all the different asym-
metries of the holes in the iron laminations and the external cut for the PCB
connection contribution. The variation of the harmonics is always lower than

TABLE 2.5.
HO CORRECTORS MAGNETS PERFORMANCE VARIATION

Magnet Parameter Units
Reference

Value
New Value Variation

MQSXF
Inom=174A

B2 [Tmm] 699.82 699.80 -0.002%
a6 [units] -7.48 -8.23 -0.75
a10 [units] -10.21 -10.45 +0.24
TF [Tmm/A] 4.0225 4.0224 -0.002%

MCSXF
Inom=99A

B3 [Tmm] 92.37 93.38 +0.01%
b9 [units] 48.21 49.07 +0.86
a9 [units] 2.61 1.81 -0.8
TF [Tmm/A] 0.9431 0.9432 +0.01%

MCDXF
Inom=92A

B5 [Tmm] 38.57 38.58 +0.02%
b15 [units] -1.21 -4.89 -3.68
a15 [units] 0.01 1.67 +1.61
TF [Tmm/A] 0.4192 0.4193 +0.02%
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Figure 2.14: First allowed magnetic field harmonic produced by the MCOXF01 magnet.
Both the symmetric and asymmetric configurations are compared to the referee model.
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Figure 2.15: Performances of the MCOXF01 width different configurations of the holes
in closing lamination in the connection side of the magnet. Differences in the produced
magnetic field can be compared to the uncertainty of the BH curve used in the model.
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5 units for the allowed ones. All the other harmonics here not reported have a
lower variation amplitude. the field quality of the new configurations satisfies
the requirements from CERN and the variation of the harmonics is compatible
with the accuracy of the magnetic measurement system.

Figure 2.16: Opera 3D model of the MCTXF magnet which has been used to evaluate
the stability of the elctromagnetic design as function of possible misalignment or tilt of
the coils and the iron lamination during the assembly (left). Picture of the assembly of
the first real MCTXF magnet of the series production, courtesy of SRV s.p.a. (right).

An extensive study has been also performed to evaluate possible errors
during the construction process due to possible misalignment of the iron lam-
inations inside the magnet or the coils around the iron poles. A 3D model of
the MCTXF magnet, chosen for its length and magnetic field quality which has
a high sensibility to misalignment and error of positioning, has been used to
evaluate the magnitude of the possible errors, see Fig. 2.16. The mechanical
tolerances evaluated through 3D magnetostatic simulations are displacements
of the coil packages center towards one of the iron poles. This displacement
can be observed in the produced superconducting magnets due to the toler-
ances of the coil dimensions and their supports which lay on the side of the
iron yoke between two neighboring poles. In the simulation, all the coils are
displaced in one of the transversal directions to the rotational symmetry axis
up to 0.1 mm. The variation of the magnetic field harmonics, calculated at
this maximum displacement, has shown the increment of the nearest magnetic
field harmonics to the main order of the magnet. The non allowed harmonic
b5 is equal to -47.4 units and the non allowed harmonic b7 is equal to -4.6
units. The skew components of these harmonics are not produced by this type
of displacement and are less than 1 unit (compatible with the precision of the
measurements of the rotating coils system). A skew component of the magnetic
field harmonics is eventually produced with an angular phase of the position
of the coil inside the magnet. The angular initial phase of the coil package has
been calculated making the hypothesis that the first coil is displaced against its
pole in the ~eθ direction and all the other coils follow the same behavior due
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to the loading of the wedges against their long sides. The main harmonic pro-
duced by this displacement is the skew a6 which is equal to 20.4 units due to
the reduced value of the magnetic field main harmonic B6. The tilt of the super-
conducting coil has been analyzed by applying a rotation to the iron structure
around one of the transversal directions (x or y in Fig. 2.16). The maximum
possible rotational displacement of 0.1 mm is limited by the gap between the
coils and their mechanical supports at the end caps of the magnet. The effect
of this type of displacement on this particular model of the magnet is negligi-
ble and hard to separate from the uncertainty of the simulation model. The
last possible displacement of the coils to the iron package reference system is
a translation along the rotational axis of the magnet. The end supports of the
coils, in the end caps of the magnet, limit also this displacement to a maxi-
mum of 0.3 mm. To evaluate the effect of this misalignment, a single coil of
the model has been shifted in the longitudinal direction without affecting all
the other coils. The only non allowed harmonic produced by this shift is the
skew a4 which results equal to -1.1 units. Considering the accuracy of the mag-
netic measurement system, the two last displacements cannot be evaluated for
every single magnet due to their low impact on the total magnetic field quality.
Instead, a small rotation of the coils around the rotational axis or their global
displacement in the transversal direction can be easily evaluated through the
magnetic measurement system installed at LASA and therefore corrected be-
fore the installation in the accelerator lattice.

2.7 MAGNETIC FIELD QUALITY

2.7.1 MQSXFP1 MAGNET

The first magnetic measurement, performed using the rotating coil system
installed at LASA, has analyzed and characterized the performances of the
MQSXFP1 corrector magnet. Two different assemblies of this particular mag-
net have been measured: MQSXFP1b and MQSXFP1c. The third assembly
MQSXFP1c has been measured with MCDXF01, which is the first magnet of the
series production, using the same temporary rotating coil provided by CERN.
To center the magnets in the rotating coil reference system, the feed-down
correction, previously described in Section 1.5.2, has been performed at room
temperature before the magnet cool-down in the vertical cryostat. The center
of the magnet has been aligned with the rotating coil reference system with
a maximum displacement of 0.2 mm (in the [x,y] coordinates plane) to avoid
possible non-linearities in the evaluation of the magnetic field produced by the
magnet. The centering procedure has been checked before and after the mag-
net mounting structure movement into the vertical cryostat to check for any
residual misalignment released by the mechanical vibrations of the shift. The
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compensation scheme used for the measurement is the classical quadrupole
compensation and the sensitivity coefficient of the shaft has been calculated
at cryogenic temperature applying thermal contraction variation coefficients
to the geometric parameters of the rotating coil. Two magnetization pre-cycles
up to the ultimate current have been performed on the magnet before the stair-
steps measuring cycle which amplitude has been fixed to 20 A for each step.
The measured main component of the magnetic field produced, see Fig. 2.17,
has been compared both between the two different assemblies and together
with the 3D simulations, performed with OPERA 3D with the standard BH
curve of the ARMCO iron provided by CERN. In the MQSXFP1b assembly, the
integrated main field at the nominal current is equal to 709 Tmm (700 Tmm
calculated from the simulation) while, at the ultimate current. it is equal to
760 Tmm (756 Tmm for the simulation). The same values have been mea-
sured for the assembly MQSXFP1c. The measurements on this assembly have
been done during the first cryogenic test, where the magnet has been powered
to reach the ultimate current and perform all the training process, and the sec-
ond cryogenic test after a thermal cycle used to evaluate the memory of the
magnet. All the results are compatible with the previously measured values
showing very good repeatability of the produced magnetic field. Analyzing the
main integrated field, or equivalent the transfer function of the magnet, see
Fig. 2.18, the residual magnetization level at zero current is less than 0.8 Tmm
(1‰ of the produced magnetic field at nominal current) showing very good
magnetic permeability of the iron used for the magnet. Very good compatibil-
ity has been obtained with the simulation data showing that the discrepancy
between the measured integrated main field and the calculated one is equal to
a ∆=1.2% at the nominal current and equal to the ∆=0.5% if calculated at the
ultimate current of the magnet. Analyzing the plateau of the transfer function
for low values of energizing current, the measured magnet shows a slightly
different linear behavior from the simulated one. This difference is also clearly
visible in the crossing of the experimental and simulated curves at 56 A when
the iron poles of the magnet start to saturate. Analyzing the measured mag-
netic field quality, the magnet is perfectly within the requirements imposed by
CERN quality department. All the magnetic field harmonics are well beyond
the limit of 100 units and in particular: the normal non-allowed harmonics
have a maximum range of 1.5 units, on all the magnet power spectrum of cur-
rents, while the skew non-allowed harmonics have a maximum variation of 5.1
units. The only allowed harmonics (a6,a10 and a14) are reported in Fig. 2.19 on
the right. The shape of each single allowed harmonics is very well reproduced
by the simulations with a small offset on all the currents ranges. This possible
effect may be due to a rotation of the magnet coils or a possible magnetization
effect especially at low current values where the measured a6 harmonics satu-
rates before the simulated one. In Table 2.6 we reported all the magnet skew
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Figure 2.17: Measured Integrated Main Field at the Rr e f =50 mm of the MQSXFP1
magnet. Both the two measurements of the different assemblies are clearly visible and
are compared to simulations. A zoomed view of the measurement at the nominal current
is reported on the low right corner.
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Figure 2.18: Measured Transfer Function of MQSXFP1 compared to the simulation with
OPERA. The shape is well reproduced.
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Figure 2.19: The non allowed harmonics, (left), have a low order of rotational sym-
metry. Comparison between the allowed harmonics of MQSXFP1 and the calculated
harmonic components using FEM simulations here reported in dash dotted line, (right).

TABLE 2.6.
MAGNETIC FIELD QUALITY OF MQSXFP1

MQSXFP1b
I=±20 A

MQSXFP1b
I=±174 A

MQSXFP1c
I=±197 A

Order
bn

units
an

units
bn

units
an

units
bn

units
an

units
3 -0.77 2.51 -0.93 3.57 -2.06 2.21
4 -0.31 -3.61 -1.19 -5.06 0.78 -5.33
5 0.78 1.20 1.17 2.03 -1.9 -0.59
6 -0.16 -0.50 0.37 17.02 0.29 10.71
7 0.12 -0.26 0.14 -0.18 0.08 -0.16
8 0.12 0.36 0.19 0.42 0.13 0.46
9 -0.04 -0.17 -0.13 -0.24 -0.20 -0.08

10 -0.50 -11.28 -0.31 -6.91 -0.32 -6.59
11 -0.07 -0.01 -0.02 -0.03 0.01 0.04
12 0.01 0.01 -0.01 0.01 0.02 0.03
13 0.00 0.01 0.02 0.00 -0.02 0.03
14 -0.03 -0.43 -0.01 -0.16 0.01 0.11

and normal harmonics showing that all of them satisfy the CERN requirements.
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2.7.2 MCDXF01 MAGNET

Together with the skew quadrupole assembly 1c, the first of all the magnet
series production has been fully characterized at LASA performing both the
energization tests and the magnetic field quality measurements. The magnet
has been stacked together with the skew quadrupole and positioned above it
in the magnet mounting structure for the vertical cryostat tests. The rotat-
ing coil used is the same as the skew quadrupole but the two magnets have
been powered separately to assure no cross-talking between them. Two mag-
netization pre-cycle have been performed up to nominal current to establish
a well-defined magnetization loop and canceling residual effects coming from
energization tests. A stair-step cycle with steps of 10 A has been performed
to measure the magnetic field up to the ultimate current. The magnetic field
measured at the nominal current of Inom =92 A is equal to 38.9 Tmm which
has to be compared with the simulated value of 38.7 Tmm. The magnetic field
measured at the ultimate current of Iul t =106 A is equal to 42.0 Tmm, com-
pared to the simulated value of 41.8 Tmm. In both cases, the discrepancy of
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Figure 2.20: Measured Integrated Main Field of the decapole MCDXF01 magnet. The
measured field is higher than the simulated one for values of current below 50 A as
happens for the MQSXFP1 magnet. The zoomed view is reported in the right corner to
better visualize the integrated main field at the nominal current of 92 A.

∆=0.6% at nominal current and ∆=0.5% at ultimate current satisfies the 1%
required to validate the quality of the magnet. The same behavior previously
described for the integrated main field, or equivalent for the TF is observed
for MCDXF01. The simulated values of the magnetic field are higher than
the measured one for current values under 50 A with the opposite situation
for higher values. In the TF of the magnet, see Fig. 2.21 on the left, we
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Figure 2.21: Transfer function of the MCDXF01 obtained dividing the measured main
component of the produced magnetic field by the operating current at which the measure
is taken (left). Magnetic field quality of MCDXF01 measured in the entire range of
magnet energization. Only the harmonics with values higher than 6 units are reported.

TABLE 2.7.
MAGNETIC FIELD QUALITY OF MCDXF01 @ Inom =±92 A

Order
bn

units
an

units
Order

bn

units
an

units
Order

bn

units
an

units
1 -3 1 6 12 -40 11 6 2
2 10 -1 7 -5 9 12 -6 14
3 1 -5 8 0 -10 13 6 -5
4 0 0 9 0 0 14 5 -2
5 1E4 0 10 -5 -2 15 1 -3

can observe that the plateau reached by the measured data is lower than the
simulated one suggesting that the properties of the BH curve used for the sim-
ulation are not enough accurate if a precise description of the magnet behavior
is desired. Even if the two magnets have not been powered simultaneously, a
possible solution to explain the high value of a6 in the magnet, see Fig. 2.21 on
the right, is to consider the residual magnetization of the skew quadrupole as
a background dodecapole magnet contribution. Because the rotating shaft is
composed of 5 long single coils, the contribution of the residual magnetization
of the skew quadrupole cannot be separated in the harmonic analysis of the
magnetic field produced by the dodecapole. This issue will be resolved with
the new shaft which mounts dedicated PCB coils for each type of magnet in
the stacking. In Table 2.7 we reported the complete magnetic field quality of
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MCDXF01 evaluated at its nominal current. All the harmonics are beyond the
maximum value of 100 units.

2.7.3 MCSXF01

The first batch of the magnet series production has been tested at LASA in
the vertical cryostat and the produced magnetic field has been characterized
only for the MCSXF01 and MCTXF01 due to the short length of the temporary
rotating coil shaft. The measurements of the MCSXF01 magnet have been done
with a stair-step cycle with a height of 10 A. The compensation scheme, as for
the MCDXF01 magnet and MCTXF01 is done by sampling the two external coils
(A and E) to compensate for the off-centering of the magnet or the rotating coil.
The main integrated magnetic field, produced at nominal current Inom =99 A is
equal to 95.26 Tmm to be compared with the simulated value of 93.49 Tmm.
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Figure 2.22: Measured Integrated Main Field of MCSXF01. Precision of the measured
data is reported through error bars sowing that the measurement at high values of
current is stable.

The measured value has been obtained through a linear approximation in
the last step of the curve due to an offset of the current during the measure-
ment at nominal energization. Indeed, the sampled current value is equal to
99.52 A and is due to the regulation of the power converter which cannot be
precisely tuned. The integrated magnetic field measured at 111.6 A is equal
to 101.6 Tmm and has to be compared with the simulated value at the same
current equal to 100.2 Tmm. The difference between the simulated values and
the measured one, ∆=1.8% at nominal current and ∆=1.4% near the ultimate
current, are comparable with the results obtained on the other tested HO cor-
rectors and satisfy the CERN requirements. All the multipoles of the magnetic
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Figure 2.23: Magnetic field quality of MCSXF01. The not allowed harmonics are re-
ported (left) showing their particular shape which diverges for low current values. The
allowed harmonics are reported on the (right) and compared to simulations made with
OPERA 3D.

field produced are within the specifications. Non allowed harmonics up to
30/45 units are considered induced by the residual magnetic field of the other
magnet stacked in the mounting system and sampled by the single rotating coil
shaft. The allowed harmonics b9 and b15, reported in Fig. 2.23 on the right,
show an offset, as obtained for MQSXFP1 if compared to simulated values. A
possible explanation for this difference could be a rotation of the coils to the
magnet reference system.

2.7.4 MCTXF01

The stair-step cycle used for MCTXF01 is the same as MCSXF01 due to the
close nominal current of the two magnet types. The integrated main field com-
ponent is reported in Fig. 2.24 where the saturation of the iron is visible. The
measured value at the nominal current Inom =85 A is equal to 86.31 Tmm while
the simulated value is equal to 86.13 Tmm. The same difference is obtained
also at the ultimate current Iul t =97 A with the measured value equal to 93.1
Tmm and the simulated one equal to 92.9 Tmm. The difference, ∆ =0.2%,
is well within the required specifications and shows a consistent behavior of
all the HO corrector magnets. The magnetic field quality produced, as can be
seen in the divergence of the harmonics with low current values, is affected by
the same residual magnetization effect sampled by the rotating coil used and
produced by the other HO corrector magnets stacked in the vertical cryostat.
However, all the magnetic field harmonics have a range within 20 units. The
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Figure 2.24: Measured Integrated Main Field of MCTXF01. A zoomed view is reported
in the corner to better visualize the nominal magnetic field produced.
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Figure 2.25: Magnetic field quality of the MCTXF01 magnet. The normal (left) and
skew (right) harmonics are reported in this figure.

first allowed magnetic field harmonic b18, calculated with simulations, cannot
be measured by the used rotating coil due to the loss of accuracy with higher
orders analyzed.

2.8 CONCLUSIONS

In this chapter, we presented the design and performances of the High Order
Corrector magnets that INFN has been in charged to produce and test for the
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High Luminosity LHC upgrade of the Interaction Region. The electromagnetic
and mechanical design has been described focusing on the advantages that
the superferric configuration offers to satisfy the constraints and requirements
imposed by the IR machine lattice. A description of the study of the HO cor-
rector magnets design stability has been reported showing that the magnetic
field quality produced is not strongly affected by the mechanical tolerances
of the construction and assembly processes. The new magnetic measurement
system installed at LASA for the characterization of the HO corrector magnet
series has been described together with the study of the cross-talking between
neighboring magnets. The study has been performed mainly with OPERA 3D
magnetostatic simulations to evaluate the variations of the performances of a
single magnet due to the interaction with the others. Two main configura-
tions have been studied: normal sextupole and skew one or the interaction
between the skew quadrupole and the normal dodecapole. In both cases the
variations of the integrated main field are negligible and the eventually in-
duced magnetic field harmonics, which are not allowed by the symmetry of
the considered magnet, are compatible with the variations in the field quality
produced by the mechanical tolerances or electromagnetic properties variation
such as the BH curve of the iron. The magnetic measurement system has been
validated using a temporary shaft provided by CERN which has characterized
the magnetic field quality of MQSXFP1, MCDXF01, MCSXF01, and MCTXF01.
The produced main field harmonics have been compared with simulated data
showing a very good agreement. The small gap between the experimental
curve and the simulated performance is similar for each single analyzed mag-
net suggesting a common explanation for the different shapes of the calcu-
lated and measured main magnetic field. A possible explanation for the main
integrated magnetic field shape is the saturation levels of the used BH curve
provided by CERN which could be slightly different from the properties of the
ARMCO iron used for the construction process. However, at nominal current,
all the integrated main magnetic field component is compatible with simulated
data and satisfy the CERN requirements. Also, the single magnetic field quality
of each magnet has been compared to simulations finding a very good agree-
ment in the shape of the allowed magnetic field harmonics. The not allowed
magnetic field harmonics, measured for every single magnet, are principally
due to the limitation of the temporary shaft which measure also the residual
magnetic field of the neighboring magnets. This issue is already been solved
using the new dedicated rotating coil shaft which will measure the second half
of the first produced magnets batch and all the future magnets of the series.
However, all the field harmonics are well within the CERN requirements of 100
units showing very good performances of all the produced magnets.
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CHAPTER 3

QUENCH PROTECTION STUDY

3.1 SUPERCONDUCTIVITY IN PARTICLE ACCELERATORS

In 1911, thanks to the Dutch physicist Heike Kamerlingh Onnes who firstly
achieved the liquefaction of Helium at 4.2 K, a new state of the matter at
cryogenic temperature, where the electrical resistance drops to zero, was dis-
covered. He observed the first evidence of this new state, which he called
superconductivity, in a sample of mercury brought to temperatures below few
Kelvin. The study of the matter properties at cryogenic temperatures was a
very discussed argument at that time and two main theories were supported
by scientists. The first theory predicted that assuming the proportional rela-
tionship between the resistivity and the temperature due to the motion of the
lattice nuclei, the resistivity would have dropped to zero with the decreas-
ing of temperature and the stop of the lattice motion. This idea, a few years
later, was abandoned thanks to quantum mechanic studies of the particle to
particle interactions and between electrons and the lattice of the nuclei. The
other theory, based on the motion of electrons inside the lattice which would
stop at zero temperature, stated that the resistivity would diverge. Onnes ob-
served that none of these theories explained the quick drop of the mercury
resistivity to zero and identified a temperature at which the transition to the
superconductivity occurs. Since then, many additional studies have been done
on the properties of superconducting materials. These studied showed that
superconductors expel the magnetic field inside the material (called "Meissner
Effect"). Many different theories have been developed to explain the super-
conducting state starting from quantum properties of the material, like the
BCS (Bardeen, Cooper, and Schrieffer) theory, or inferring the superconduct-
ing properties from thermodynamic considerations and empiric formulas. This
discovery, and later the observation of the superconductivity in many other el-
ements and composite materials, allowed the development of many practical
applications like levitating magnets or high power transfer lines and many oth-
ers. As we described in Section 1.3, superconducting materials are nowadays
mainly used for particle accelerators which require high values of the magnetic
field for high energy physics experiments. The transition to the superconduct-
ing state is a function of three main parameters: the magnetic field in the
material area, the temperature, and the electrical current which flows in the
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material cross-section. The two phases (superconducting and normal conduct-
ing) are therefore separated by the "Critical Surface" and its shape is dictated
only by the properties of the superconducting material. The critical surface can
be described, for any superconductor material, by the crossing of this surface
with the axis of the three parameters space: Critical Temperature T0, Critical
Magnetic Field Bc0 and Critical Current Density Jc . Common superconductor
materials, used in the previously described practical applications, can be clas-
sified into two main groups according to their critical surface. Superconductors
of the first group are called Type-I Superconductors and they show only a sin-
gle critical surface typically identified by a single value of the magnetic critical
field. This value divides the superconducting state, where the Meissner effect
is complete, from the normal conducting state and is typically very low if com-
pared to the magnetic field necessary for particle accelerator applications. The
second group is formed from the Type-II Superconductors and they show two
different critical surfaces with two values of the magnetic critical field, Hc1 and
Hc2. If the superconducting material operates at magnetic field values below
the first critical magnetic field strength, the material shows the same proper-
ties of a Type-I superconductor. Between the first and second critical magnetic
fields, the external magnetic field can penetrate inside the superconductor but
high values of current density can flow in the material lattice without any
electrical resistance. If the external magnetic field is higher than the second
critical field, the superconducting state is not sustainable and a transition to
the normal conducting state is observed. Generally, in the main superconduc-
tor materials used in particle accelerators, the second critical magnetic field is
much higher than the first critical magnetic field allowing for the construction
of superconducting coils for magnets of the accelerator. The most used super-
conductor for particle accelerator is the NbTi, Niobium-Titanium. Thanks to

TABLE 3.1.
CRITICAL PARAMETERS OF THE NBTI AND NB3SN MATERIALS.

Material Tc0 Jc0 Hc1 Hc2

NbTi 9.2 K ∼106 A/mm2 0.1 T 10 T
Nb3Sn 18.3 K ∼106 A/mm2 0.5 T 25 T

its mechanical properties, like its flexibility and strength when mechanically
stressed, and its electromagnetic properties, see Table 3.1, this material is very
suitable for particle accelerator magnets coils which operate at the boiling he-
lium temperature equal to 4.2 K. All the LHC dipoles, as we already said, use
NbTi coils to generate 8.33 T in the bore diameter and they are cooled down
with superfluid helium which reaches a temperature of 1.9 K. Even if the 8.33
T of produced magnetic field is far from the 10 T of the second critical field
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of the material, the superconducting coils carry also a huge amount of elec-
trical current density in its cross-section bringing the working point of these
superconducting magnets very close to the critical surface. To generate higher
magnetic fields, required for future accelerators, the NbTi cannot be a feasible
solution and other superconductors have to be considered. Even if the NbTi is
still used in many of the planned superconducting magnets for the IR upgrade
of the HL-LHC project, which do not require very high magnetic fields, the 11 T
dipole and the main triplet quadrupole magnets are made of Nb3Sn coils. This
new superconducting material has been already studied in the last few years
for the development of new superconducting and more powerful magnets to be
used in future particle accelerators. Even if the superconducting properties of
the Nb3Sn are better than the NbTi, see Fig. 3.1, its mechanical properties have
created problems and challenges in the construction of superconducting coils.
As opposed to niobium titanium, the filaments of this new superconductor ma-
terial, are very fragile and can crack with mechanical deformations. Even with
low values of strain around 0.2%, the filaments deformations cause the reduc-
tion of the critical current density and limit the superconductor performances.
To overcome the possible degradation of the wires during the superconducting
coil assembling, two types of coil production technologies have been created.
In the wind-and-react process, the wires used are not made of already reacted
Nb3Sn but of the basic components, which are ductile materials, that make
them up during the reaction process. This method simplifies the winding of
the superconducting coils but requires high-temperature heat treatment of the
wound coil and the use of compatible materials with this process. The react-
and-wind process, instead, uses already reacted Nb3Sn wires or cables for the
construction of large bending radius coils to prevent high values of strain and
huge values of coil degradation.

Figure 3.1: NbTi and Nb3Sncritical current densities as function of the temperature and
magnetic field inside the superconductor strand.
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3.2 CAUSES OF QUENCH

The "Quench" of a superconductor is the transition from the superconductive
to the normal-conductive state and the generation of heat due to the not-null
resistivity of the material. This process continues as long as there is current
density in the material cross-section and can take place when one or more of
the three parameters (J, B, T) exceeds the critical values changing the work-
ing point of the superconductor over the critical surface. In superconducting
magnets, used for particle accelerators, high values of current density have to
be used to generate an intense magnetic field for steering and focusing particle
beams. When the material leaves the superconducting state and reaches the
normal conducting one, the high values of current density can generate a huge
amount of heat. The total amount of heat, that could be possibly generated,
can be calculated by studying the overall electromagnetic stored energy in the
magnet. This energy, dissipated in the material of the superconducting coils,
may cause the materials which compose the magnet to melt or even to be per-
manently damaged. To prevent this catastrophic event, the different causes
of the superconducting material transition have been extensively studied and
analyzed.

3.2.1 TRAINING AND DEGRADATION

All superconducting coils have to be carefully designed and built to be able
to control and limit the heat that is generated during the quench of the su-
perconductor wires or cables. One of the main parameters to evaluate the
performance of a superconducting coil is the ability to limit or even prevent
the quench transition during the energizing of the magnet. In the construc-
tion process of a superconducting coil, defects of the cable or the impregnation
process could cause the transition of the superconductor and permanently limit
the maximum current density value and therefore the maximum magnetic field
produced by the magnet. During the energizing of the magnet, the supercon-
ducting material in the coil has to support high values of stress due to the
Lorentz Forces acting on every single cable or wire. These forces may cause
deformation or relative microscopic movements between the wires of the coil
producing friction and heat in the superconducting material which then causes
the quench of the magnet. After the quench, the reorganized configuration of
the wires is more stable than before and can support higher values of forces
making it available to power the magnet to higher values of current until an-
other part of the winding moves, creating another quench of the material until
a final stable configuration is reached. This process of powering and quench of
the magnet due to microscopic movements is called "Training" and affects the
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energizing test of all superconducting magnets. The performance of supercon-
ducting magnets is measured by the higher value of operation current reached
during the powering test as a fraction of the critical current value, called "Short
sample limit", which is calculated on a short piece of the wire or cable used for
the coil. The microscopic deformation of the wires in the coil could also cause
the "Degradation" of the material decreasing the local current carrying capa-
bility in the superconductor filaments and limiting the magnet performance to
some percentage of the critical value. With high values of coil degradation, the
stable condition of the magnet could also never be reached and consecutive
quench of the magnets could happen to lower and lower values of electrical
current density used during the powering. Usually, during the R&D phase of
a magnet development, the performances of the scaled magnet prototype and
demonstrator can be considered acceptable if the stable zone is reached, in the
range of the critical current, with few energizing processes without evidence
of superconducting coil degradation. More in general, for the full-scale model
of a magnet for a particle accelerator, acceptable performances are considered
if a fraction of around 85% of the SSL is achieved during the powering test or,
during the series production phase, the requirements are met.

3.2.2 SOURCES OF QUENCH EVENTS

The transition of the superconducting material inside the coil is always due to a
release of energy within the lattice. The energy released in the material, which
operates at a fixed value of the magnetic field and current density, is absorbed
in the lattice increasing the operating temperature of the superconductor. Usu-
ally, the increase of temperature can be localized in a single spot along the coil
length and limited in a finite time interval. Because the temperature of this
limited amount of superconductor is not the same as the rest of the coil, the
critical level of current that can flow in the coil decreases according to the rela-
tionship of the critical surface and the operating temperature of the supercon-
ductor. When the value of the critical current, which can flow in the material
at the fixed magnetic field and the increased temperature, is equal to the oper-
ating current in the coil of the magnet, the material starts the transition to the
normal conducting state raising more heat in the coil. To quantify the amount
of initial heat that can bring to the superconductor transition we can classify
the possible disturbances into two main categories: point and distribute. Each
of these categories can also be subdivided, according to the amount of time
required to produce the heat in the superconductor, into continuous or tran-
sient disturbances. The continuous disturbances are the most common and
easy source of quench which affects the superconducting magnets. They are
easy to be detected and do not affect the training of the magnet but only its
overall degradation. Examples of this type of quench source are steady power
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losses in the cables or hysteresis magnetization effects which happen in the
superconducting filaments and among neighboring wires during the powering
of the magnet. Most of all quench event sources are grouped in the transient
disturbances category. They generally affect both the training of a magnet and
its overall degradation making very difficult their identification and compensa-
tion. One of the most common of these transient disturbances, like for example
conductor motion or epoxy cracks, is the "Flux Jump". The magnetic field inside
the material can penetrate the superconductor lattice due to eddy currents on
the surface induced by external magnetic field variation. The current density,
involved in this process, increases the net amount of current flowing in the
superconductor which can therefore exceed the critical current density thresh-
old and produce heat in the material. In most distributed disturbances, the
total volume of the normal conducting zone of the material can be studied ne-
glecting the heat conduction across the external surface or the heat exchange
with the superfluid liquid helium at the coil boundaries. The release of heat
in the superconductor can be considered, as a first approximation ("Adiabatic
Approximation"), completely absorbed by the material and ruled by the ther-
mal capacity of the composite conductor. Indeed, the temperature profile of
the normal conducting zone is ruled by the heat capacity of all the materials
that compose the wire and the insulation of the coil between every single wire
or cable. Considering the total heat, Q, generated in the volume V , the final
temperature will be described by the following equation:

Q =∆H =
∫

V

∫ θ2

θ1

γCp dθdτ (3.1)

where we considered the variation of enthalpy, ∆H , of the total supercon-
ducting volume which absorbs the generated heat. If the superconductor oper-
ates exactly at the critical level of current, because the critical surface decrease
with the rising of the temperature, it would start the transition even with the
smallest amount of heat release. If the heat generation during the disturbance
is localized in a small volume of the superconductor, the heat propagation
along the coil and exchanged with the cryogenic system cannot be neglected.
Considering the scale of time of the localized disturbances, the fraction of the
heat exchanged with the cryogenic system can be neglected before the start of
the quench and only considered during the quench propagation along the su-
perconducting coil. Considering the balance between the heat generation and
the evacuation along the materials which compose the superconducting wires,
we can use the Eq. 3.2 to calculate the temperature gradient created in a 1D
simplified model.

2k A(θc −θ0)/l = J 2
c Aρl (3.2)
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The amount of heat generated in the superconductor wire can be described
by multiplying the overall current density Jc squared, the average resistivity ρ
of the material at the initial temperature of generation, and the volume of the
single considered wire Ȧl where A is the wire cross-section and l the averaged
length of the normal conducting zone. Both the electrical resistivity and the
thermal conductivity k have to be averaged on all the material properties of
the wire which compose the wire and evaluated at the operating temperature
θ0 of the rest of the coil which is not already become normal conducting. By
knowing the generation temperature θc at which the superconductor starts the
transition and the material properties of the coil, the previous equation can
be also used to evaluate the minimum amount of coil volume which has to be
affected by the local disturbance to start the continuous generation of the heat
inside the coil. Considering always the 1D model, the length of the so called
"Minimum Propagating Zone" can be described by the equation:

l =
(

2k(θc −θ0)

J 2
cρ

) 1
2

(3.3)

If the punctual disturbance affects a total length of the superconductor
smaller than the MPZ, the total heat generated heat can be absorbed by the
material and evacuated through conduction along the wire. The transition of
the superconductor, therefore, will be reabsorbed and the normal conducting
zone collapses restoring the superconducting state. To evaluate the magni-
tude order of the MPZ length, we could consider the thermal and electrical
properties of the NbTi and the Nb3Sn which we already introduced. Consid-
ering an electrical resistivity of the normal conducting NbTi at 4.2 K, ρ =2.4
10−7Ωm and its thermal conductivity k = 0.11 W /mK , the MPZ length is equal
to 6.8 10−7 m. The same order of magnitude of the MPZ is obtained for pure
Nb3Sn wires. To obtain a longer length of the minimum propagating zone,
composite materials have to be used inside superconducting wires and coils.
The main stabilizer used in superconducting wires is copper for its high value
of thermal conductivity and low electrical resistivity compared to other metal-
lic elements. Superconducting wires have complex structures which help to
distribute the heat in all the volume of the quenched zone. Very thin filaments
of superconducting wires are grouped in a stabilizer matrix made of copper or
a conductor with high thermal conductivity and specific heat. The stabilizer
helps to keep the maximum temperature of the superconducting wire limited
and helps to create larger volumes of the minimum propagating zone. The 1D
model for the calculation of the MPZ is not suitable to perform a true study of
the required specifications of the superconducting wires. A 3D analysis has to
be carried on generalizing the MPZ length to a 3D ellipsoid elongated in the
direction parallel to the wire (due to the high value of thermal conductivity
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along the wire and low value across different wire section which comprehends
also the insulation layer) [25].

3.2.3 MIITS AND HOT SPOT TEMPERATURE

During a quench of a superconducting magnet, the huge stored electromag-
netic energy, has to be dissipated safely to discharge the magnet and prevent
any damage. The amount of energy stored in a magnet can be calculated
through the total magnetic energy 1

2 LI 2. Due to the high value of operating
current, needed to generate huge magnetic fields in the magnet bore, if the
quench propagation inside the superconducting coil is too slow, the total en-
ergy is dissipated in a very small quenched volume rising the temperature of
the coil material up to magnet damage. To prevent this catastrophic event,
the propagation of the quench in the superconducting magnet has to be in-
creased and the maximum temperature reached by the material has to be kept
as low as possible. Considering the expansion of the quenched volume inside
a superconducting coil, the central region, where happened the perturbation
and the transition to the normal resistive state, has the higher value of tem-
perature in the whole area. To study the protection of a superconducting coil,
the maximum temperature of this Hot Spot is an important parameter that
evaluates the performances of the coil materials. Considering the volume of
the quenched zone, the hot spot region can be locally considered as a single
volume unit which, in a first approximation, does not exchange heat with the
neighbor regions. In this adiabatic approximation, all the energy per unit vol-
ume generated through the joule effect is absorbed by the specific heat of the
material. The temperature of the unit volume can be retrieved by the following
equation:

J 2(t )ρ(T )d t = γC (T )dT (3.4)

where ρ is the overall electrical resistivity of the material, γ the average density,
and C the specific heat as functions of the material temperature. Considering
a finite time interval, the and isolating all the quantities which are function of
the material temperature we obtain:∫ t

0
I 2(t )d t =

∫ T

T0

γC (T )

A2ρ(T )
dT (3.5)

where we multiplied the current density for the cross-section area of the wire.
The obtained quantity on the left, scaled by a factor of 106 to deal with the
huge amount of energy produced by a superconducting magnet, is called MIITs
(the name is an acronym of the physical quantities, I for the current and T for
the time, used to construct this variable and the scaling factor adopted M).
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M I I Ts(T ) =
∫ T

T0

γC (T )

A2ρ(T )106 dT (3.6)

This quantity, measured in M A2s depends only on the material properties
and the geometry of the superconducting wire and define uniquely the final
temperature reached by the volume in a finite time interval. To calculate the
value of the MIITs of a superconducting cable during a quench, the decay rate
of the current has to be known to perform the integral on the left of Eq. 3.5. All
superconducting magnets discharge during a quench can be described with an
RL circuit model in which the stored magnetic energy of the inductance is dis-
sipated on the total resistance of the circuit. This electrical resistance considers
the internal electrical resistivity of the magnet superconducting coil region at
the normal conducting state during the quench development, the electrical re-
sistance of the circuit component, which in general can be neglected, and an
external dumping resistance tuned to optimize the circuit performance and
magnet discharge. After a quench detection, the external dumping resistance,
higher than the internal resistance of the quenched zone of the superconduct-
ing coil, can be connected in series to the magnet to allow the stored electro-
magnetic energy of the magnet to be dissipated externally to the magnet ma-
terial. If the value of the internal quenched zone resistance can be neglected
compared to the external one, the decay rate of the current which flow in the
superconducting coils of the magnet can be approximated to an exponential
decay ruled by the equation:

I (t ) = I0e−
Rdump

L t (3.7)

Using this equation in Eq. 3.6, we obtain the following expression for t→∞:∫ t

0
I 2(t )d t = I 2

0
L

2Rdump

(
1−e−2

Rdump
L t

)
= I 2

0
L

2Rdump
(3.8)

From this equation, the final temperature of a material, knowing the mate-
rial properties of the composite structure, is only ruled by the initial current
which flows in the superconducting magnet, its inductance, and the external
resistance on which the load of the magnet is discharged. However, to pro-
tect a superconducting magnet, the detection of the transition of the material
is a critical aspect for the safety of the coil. If the quench is not detected by
the protection system the previous equation is not valid and the final maxi-
mum temperature is not more a function of the material properties. In this
case, the power supply continues to inject a huge amount of electromagnetic
energy, which is then converted to heat in the quenched zone, damaging the
superconducting material and bringing to the fault of the coil. Generally, su-
perconducting magnets operate near the critical surface of the superconductor
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to have the highest efficiency possible. Therefore, the detection of any dis-
turbance which causes the superconductor transition must happen as fast as
possible. To detect the superconducting transition, a voltage threshold can be
set on the ends of the superconducting coil. Supposing that the quench pro-
tection system is triggered at td , detection time, the MIITs accumulated in the
superconductor can be described by the expression:

M I I Ts = I 2
0 td +

∫ t

td

I 2
0 e−2 R

L t d t (3.9)

The added contribution to the MIITs coming from the detection time of the
quench is a function of the material properties of the superconducting coil.
Indeed, faster quench propagation velocities produce a short detection time
and therefore lower values of maximum temperature reached by the magnet.
The second contribution to the total MIITs value is a function of the external
dumping resistance and the magnet inductance. For a fixed configuration of
the magnet, the free parameter for the quench protection system is the exter-
nal dumping resistance. The MIITs dependence by the external dumping re-
sistance is an inverse proportion, therefore, higher values correspond to lower
maximum temperature reached and faster decay rate of the magnet. How-
ever, the external resistance value is limited by the total voltage V = RI0, at
the end of the superconducting coil, which is reached at the starting of the
magnet discharge. Also, the decay rate of the current cannot be as high as
possible because of the high values of turn to turn voltages V = Lİ that will be
created during the magnet discharge. For powerful superconducting magnets
with high values of inductance and operational current, additional techniques
are used for the quench protection system. The main additional system used
for particle accelerator magnets is composed of the quench heaters. This par-
ticular device is composed of resistive strips, usually of a metallic element with
high thermal conductivity, placed in direct thermal contact with the supercon-
ducting coils along the entire length of the magnet. The main purpose of this
system is to create a uniform, faster, and more controlled transition of the en-
tire superconducting coil. When the quench is detected, the quench heaters
strips are fired and high values of current flow in this device material. The
high values of current generate heat which is immediately exchanged with the
superconducting coil material helping to spread the quenched volume decreas-
ing the average temperature of the coil and preventing high values of the hot
spot temperature. Considering the reaction time of the quench heaters and
the delay due to the heat propagation across the interface between the quench
heaters and the superconducting coil, the MIITs can be described by the equa-
tion:
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M I I Ts = I 2
0 td +

∫ tQH

td

I 2
0 e−2 R

L t d t +
∫ t

tQH

I 2(t )d t (3.10)

Another technology to active internal discharge the magnet stored energy in
the superconducting coil material and prevent high values of the hot spot tem-
perature which would cause the magnet fault, is CLIQ [26]. This new tech-
nology relies on the generation of high coupling loss in the superconductor
material directly producing heat in the conductor itself. The losses in the
conductor material are created by directly impose a forced oscillation in the
magnet current discharge which enhances the variation of the coupled mag-
netic field in the conductor and create additional eddy currents. Comparing
the diffusion time, requested in the quench heater technology, with this new
one, the CLIQ method results to be much faster for the quench protection of
a superconducting magnet. Also, by coupling the CLIQ technology with the
quench heater devices, like for example reported in [27], lower values of hot
spot temperatures can be achieved allowing to develop a more robust and re-
dundant quench protection system. Thanks to the faster intervention time and
the reliability of the system, this new technology is currently studied to be used
with standard quench protection methods, see [28], for the protection of fu-
ture Nb3Sn superconducting magnets for particle accelerators like the Future
Circular Collider project.

3.3 PROTOTYPE DESIGN AND PROTECTION

3.3.1 MATERIAL PROPERTIES

As we have already seen in Chapter 2, the High Order corrector magnets for the
High Luminosity LHC upgrade project have all NbTi racetrack superconduct-
ing coils which allow simplified procedures for the winding, impregnation, and
assembly process. The wire used for all the prototypes and series production
coils is a NbTi wire produced by the Bruker industry and developed for both
superconducting magnet accelerators and fusion reactor applications. The
single-strand cable has a ratio, between copper and superconductor fractions,
of 2.3. The RRR value of the wire has to be higher than 100, typically between
160 and 200, to assure low values of resistivity in case of a transition to the
normal conducting state. The wire has a high number of filaments of 3282 to
reduce the magnetization level of the superconductor during operation. Two
different superconductor wires from the same batch are used for the HO cor-
rector magnets. For the shorter corrector magnets and the normal dodecapole
(MCTXF), the NbTi wire has a diameter of 0.5 mm with single filaments diam-
eter of 5 µm. Instead, the skew quadrupole, due to the high value of stored
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Figure 3.2: Cross section of a superconducting coil produced for the MCBXF magnet and
analyzed to evaluate the stacking factor of the wires during the winding process,(left)
[29]. Cross section of a single wire. The central core, made of copper is surrounded by
the thin NbTi filaments which are then isolated with a second layer of copper (right),
courtesy of M. Statera,INFN.

electromagnetic energy, has a wire diameter of 0.7 mm with filaments diam-
eter equal to 7 µm. Both two wires have an external insulation layer of S2
glass with a thickness of 0.07 mm. Because the HO corrector magnets have
several turns going from 200 up to 450, the total length of the cable for the
prototype development has been 16 km and more than 100 km for the series
production. The superconducting coils are wound through a winding machine
that applies constant and controlled traction to prevent any overlapping be-
tween the single strand cables or defects that can cause deformations after
the impregnation. The winding is impregnated with CTD-101K epoxy resin to
provide radiation damage resistance at the coil and fix the relative position of
the cables. All the coils have the same design for the ground insulation layer.
Each racetrack coil is wound around a unique BTS2 sheet of 0.15 mm thick-
ness mounted on the mandrel of the winding machine. Different laminations
and layers on the top and bottom of the straight part of the coils are assembled
during the winding process in the impregnation mold together with the super-
conducting wires winding. The end spacers laminations, which cover the end

Figure 3.3: Cross-section of a superconducting coil of the MCTXF magnet to evaluate
the stacking factor of the wires in the winding (left). The coils are produced in series
and have to satisfy the geometrical quality criteria to be used for the assembling in the
magnet(right)
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Figure 3.4: Superconducting coils for the MQSXF magnet ready for the installation,
(left). Cross section of a superconducting coil of the skew quadrupolar MQSXF magnet
to evaluate the stacking factor and identify possible undesired residual deposit of epoxy
resin (right).

caps of each superconducting coil, have been designed to prevent any resin
excess in the coil and are machined from a single block of BTS2. The produc-
tion of the superconducting coils has been carried on by LASA during the R&D
development phase and for the sextupole, octupole, and decapole prototypes
construction process. Due to the huge length of the quadrupole and normal
dodecapole magnets, see Fig. 3.3 and Fig. 3.4 the development of the super-
conducting coil for the two prototypes has been performed in the SRV industry
which has also been in charged to develop all the superconducting coils for the
magnet series. To evaluate the electric and thermal properties of the coils for
the quench protection study, both the NbTi and Copper properties have been
obtained from the MATPRO database [30], developed at LASA, INFN. To de-
scribe the thermal and electrical properties of the CTD-101K epoxy resin and
the S2 glass insulation layer, an approximation to the one of the G10 has been
used as done in literature, [31]. By knowing the material properties of each
material, the thermal and electrical properties of all coil have been retrieved
averaging on the amount of material fraction inside the elementary cell of the
coil cross-section. The total MIITs, as a function of the temperature in the adia-
batic approximation, have been obtained for both the two NbTi wires used for
the magnets. The CRYOCOMP database [32] has been also used to evaluate
the possible difference of the copper electrical resistivity, as a function of the
RRR, and evaluate the influence on the model used for the quench propagation
analysis.
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Figure 3.5: Graphic representation of the MIITs of the two NbTi wires used for the HO
corrector magnets. The values are calculated for the measured RRR=168 of the 0.5
diameter wire and RRR=190 of the 0.7 diameter wire, reported by S.R.V. industry, and
also for the minimum nominal value RRR=100 as in the magnet technical requirements.

3.3.2 PROTECTION SYSTEM

All the High Order corrector magnets, will be installed in the same horizontal
cryostat in the LHC lattice of the Interaction Region. The powering of all the 9
magnets string will be separated for each single magnet type and installation
configuration (i.e. normal or skew). The quench protection system which will
be used during operation in the machine lattice is designed to operate in a cur-
rent variation measurement mode. To establish the development of the quench
inside the superconducting coils, the power supply is designed to disconnect
the magnet if the flowing current is different from the designed value. An in-
ternal clock time in the QDS system analyzes, with a fixed sampling frequency
which period can be set from 20 ms up to 60 ms, the value of the current used
to power every single magnet and compare it with the designed value. The
power supply tries to restore the designed current value for 3 consecutively
attempts and, if it fails, switches off automatically letting discharge the mag-
net on itself without the using of an external dump resistance or the fire of
quench heaters. According to the CERN specification of the new power supply
of the magnet in the machine lattice, the provided current is stable until a 10
V resistive voltage appears at the ends of the magnet power lines and then
starts to derive according to the load applied. Due to this evaluation time, the
maximum time response of the QDS system is 180 ms from the start of the
quench growing. The LASA QDS is based on a different approach. The resis-
tive voltage of the magnet is constantly monitored using the two halves of the
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magnet subtracting the signals. In the subtraction, the inductive component
of the magnet voltage is canceled and only the resistive voltage appears. A
fixed voltage threshold of 200 mV is used to detect the quench propagation
and development. Thanks to the use of fast digital switches, the circuit of the
power supply applied on the magnet is opened in a couple of milliseconds and
the magnet is connected to a 0.5 Ω dumping resistance to extract energy from
the magnet and speed up the current discharge. Because the magnet proto-
types have been tested at LASA in the vertical cryostat, to simulate the CERN
configuration and QDS performances, we decided to use, as time response for
the quench detection, the value of 180 ms evaluating the worst case for the
magnet protection. The voltage threshold that has to be overcome to establish
the detection of the quench has been set to 10 V approximating the delay time
in which the current provided by the CERN power supply remains constant,
letting the quench develop in the magnet’s coil. This proposed QDS system
configuration is used for the protection of all the corrector magnets except for
the Skew Quadrupole. Indeed, the huge value of the electromagnetic stored
energy that has to be evacuated from the coil, requires the use of an external
dumping resistance protecting the superconducting wires from damages.

3.3.3 MAGNETS PARAMETERS

The first design of all the High Order corrector magnets prototypes has been
changed in 2018 following a better estimation of the main Nb3Sn quadrupoles
magnetic field quality produced (CERN, EDMS internal report 1865591). To
better compensate the undesired harmonics produced by the main quadrupoles,
a new iteration on the needed performances of the HO corrector magnets has
been done. The integrated gradients of the magnets have been increased by
changing the length of every single corrector to be 50% higher than the previ-
ous value. This modification did not affect the design of the normal and skew
dodecapole while the design of the skew quadrupole prototype reported here
is already the updated version. The first sextupole, octupole, and decapole
prototype had been already built and tested before the design modification,
see [14], [33]. All the three magnet prototypes performed very well showing
few quenches during the training process up to the ultimate current. The mag-
nets have been pushed beyond the ultimate current and up to the short sample
limit of the superconductor wire showing very good performances of the cho-
sen design and construction process. A first rough protection study of the old
design has been performed at LASA during the development of the prototype
design but no detailed analysis had been done, see [34]. To study the perfor-
mances of all the HO corrector magnets prototype and evaluate the upgraded
design protection, a new complete analysis has been performed comparing the
two different configurations of the magnets, except for the dodecapole and the
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skew quadrupole. The main tool used for the analysis of the quench propaga-
tion inside the superconducting coil is the QLASA software developed at LASA,
INFN. This program is a semi-analytical simulating tool firstly developed for
the description of quench propagation inside superconducting solenoids and
adapted for different geometries. The quench development and propagation
are always simulated and calculated in a solenoidal approximation of the su-
perconducting coil to speed the simulation time and simplify the processing.
The accuracy of this simulation tool has been verified with many different su-
perconducting magnets. All the magnets quench developments have been sim-
ulated from the ultimate current Iul t =113.4 A except for the skew quadrupole,
simulated at Iul t =197 A. All the prototypes, except for the skew quadrupole,
are self-protected which means that the external dumping resistance is null
and the total detection time for the trigger of the QDS is set to 180 ms. The di-
mensions of the superconducting coil and their performances change between
the different magnet types according to the required integrated main field and
the total length of the magnet. In Table 3.2 some of the coil and prototype
parameters needed for the simulations are summarized. Inside QLASA, the
superconducting coil is not modeled with the original geometric shape but has
to be converted to a single solenoid which must have the same total volume,
for the calculation of the thermal capacity, the same total length in the wire
direction, and the same differential inductance. Considering that all the super-
conducting coils are connected in series, the mutual inductance matrix, needed
to solve the mutual interactions and calculate the total voltage of the magnet,
can be diagonalized. In the simulations, the worst-case scenario of one single
quenched coil is simulated while all the other coils have only an induced volt-
age equal for all of them. The number of solenoids that have to be created in
the simulation can be simplified considering one solenoid for the quenched coil
and one equivalent solenoid with the total volume of all the other coils and the
sum of all the remaining differential self-inductance. This method, used for
the decapole and dodecapole magnets, allows overcoming the limitation of 10
maximum solenoids that can be handled by the program in the same equiva-
lent circuit. The self-inductance of the quenched coil created in the simulation
is equal to the total magnet inductance divided by the total number of the coils.
The magnet differential inductance variation, as a function of the energizing
current of the magnet, is approximated by the program with a saturation lev-
els curve. The approximation is composed of two different constant values for
currents lower than the first saturation current threshold and higher the sec-
ond one. The range between the two saturation current values is described
by a straight line to approximate the magnet iron saturation variation. The
values of the simulated differential inductance approximation are reported in
Table 3.3. To describe the values of the inductance at the two saturation lev-
els, the inductance value at low current is used as an input parameter and a
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TABLE 3.2.
PARAMETERS OF THE DIFFERENT HO CORRECTOR MAGNETS PROTOTYPES

Parameter Units MQSXFP MCSXFP MCOXFPold MCOXFP

Inom [A] 182 105 105 105
Iul t [A] 197 113.4 113.4 113.4
Turns 754 276 372 372
Layers 26 12 12 12
Bare Wire
Diameter

[mm] 0.7 0.5 0.5 0.5

Insulated Wire
Diameter

[mm] 0.84 0.64 0.64 0.64

Mechanical
Length

[mm] 538 235 183 233

L @ Iul t [mH] 1505 199.4 166.6 287

Parameter Units MCDXFPold MCDXFP MCTXFP MCSTXFP

Inom [A] 105 105 105 105
Iul t [A] 113.4 113.4 113.4 113.4
Turns 228 228 436 436
Layers 12 12 12 12
Bare Wire
Diameter

[mm] 0.5 0.5 0.5 0.5

Insulated Wire
Diameter

[mm] 0.64 0.64 0.64 0.64

Mechanical
Length

[mm] 183 233 575 200

L @ Iul t [mH] 81.2 139 910.6 173.8

scaling factor γ is used to evaluate the second value at high current. The mag-
netic field map, used in the simulations to evaluate the quench propagation
velocities and the working point of the materials, has been obtained through
3D OPERA FEM simulations of both the old and new design of the prototypes.
The total magnetic field map cannot be transported inside the simulation pro-
gram as a matrix in the 3D space over the coil volume. The only input param-
eters accepted by QLASA are the values of the magnetic field at the corners
of the coil cross-section (A, B, C, D coordinates). This rough approximation
is needed to simulate the magnetic field on the equivalent cross-section of the
solenoid simulated by the program. With this approximation, also the mag-
netic field variation along the magnet rotational axis is neglected affecting the
quench propagation velocities along the coil length. The values used in the
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TABLE 3.3.
PARAMETERS FOR THE APPROXIMATION OF THE DIFFERENTIAL

INDUCTANCES OF HO PROTOTYPES

Position Units MQSXFP MCSXFP MCOXFPold MCOXFP

Saturation
Current 1

[A] 28 35 18 18

Saturation
Current 2

[A] 95 100 90 90

γ 0.295 0.412 0.305 0.361
Lcoi l @
Low Current

[mH] 1275 80.7 68 99.4

Position Units MCDXFPold MCDXFP MCTXFP MCSTXFP

Saturation
Current 1

[A] 20 20 8 5

Saturation
Current 2

[A] 100 100 30 23

γ 0.37 0.37 0.1704 0.1532
Lcoi l @
Low Current

[mH] 21.95 32.65 445 94.6

TABLE 3.4.
MAGNETIC FIELD MAP EXTRACTED BY 3D OPERA SIMULATIONS

PERFORMED AT THE ULTIMATE CURRENT.

Position Units MQSXFP MCSXFP MCOXFPold MCOXFP

A(ri nt ;-h/2) [T] 3.95 1.82 2.09 2.27
B(ri nt ;+h/2) [T] 1.7 1.0 1 1.4
C(rext ;-h/2) [T] 2.83 1.2 1.4 1.8
D(rext ;+h/2) [T] 0.1 0.17 0.01 0.01
Position Units MCDXFPold MCDXFP MCTXFP MCSTXFP

A(ri nt ;-h/2) [T] 1.79 1.82 1.85 1.826
B(ri nt ;+h/2) [T] 0.8 1.0 1.34 1.32
C(rext ;-h/2) [T] 1.1 1.2 1.6 1.55
D(rext ;+h/2) [T] 0.16 0.17 0.01 0.01

simulations are reported in Table 3.4
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3.3.4 SIMULATIONS RESULTS

The results of the performed simulations using QLASA and the magnet param-
eters already described are presented below. For the decapole and octupole
upgraded design, the increasing of the integrated main field component and
store electromagnetic energy imply that the maximum temperature and volt-
age reached by the magnet during the discharge is higher than the old design.
Because the skew quadrupole cannot be protected using the internal developed
resistance as dumping resistance of the equivalent circuit, a detailed analysis of
the best value for the external resistance has been performed focusing on the
optimization of the maximum voltage-to-ground and internal voltage devel-
oped during the magnet discharge. For all the magnets prototypes, the simula-
tions have been performed with two configurations of the scaling factor applied
to the quench propagation velocities. The first configuration does not apply any
scaling factor leaving the QLASA program to calculate the propagation veloci-
ties from the thermal properties of the materials during the discharge and as a
function of the temperature profile. In the second configuration considered, a
30% reduction factor of the nominal speed, calculated by QLASA, is applied to
simulate a conservative case for the quench protection. The simulations show
that for all the different cases, the maximum temperature, reached by the su-
perconducting quenched coil at the end of the magnet discharge, is lower than
the maximum allowed value of 250 K. This result has been obtained consider-
ing that QLASA performs an adiabatic approximation of the quenched hot spot
volume which is a conservative assumption compared to the real case. The
main problem which affects the skew quadrupole discharge is the maximum
voltage obtained at the ends of the quenched coil during the transition.

By changing the value of the dumping resistance, the decay rate of the
magnet current is modified managing to limit the maximum voltage of the
quenched coil. A limit value of the maximum voltage in the magnet has been
imposed for safety reasons to keep the probability of short between the coils
and ground under control. However, the maximum voltage reached by each
of the HO corrector magnets during a quench is also used as a parameter to
define the withstand voltage levels during the reception tests, the magnets
qualification, installation, and commissioning in the LHC tunnel. As reported
in the acceptance criteria required from CERN for the magnet qualification
[35], the Hi-Pot voltage is applied to the magnets for a minimum time interval
of 30 seconds. The magnets are considered to conform to the requirements
if the leakage current measurement results under 10 µA. The Hi-Pot test is
performed at different levels of applied voltage in several magnet conditions.
According to the electrical design criteria for the High Order corrector magnets,
[36], the tests are performed at normal operating conditions of 1.9 K superfluid
helium, in the cold mass of the cryostat, and a warm temperature (equivalent
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Figure 3.6: Evaluation of the quenched coil total voltage, upper dashed lines, and single
inductive coil total voltage, lower dashed lines during the discharge of the MQSXFP
magnet (right y-axis). The decay of current from the ultimate current of 197 A is also
reported in figure (left y-axis). The two different voltages and the current decay are
simulated as function of the external dumping resistance used for the protection.
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Figure 3.7: Profiles of the different hot spot temperatures, dashed lines, reached by the
quenched coil during the magnet discharge as function of the external dumping reistance
(right y-axis). The current discharge is also reported for clarity (left y-axis)
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Figure 3.8: Evaluation of the quenched coil total voltage, upper dashed lines, and single
inductive coil total voltage, lower dashed lines during the discharge of the MQSXFP
magnet (right y-axis). The current decay is also reported (left y-axis). As for Fig. 3.6 the
profiles are shown as function of the external dumping resistance. All the simulations
have been performed with the scaled quench propagation velocities (0.7 scaling factor).
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Figure 3.9: Profiles of the different hot spot temperatures, dashed lines (right y-axis),
and current decay (left y-axis) reported as function of the external dumping resistance as
in Fig. 3.7. The profiles are referred to simulations with the scaled quench propagation
velocities (0.7 scaling factor).
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to room temperature air of T=20±3°C and humidity lower than 60%). Two
unique voltage levels, used for the Hi-pot tests of the HO corrector magnets,
and in particular, the configuration at warm temperature before the powering
tests, have been used to validate all the magnets. The produced magnets are
tested up to 1.5 kV except for the skew quadrupole and normal dodecapole
which are tested up to 2 kV.

In the case of a quench event during the skew quadrupole powering test,
not all the values of external dumping resistance are suitable for the protection
of the magnet. Indeed, considering the ground of the equivalent circuit posi-
tioned at the end of the series between the magnet and the external dumping
resistance, the maximum voltage to ground reached by the magnet is equiva-
lent to the total voltage at the magnet ends equal to V = Rdump I . This value is
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Figure 3.10: Maximum voltage simulated at the end of the quadrupole MQSXF proto-
type as a function of the discharge time and evaluated for different values of external
dumping resistance. The ground of the protection circuit is fixed at one side of the exter-
nal dumping resistance.

reported in Fig. 3.10 for all the time intervals of the magnet discharge starting
from the aperture of the power supply circuit and the magnet ends closure on
the external dumping resistance. We can observe that for every value of the ex-
ternal dumping resistance, the maximum voltage to ground, which is reached
at the ends of the magnet, is higher than 300 V exceeding the limit imposed for
magnet safety. To solve this problem and reduce the maximum voltage, we can
change the ground position in the equivalent circuit. The best configuration
found is to insert the ground in the middle of the external dumping resistance.
To create this configuration, inside the LASA power supply system, the equiva-
lent total external resistance is split using two equal resistance, with half of the
reference value, inserting the ground in the middle. With this configuration,
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the maximum voltage to ground is shifted by the quantity V =−R/2I compared
to the previous reference. The maximum voltage to the ground in this new con-
figuration is obtained for the worst-case scenario with the first (or last) coil of
the magnet like the one which is quenched. The value of the maximum voltage
is equal to the sum of the voltage across the quenched coil and the voltage at
the ends of half of the dumping resistance which is opposite in direction. The
simulated values for the different dumping resistance are reported in Fig. 3.11.
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Figure 3.11: Maximum Voltage towards ground simulated in the protection circuit of
the quadrupole MQSXF prototype during a quench event and magnet discharge. The
ground of the protection circuit is fixed in the middle of the external dumping resistance
lowering the maximum voltage to the ground during the magnet discharge in case of a
quench event.

The best configuration obtained to limit the maximum voltage to ground
is the use of an external dumping resistance of 1.5Ω. The results of all these
simulations, performed with both the quenched propagation velocity scaled
configuration and the nominal one, are reported in Table 3.5 together will
all the simulated results of maximum voltage and temperature reached by all
the HO corrector prototypes. All the magnets prototypes have been simulated
to evaluate their performance during a quench development at their ultimate
current. All the magnets, including the skew quadrupole with the new QDS
configuration which is different from all the other magnets, are safely protected
and do not reach the limit values of the maximum acceptable voltage and
temperature of the hot spot region.
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TABLE 3.5.
RESULTS OF QUENCH PROTECTION SIMULATIONS FOR

THE HO CORRECTOR PROTOTYPES

Magnet S Maximum Temperature [K] Maximum Voltage [V]

MQSXFP
1 122.96 216

0.7 144.29 197.3

MCSXFP
1 119.75 70

0.7 141.1 72

MCOXFPold
1 117.47 57.7

0.7 137.5 58.1

MCOXFP
1 140.15 104.4

0.7 164.2 104.3

MCDXFPold
1 123.34 40.7

0.7 144.93 42

MCDXFP
1 126.53 57.2

0.7 148.87 57.5

MCTXFP
1 143.6 267

0.7 174.6 269.7

MCSTXFP
1 125.6 64.7

0.7 150.7 65.9

3.3.5 EXPERIMENTAL VALIDATION

The electromagnetic and thermal model of the superconducting coils and HO
corrector magnet, used for the study of the quench protection of the proto-
types, has been validated reproducing experimental discharges of the built
prototypes. In particular, two different quenches, provoked after the train-
ing of the MCDXFP1 and MCOXFP1, before the iteration on the electromag-
netic design, have been reproduced using the old model of the magnets. The
training tests have been performed at LASA at 4.2 K in the liquid helium and
also at 2.17 K. The protection of the magnets has been verified both with the
LASA QDS configuration and the CERN operational QDS system configuration.
The LASA configuration used for these tests has a 0.5Ω of dumping resistance
which is used to extract the energy from the magnet and the voltage threshold
on the resistive signal is set to 200 mV . The CERN QDS system is the same
explained in Section 3.3.2 and is replicated at LASA assuming a 180 ms of
delay time from the quench detection, see Fig. 3.12. The difference between
the experimental current decay and the simulated one is only a few percent for
both the two types of provoked discharge of the magnet. The same agreement
is obtained also in the total voltage of the magnet and the internal resistive
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Figure 3.12: Comparison between the two experimental current decay, obtained during
provoked quenches inside the MCDXFP1 magnet test at LASA, with QLASA simulations
of quench development
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Figure 3.13: Comparison between the two experimental current decay, obtained during
provoked quenches at the ultimate current of the normal dodecapole MCTXFP1 magnet
tested at LASA and the QLASA simulation of the quench development in the supercon-
ducting coils.

voltage profile. The simulations reported here have been obtained with nomi-
nal quench propagation velocity inside the simulation software suggesting that
the thermal end electric properties of the material considered can be used as a
good model for the average properties of the superconducting coils. The same
analysis has been performed on the provoked discharge of the MCOXFP1 and
of other superconducting produced magnets like the first MCTXFP1 magnet
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prototype, [37]. For this particular case, the best agreement with the experi-
mental data has been obtained for quench transition velocities at 75% of the
nominal calculated values by QLASA during the discharge. The decay rates
of the current for the two different configurations of the protection with or
without the external dumping resistance are reported in Fig. 3.13. The initial
quench development and discharge of the current are very well reproduced by
simulations. The fastest part of the simulated current decay is slightly different
from the experimental data shape. Considering the possible source of errors
in the simulation model and the approximation used in QLASA to model the
quench propagation and magnet discharge, the saturation levels model of the
inductance variation is the most cause of the simulations difference with the
experimental data studied.

3.4 SIMULATION MODEL UPGRADE AND SERIES PROTECTION

All the High Order corrector magnets have been designed and engineered at
LASA following a common superferric design optimized for every single type
of magnet order. The contribution of the iron to the magnetic field of the cor-
rector is predominant for the generation of the right magnetic field quality and
the enhancement of the superconducting coil field contribution in the magnet
bore. Due to the different geometries and shapes of the superconducting coils
used for the HO corrector magnets, the variation of the differential inductance
as a function of the operating current in the magnet cannot be analytically cal-
culated or predicted for the quench protection study. The previously described
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Figure 3.14: Approximation of QLASA differential inductance of a magnet as a function
of the current in the superconducting coil. The two different saturation levels are visible
and are related by the γ factor previously described in Table 3.3.
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model used in QLASA is based on an approximation of the differential induc-
tance variation considering two regimes at low current (typically below 30 A)
and at high current values, see Fig. 3.14. In these two regimes, where the
experimental differential inductance reaches a plateau due to the well-defined
relative permeability of the iron laminations, the value simulated is kept con-
stant as a function of the current. In the intermediate region, a linear transition
from one regime to the other is supposed to simplify the simulations. How-
ever, to better describe the shape of the current decay, and calculate the real
maximum voltage developed inside the superconducting magnets during the
quench development, a new simulation model has been developed. To over-
come the approximation on the simulated inductance of QLASA, we decided
to externalize the calculation of the voltages of the coils and more in general
the magnet equivalent circuit solution. The program LTSpice has been used
to solve the circuit equation and coupled with QLASA software to evaluate the
thermal properties of the superconducting coils which rule the temperature ris-
ing inside the magnet. The two software have been coupled using the STEAM
co-simulation network frame [2] to evaluate at the same time the influence
of the temperature rising in the quenched coil, and therefore the internal re-
sistance developed by the magnet, on the current variation in the equivalent
circuit. A precision model of the power supply circuit has been developed by
Dr. Marco Prioli in LTSpice to evaluate the response time of the system and
calibrating the model on real data acquired at the LASA test station.

3.4.1 DIFFERENTIAL INDUCTANCE MODEL

The LTSpice circuit used for the simulations is composed of the external power
converter coupled to the magnet, which is modeled as an equivalent quench
resistance and the current dependent differential inductance, a crowbar, used
to protect the power converter from the high voltages, and the external dump-
ing resistance with the switch. Two different circuit configurations have been
modeled: the first one is used to simulate the QDS of MQSXF which is closed
on the external dumping resistance during the discharge. The second circuit is
used to model all the quench development and QDS of all the other corrector
magnets which are discharged on their internal resistance. The value of the
internal resistance of the magnet is controlled by the simulation in QLASA of
the quench development during the magnet discharge. The equivalent magnet
differential inductance is modeled as a lumped inductive element which value
is regulated by the current of the QDS system circuit. The characterization of
all HO corrector differential inductance has been performed by analyzing the
electromagnetic energy produced by every single magnet and simulated with
3D FEM OPERA models. The design configuration of all the HO corrector mag-
nets, reproduced in these simulations, is the final one for the magnet series
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production which details can be found in Table 3.6. By knowing the standard

TABLE 3.6.
HL-LHC HO CORRECTOR MAGNET SERIES PARAMETERS

Magnet N Poles
Integrated Field

[Tmm]
Rr e f =50 mm

Inom [A] Iul t [A]
E [kJ]
@ Inom

MQSXF 4 0.700 174 197 30.8
MCSXF 6 0.095 99 112 1.72
MCOXF 8 0.069 102 115 1.55
MCDXF 10 0.037 92 106 0.67
MCTXF 12 0.086 85 97 3.63
MCTSXF 12 0.017 84 94 0.73

definition of the differential inductance and its relationship with the magnetic
flux Φ(B) linked to a single coil with an operating current I, we can write the
equation:

V =−Ld (I )
d I

d t
wher e Ld (I ) = ∂Φ(B)

∂I
(3.11)

The differential inductance takes into account the variation of the single static
inductance as a function of the current due to the changing of the iron satu-
ration of the poles of the magnet and, more in general, nonlinear dependence
of the linked magnetic field flux from the current. The differential inductance
can be retrieved directly from the 3D static simulations of the magnetic field
of the magnet using the Eq. 3.12 if we neglect the residual iron magnetization
and transient magnetization effects of the superconductor.

Ld (I ) = 1

I

∂E(I )

∂I
(3.12)

However, the energy accuracy of the OPERA 3D model for very low values
of current is not sufficient for the calculation of the differential inductance
leading to oscillations and instabilities in the function. To overcome these
calculation issues we can define the energy equivalent inductance as:

Lw (i ) = 2E(i )

i 2 (3.13)

Using this equation and replacing it in the definition of the differential in-
ductance we obtain a simplified model which prevents the divergence of the
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Figure 3.15: Calculated values of the Differential Inductance of all the HL-LHC HO cor-
rector magnets. The differential inductance of MQSXF and MCTXF (right) are greater
than the short corrector magnets ones (left) due to their high values of stored electro-
magnetic energy and integrated magnetic field produced.

function for low values of current.

Ld (i ) = Lw (i )+ 1

2

∂Lw

∂i
i (3.14)

The energy simulated for every single magnet by OPERA can be approximate,
with very good accuracy, to a squared function of the current for low values
of this parameter. As a consequence, the derivative of the energy equivalent
inductance goes to zero for low values of current keeping the differential in-
ductance fixed to a finite value. The shape of the differential inductance for
all the magnets types is reported in Fig. 3.15. These values have been fitted
to produce a "look at table" function inside LTSpice for the regulation of the
equivalent inductance in the electrical circuit of the QDS.

3.4.2 EXPERIMENTAL VALIDATION AND RESULTS

An example of the accuracy of the used model in the description of the real
differential inductance of the magnet has been obtained from the test at LASA
of the first skew quadrupole magnet produced in the industry. The measured
differential inductance has been obtained both during the energizing test up
to the ultimate current and the measured coil signals during the 14 sponta-
neous quench events of the magnet in the powering test [23]. The voltage
applied to the total magnet during the slow ramp up and ramp down of the
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Figure 3.16: Comparison between the simulated value of the differential inductance of
MQSXF and measured data taken from LASA energizing test of the first magnet of this
type. The comparison has been made with data retrieved by magnet discharge during
quench propagation (left) and slow ramp up and ramp down of the magnet during
energizing test (right).

magnet can be considered not affected by high magnitude transient magneti-
zation effect while the signal obtained during the quench development is more
sensitive to dynamic effects produced by the superconducting coils. As we
can see from Fig. 3.16, a very good agreement between the simulation and
the experimental data has been found. However, in both the two measured
data, the simulation of the differential inductance at low values of current is
slightly overestimated and is probably due to the BH curve used for the mag-
nets. Also, the consequences of possible transient magnetization effects on the
superconducting coils can be seen in the measured data during the quench
development. These effects, however, affect only the values of the inductance
for a high range of current when the decay is faster during the quench de-
velopment and can, therefore, be neglected as a first approximation in the
simulation. The thermal and electrical properties of the magnet prototype pre-
viously described have been used to model also the magnet series design for
the new co-simulations. The main scope of these simulations, as the quench
protection analysis performed on magnet prototypes, is the evaluation of the
magnet performances in case of quench events in the accelerator lattice. To
evaluate the performances of the upgraded model and analyze the accuracy
of the co-simulations, a reconstruction of the quench event of the previously
described prototype MCTXF model, see Paragraph 3.3.5, has been performed.
The results of the simulations and the comparison with the experimental data
have been also reported in [38]. The agreement with simulation data is very
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good and both the resistive voltage and the inductive voltage of the quenched
and not quenched coils are reproduced by the simulations, see Fig. 3.17 and
Fig. 3.18. This agreement with measured data has been also obtained in the
description of the power converter behavior before and after the closure of the
circuit on the external dumping resistance, for the skew quadrupole, and on
the power supply crowbar for all the other magnets. The validated model has
been used to evaluate the performances of the final design of the HO correc-
tor magnets both at the nominal and ultimate current. The simulations of the
short magnets and the normal dodecapole have been performed with a val-
idation time of 180 ms and a voltage threshold of 200 mV. Instead, for the
dedicated QDS for the skew quadrupole, the voltage threshold used has been
kept fixed to 200 mV, and the validation time set to 20 ms, in agreement with
CERN, to manage and assure the protection of the magnet in the accelerator
lattice. The parameters of the model have been fixed to the nominal values

TABLE 3.7.
QUENCH PROTECTION RESULTS OF THE HL-LHC

HO CORRECTOR MAGNETS FINAL DESIGN

Magnet N Poles Nominal Current Ultimate Current

Tmax

[K]
V max

g nd

[V]
Tmax

[K]
V max

g nd

[V]

MQSXF 4 101 232 116* 355*
MCSXF 6 110 49 122 63
MCOXF 8 109 51 121 73
MCDXF 10 88 21 99 33
MCTXF 12 98 101 112 145
MCTSXF 12 93 27 98 33
Notes:(*) Even if the results at nominal current are used for the evaluation of
the magnet safety, the results at the ultimate current, have been obtained with
the same nominal conservative configuration of RRR=100 and high packing
factor of the strands in the coil cross section. From experimental data analysis,
the measured value of the RRR is higher than 200 which results in values of
the maximum voltage lower than the acceptable limits.

to evaluate the expected averaged performances of all the magnets that will
be produced. The values of the maximum hot spot temperature and the max-
imum voltage to the ground are reported in Table 3.7. All the magnets’ final
maximum temperatures, obtained in the adiabatic approximation, are around
a safe value of 100 K, compared to the maximum allowed value of 250 K, as-
suring no damages of the coils during a quench event. The maximum voltage
to ground, at nominal current, reached by the HO corrector magnets has been
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Figure 3.17: Comparison of the experimental and simulated data of the dodecapole
MCTXFP1 magnet discharge during a quench event. The behavior of the power supply
total voltage (left) is reproduced very well by the simulations with the STEAM frame-
work (red dashed line) compared to the standalone QLASA simulation (black dashed
line). The current discharge (right) is instead reproduce well from both the two types of
simulations.
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Figure 3.18: Comparison of the experimental and simulated data of the dodecapole MC-
TXFP1 magnet discharge during a quench event. The behavior of the inductive voltage
(left) and the quenched coil voltage (right) is reproduced very well by the simulations
with the STEAM framework (red dashed line) compared to the standalone QLASA simu-
lated data (black dashed line).
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Figure 3.19: Simulation of the skew quadrupole MQSXF maximum voltage to ground
compared to the voltage between the two current leads during a quench event at nominal
operation current (left). The maximum hot spot temperature and the current discharge
during the same quench event are reported as function of time from quench detection
(right).

obtained for the skew quadrupole and is equal to 232 V. However, the max-
imum voltage inside the magnet is reached between the ends of the magnet
and is equal to 261 V, see Fig. 3.19. This difference has been possible due to
the balance of the grounding point which has been fixed in the middle of the
external dumping resistance.

3.5 CONCLUSIONS

In this chapter, the study of the quench protection of the High Order super-
conducting corrector magnets has been presented. A brief introduction to su-
perconductivity and quench propagation inside superconducting material is
reported to introduce fundamentals parameters like the critical temperature
or the critical current which are mandatory to explain the performances of a
superconducting coil in case of a quench event. The principal methods to pro-
tect a magnet from damage during a quench development are presented and
discussed focusing on the performance of the maximum temperature reached
by the superconducting coil. The material properties used to model, both the
prototypes and final design of the HO corrector magnets have are reported to-
gether with the description of the two different quench detection systems that
are already used at LASA and that will be implemented during the installation
at CERN for the protection of the magnets. A first quench protection study has
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been performed on the prototype design of the magnets using the QLASA soft-
ware and calculating the electromagnetic parameters of the magnets, like the
differential inductance, the magnetic field map, and the total electromagnetic
energy, from 3D FEM simulations performed with OPERA. Both the thermal
and electromagnetic models of the superconducting magnets have been vali-
dated reproducing provoked experimental quench events in the first built pro-
totypes of the decapole and normal dodecapole magnets. The result of the sim-
ulations, performed at the ultimate current to evaluate the maximum hot spot
temperature and the maximum voltage reached during the magnet discharge,
satisfies all the CERN requirements for the protection. The maximum tempera-
ture obtained from the simulations is below the allowed limit of 250 K and the
maximum voltage is well below the limit of 300 V imposed to avoid shorts in
the magnet. To overcome the main limitations of the QLASA software, which
approximation of the magnet differential inductance variation as a function of
the current is not enough to model the behavior of the magnet during a quench
event, the calculation of this parameter has been externalized simulating the
equivalent magnet circuit in LTSpice. The two simulation softwares have been
linked together in a co-simulation using the STEAM framework developed at
CERN to assure the stability of the simulation and manage the feedback of one
software to the other. The differential inductance, given in LTSpice as an input
parameter has been calculated with OPERA 3D simulations. The differential in-
ductance has been also compared with data obtained from real measurements
of the inductive voltage of the dodecapole MCTXF prototype coils both during
quench events and during the slow ramp up and ramp down of the energizing
test of the magnet. The comparison of the data with the simulated curve shows
a very good agreement with some little differences in the value of the differ-
ential inductance at low current values, probably due to different magnetic
properties of the iron used in the simulation from the real one adopted for the
construction. The co-simulation between QLASA and LTSpice has been vali-
dated on measured data of the quench events of the prototype of the normal
configuration. The co-simulations have been performed for all the High Order
corrector magnets series configuration and the results have been reported. All
the magnets satisfy the quench protection requirements to be protected during
the operation in the LHC lattice.
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CHAPTER 4

QUENCH LOCALIZATION THROUGH

MAGNETIC MEASUREMENTS

4.1 INTRODUCTION

In this chapter, a novel type of superconducting magnet quench localization
study has been carried on based on the measurement of the magnetic field
produced immediately after a magnet discharge, due to the quench develop-
ment and propagation. Thanks to this newly developed method we can locate
the position of the quenched coil inside an n-order magnet by analyzing the in-
fluence of the superconducting coil magnetization on the magnetic field quality
in the bore area. The problem of the quench localization inside superconduct-
ing magnets has become, in the last few years, one of the main aspects that
have to be solved for the construction of a superconducting magnet. Many
different measurement methods have been developed, in the last 30 years to
evaluate the position and precisely determine the starting time of a quench
event in a superconducting coil. The basic method to evaluate the position
of the quench event in a superconducting magnet is the use of voltage taps
connected to different points of the coils. By performing a differential mea-
surement on the signals of identical superconducting coils, the main resistive
voltage can be isolated and the corresponding quenched coil can be pointed
out. However, the spatial resolution of this method is fixed with the position
of each single voltage taps and the differential measurement signal has of-
ten to be compensated to account for possible intrinsic differences in the coil
geometries and performances. During the prototype development phase of a
superconducting magnet, the number of voltage taps instrumented on a sin-
gle superconducting coil is as high as possible to allow detailed analysis of the
quench development inside the material. For the construction and test of se-
ries magnets this approach is not suitable and other methods, to identify the
location of the quench inside superconducting coils, have been developed. The
number of voltage taps required for the quench protection system, during the
energizing tests and final operation of the High Order corrector series mag-
nets, has been fixed to 3 (2 at the ends of the magnet and one in the middle)
to have the total voltage and the signals of every single half of the magnet.
The reduction of the number of voltage taps has not affected the possibility to
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detect the quench development in the magnet through the differential analy-
sis of the two magnet halves signals. However, it can no longer be detected
which coil has quenched inside the magnet. One of the most sensitive methods
for the quench detection and localization inside superconducting magnets is
the use of "Quench Antenna". This particular device is composed of different
pickup coils optimized to evaluate and detect any field perturbation inside the
bore of a magnet. The quench antenna is principally used to detect the per-
turbation generated by current redistribution inside the superconducting cable
of the coil. Analyzing the variation of the signal induced on the quench an-
tenna with high-frequency sampling rates, the detection and the localization
of the quench front propagation is possible. The main problem that has to
be solved in quench antenna is the suppression of the noise of the signal in-
duced in the pickup coils which can be created by external sources of error,
like ripples in the magnet power supply. To compensate for the source of er-
rors and improve the accuracy of the measurements, usually, a combination of
different pickup coil is used. Usually, the configuration of the different pickup
coils, used mainly to study superconducting dipoles and quadrupoles, has a
higher order of rotational symmetry compared to the magnet order to not be
affected by the fluctuations of the magnet current. To restore the possibility of
quench localization inside the HL-LHC High order corrector magnet series, the
development of a dedicated quench antenna is not suitable. The different or-
ders of the produced magnets, from 2 to 6, would require the development of
dedicated designs of quench antennas with optimized and very high rotational
symmetry orders, losing efficiency and increasing the complexity of the device.
The here proposed solution to this problem involves the same magnetic field
measurement system used for the characterization of the magnetic field quality
which has been already presented in Chapter 2 and specifically developed for
the HO corrector magnets.

4.1.1 CHAPTER STRUCTURE

The first experimental evidence of the superconducting magnetization influ-
ence, of the not quenched coils in the magnet, has been observed in the shape
of the residual magnetic field sampled by the rotating coil in the magnet. We
observed that the shape of the residual magnetic field, as a function of the ro-
tation angle and produced at zero current, is different if the magnet is brought
to rest with a slow ramp down or a quench event provokes the magnet fast
discharge. This difference is caused by the superconducting not quenched coil
magnetization which becomes the main contribution to the residual magnetic
field at the magnet rest. Only the quenched coil in the magnet has no residual
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magnetization and therefore introduces an asymmetry of the produced resid-
ual magnetic field in the magnet bore. From the analysis of the residual mag-
netic field shape, we can identify the quenched coil inside the magnet. Firstly,
to reproduce the experimental residual magnetic field sampled by the rotating
coil system after a quench event, an analytical model has been developed based
on the calculation of the coil magnetization. This model is used to evaluate if
the difference between the residual magnetic field obtained after a quench
event and after a slow ramp-down to zero current is due to a single quenched
coil or not. Secondly, a FEM 2D model has been used to evaluate how the coil
magnetization contribution in the residual magnetic field is affected by the iron
lamination permeability. The simulated residual flux has a shape close to the
experimental data obtained after a quench event. However, to fit the amplitude
of the measured signal, the iron contribution of the model needs to be scaled
giving evidence that its contribution depends on the current discharge rate.
This particular behavior of the iron residual magnetization has not been found
specifically in literature, see [39], and only the losses induced in the material
are always studied as a function of the current discharge rate, [40]. To verify
this behavior and reproduce the experimental signals, an analysis of the iron
magnetic properties has been performed finding two different configurations
of the model whose results are in agreement with the data after a quench event
and after a slow ramp down to zero current. Even if the obtained results have
been very promising, an improved analysis method to immediately identify the
quenched coil inside the magnet has been developed, see Sect. 4.5, based on
the harmonics of the residual magnetic field flux sampled by the rotating coil.
In this second developed method, the non-allowed harmonics are measured
and compared with simulated values as a direct effect of the quenched coil
inside the magnet. Analyzing the phase of the non-allowed harmonics and
combining the different orders created, the position of the quenched coil can
be resumed and its portion in the corresponding half of the magnet can be
compared with the QDS detection system voltages. The comparison on differ-
ent quench events that occurred in the first tested HO corrector series magnets
is reported observing that the new method is very accurate and can increase
the diagnostic of the test station system developed at LASA.

4.2 EXPERIMENTAL DATA

The first hint of the possibility to detect the superconductor magnetization
effect in the residual field after a quench event has been observed with the
magnetic characterization of the quadrupole MQSXFP1b assembly performed
at LASA in the vertical cryostat. During the magnetic field quality analysis
of the magnet, the residual magnetic field produced at zero current has been
sampled and analyzed with the temporary rotating coil. In particular, the main
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observed anomaly in the acquired data has been obtained by the comparison
between the magnetic field produced at rest during the powering cycle and
the residual magnetic field after a magnet fast discharge due to the quench
development. The main experimental data which has been investigated is the
incremental magnetic field flux produced at the external radius of the PCB coils
shaft during the rotation. The incremental field flux is retrieved by measuring
the induced voltage on the external coil (coil-A) of the shaft which is then
sampled in Ni ndex =512 steps/turn by the motor unit encoder board. The
sampling process can be written as follows:

∆Φi =
∫ ti+d t

ti

−V d t =
∫ ti+d t

ti

dΦ

d t
d t (4.1)

Each of the indexed flux differences is calculated in a fixed time step which
can be converted to a fixed angular step using a constant angular velocity in
the shaft rotation, which in our case is equal to 1 Hz. We can rewrite the
Eq. 4.1 as:

∆Φi =
∫ ti+d t

ti

dΦ

dφ

dφ

d t
=

∫ φi+dφ

φi

dΦ

dφ
dφ (4.2)

Using the definition of the magnetic field flux and considering that the
rotating shaft can only sample the azimuthal flux produced in the magnet bore
we can describe the flux as:

Φ=
∫ R2

R1

∫
L

Bφdr dl Ntur n (4.3)

where L is the length of the rectangular coil invested by the magnetic field,
R1 =37 mm and R2 =47 mm the positions respect the rotating axis of the ex-
ternal coil sides and Ntur n the turn number of the coil placed at the average
radius Rav =42 mm. We can substitute the Eq. 4.3 into the integration and
use the solenoidal behavior of the magnetic vector field to modify the angular
derivative of the tangential magnetic field component.

∆Φi =
∫ φi+dφ

φi

∫ R2

R1

∫
L

dBφ

dφ
dr dl Ntur ndφ (4.4)

Using ∇·B = 0 → d(r Br )

dr
+ d(Bφ)

dφ
+ d(Bz )

d z

Considering that the integration along the rotational axis is performed over
the whole magnet length and the symmetry of the magnetic field compared to
the xy plane, we can cancel the z-derivative and consider only the radial and
tangential component obtaining the following equation:
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∆Φi =
∫ φi+dφ

φi

∫ R2

R1

∫
L
−d(r Br )

dr
dr dl Ntur ndφ (4.5)

Solving the integration along the radial direction of the magnet we obtain:

∆Φi =
∫ φi+dφ

φi

∫
L

(R1Br (R1)−R2Br (R2))dl Ntur ndφ (4.6)

The integration of the radial component of the magnetic field is performed
over all the coil length LCoi l but the geometric length of the magnet, equal
to 540.4 mm, is less than the real shaft coil length and the magnetic field
decreases towards the end of the magnet. Therefore, to compare the 3D mea-
sured flux with the 2D FEM simulations we can use the definition of the mag-
netic length and rewrite the Eq. 4.6 with the radial magnetic field calculated in
the magnet cross-section, which is assumed constant compared to the z-axis,
multiplied by the magnetic length Lmag n .

∆Φi =
∫ φi+dφ

φi

(R1Br (R1)−R2Br (R2))Lmag n Ntur ndφ (4.7)

The length of the angular step can be calculated as ∆φ = 2π/Ni ndex . As-
suming a linear approximation with the angle of the integral argument in each
angular step, we can use the trapezoidal integration method and obtain the
flux difference as:

∆Φi = (R1Bri (R1)−R2Bri (R2))Lmag n Ntur n∆φ (4.8)

Where each Bri is calculated at the averaged angle of each i-indexed angu-
lar step. The calibrated parameters of the shaft are the radial position of each
coil side and the effective area of each coil of the PCB which are linked to the
number of turn of the coil by the following equation:

Ae f f = Lcoi l Ntur n∆R (4.9)

Using the Eq. 4.9 we can define the final incremental field flux equation as
a function of the calibrated parameters of the coil and simulated values of the
magnetic field.

∆Φi = (R1Bri (R1)−R2Bri (R2))
Lmag n

Lcoi l

Ae f f

∆R
∆φ (4.10)

The comparison between the measured incremental field flux, obtained af-
ter a quench event, and the one obtained at zero current at the end of different
powering pathways of the magnet is reported in Fig. 4.1. All these signals have
to be filtered accounting for the presence of the residual earth dipole magnetic
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Figure 4.1: Measured signals obtained by the external PCB on the coil shaft at different
conditions during the quadrupole prototype powering test. On the x-axis, we reported
the angular index of the Motor Control Unit (MCU) used to divide 360° rotation along
the rotational axis of the magnet.

field, measured in the portion of the shaft outside the magnet, and a possible
centering error of the measuring PCB shaft in the prototype magnetic axis.
These two contributions have been calculated by subtracting the residual in-
cremental magnet flux produced at zero current at the two opposite points of
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Figure 4.2: The filtered signals have been obtained after the evaluation of the earth
dipole contribution to the measured flux of the PCB shaft. All the measured signals,
except for the one, measured after magnet quench, show a quadrupole symmetry.
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the magnetic measurement powering cycle. The field produced by the mag-
net in the two cases changes its sign but all other contributions remain equal.
The calculated filtered signals are reported in Fig. 4.2. The residual magnetic
field has been evaluated, first of all, before the magnet cool-down in the fourth
run of the MQXFP1b test session and this signal has been also compared with
the residual magnetic field produced at 4.2 K. No evidence of field enhance-
ment is seen in the comparison between these two conditions suggesting that
thermal contractions of the iron do not affect the intensity of the residual mag-
netic field in the bore. The measure taken before the magnet powering has
been compared to the amount of flux produced after the slow ramp-up from
-Iul t to zero during the magnetic measurement cycle. Both these signals have
been reflected in the y-direction to be compared with the signal taken after the
ramp-down from the positive current. The incremental flux measured after the
slow ramp is slightly higher than the first measurement before powering and
the difference has been considered as the effect of the combination of the iron
magnetization, during the slow ramp, and the residual superconducting wire
magnetization contribution. In the analysis, the incremental flux produced af-
ter a quench transition of the magnet, the red dotted line in Fig. 4.2, has been
also compared to the flux produced at zero current after the slow ramp down
during the magnetic measurement cycle. These two signals have completely
different shapes and the amplitude of the first one is less than half of the second
one. Possible explanations of this difference have to be found in the hysteresis
magnetization process of the iron and the residual superconductor magneti-
zation of the non-quenched coils. Thanks to additional measurements of the
relative positioning of the shaft in the magnet system frame, we managed to
identify the quenched coil position and calculate the initial angular position
of the shaft in the magnet reference frame. The amplitude difference, visible
between the different signals, has been studied trying to reproduce the mag-
netization contribution of the superconducting material and evaluate how the
shape of the residual incremental magnetic field flux is affected by the quench
of one of the coils.

4.3 SUPERCONDUCTING COIL MAGNETIZATION CONTRIBUTION

4.3.1 ANALYTICAL MODEL

As the first step, we tried to reproduce analytically this type of contribution,
to study its behavior and the compatibility with the measurements previously
described. As a first approximation, the superconducting magnetization con-
tributions of every single coil have been described by two equivalent magnetic
dipoles, one for each coil side in the cross-section of the magnet. We assigned
the direction of this dipolar magnetization according to the one of the average
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magnetic field induction produced on the whole coil area at low current. The
superconductor strand magnetization is calculated considering the scalar Bean
model [41] based on the following equation:

M = 2

3π
Jc d f λλc or equivalent M = 2

3π
Jc Dw

λ3/2√
N f

λc (4.11)

where Jc is the critical current density, d f the wire filament diameter, λ is
the superconductor to strand volume ratio, λc the ratio between the area of all
strands and the whole coil area, N f the number of filaments in the strands and
Dw the wire diameter. The critical current density has been fitted on measured
data using the Kim-Anderson model [42], [43] described by the equation:

Jc (B) = J0B0

B +B0
+ A0 + A1 ·B (4.12)

The parameters of the model, used in all the simulations presented in this
report and which better describe the experimental data measured on a NbTi
wire sample, can be found in Table 4.1. This magnetization value, with its

TABLE 4.1.
KIM-ANDERSON MODEL PARAMETERS

Parameter J0 B0 A0 A1

Unit A/mm2 T A/mm2 A/Tmm2

Value 2.92E+04 0.1203 5.97E+03 -7.0E+02

dependence on the magnetic field B, has been integrated into the coil area and
scaled to take into account the presence of insulation. The averaged magneti-
zation value is then used to calculate the module of the equivalent dipole used
to describe each coil side in the model. To reproduce the residual measured
incremental flux after the positive powering, we considered the experimen-
tal signal obtained before the powering (i.e. the iron contribution only), the
blue line in Fig. 4.3, and added the analytically calculated magnetized coils
contribution.

Comparing the result with the measured signal, we can observe that the
obtained amplitude of the analytical simulation is lower than the experimental
curve obtained after the magnet energization. Indeed, the orientation of the
magnetized dipoles along the quadrupolar magnetic field lines produces an
overall negative contribution to the residual field which is opposed to the iron
residual magnetization field flux. In the other different situation, to reproduce
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Figure 4.3: Comparison between the measured signal of the incremental field flux af-
ter the ramp down at zero current with the analytical reconstruction of the supposed
incremental flux produced by the superconducting magnetized coils.
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Figure 4.4: Comparison between the measured signal of incremental flux after the
magnet fast discharge, due to the quench development, and the analytical reconstruction
of the supposed incremental flux. The additional analytically reconstructed shape with
the reduced scale factor has a lower amplitude than the first analytically simulated one
and is more compatible with the measured data.

the measured data after the quench, we always considered as a starting point
the measured flux before powering (dominated by the iron contribution) and
neglected the magnetization of the first coil, adding to it only the contributions
of the remaining three coils. The signal obtained is compared, see Fig. 4.4, with
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the measured data after the quench event. Also, in this case, we observe that
the magnetic incremental flux produced by the iron is reduced because we add
the contribution of the magnetized coils: however, the strength of the magneti-
zation is not enough to reach the level of the measured signal after the quench.
We performed different attempts, in which the magnetization strength of the
superconducting coils has been amplified by scale factors, but the amplitude of
the residual incremental flux remained in disagreement with the experimental
incremental flux obtained after the quench. Therefore, considering also the
case after the positive powering, we tried to change the strength of the resid-
ual incremental flux produced by the iron applying a 30% scale factor to the
measured signal before the powering. The new shape analytically calculated
with this scale factor is reported in Fig. 4.4 and compared with the previous
one. The amplitude of the calculated signal is more compatible than the pre-
vious one with the measured data but the shape of the two functions remains
different. Because the effect of the iron permeability on the flux produced by
the magnetized superconducting coil is not taken into account in this analyt-
ical analysis (the contribution of the magnetic coil dipoles is simply added to
the problem but we know that the iron contribution may vary), we decided to
simulate it using a 2D FEM model of the MQXFP1b magnet.

4.3.2 FEM MODEL

Focusing on the iron residual magnetization, to study the large differences be-
tween the analytically calculated residual incremental flux and the measured
one after the positive powering of the magnet, we supposed that the resid-
ual magnetic incremental flux produced only by the iron is not equal if the
transition from nominal current to zero is made up by a slow ramp down or
by a fast discharge during the quench event. First of all, we decided to re-
produce different levels of iron residual incremental flux using Opera2D FEM
simulations instead of reusing the measured iron magnetization signal and
add to it the superconducting coil magnetization. Starting from the classical
cross-section configuration of the MQSXFP1b prototype, see Fig. 4.5 on the
left, we replaced the superconducting coils (which in our analysis have zero
current) with the cross-section of two closed loops, one perpendicular to the
other and centered, which can be tuned to set the direction and strength of
the equivalent dipole and describe the superconducting coil magnetization.
The direction of the dipoles has been set according to the average magnetic
field strength over the superconducting coil cross-section at low values of the
operating current. Initially, to reproduce the iron contribution for the residual
magnetization, a small current was set in MQSXFP1b FEM simulation to obtain
the same amount of magnetic field incremental flux inside the magnet bore,
as calculated according to Eq. 4.10 as the one measured by the rotating shaft
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Figure 4.5: Representation of the MQSXFP1b 2D Model used in Opera for the evaluation
of the magnetization effect on the residual incremental flux produced at zero current.

before the magnet energization. Finally, to reconstruct the measured magnetic
field incremental flux produced after the fast discharge, the same technique of
the analytically simulated model has been used. Consequently, the simulated
incremental flux is made up of two parts: the magnetic field incremental flux
produced by the magnetization dipoles simulated in the 2D FEM analysis, now
with the non-linear effect of the iron permeability on it, and the experimental
residual incremental flux produced before the magnet energization. Also for
this approach, it turned out that the second contribution, used to describe the
residual iron magnetization after the fast discharge, needs to be multiplied by
a scaling factor equal to 0.3 to reach the same amplitude of the measured one
after the quench. This scaling factor suggests, that the real contribution after
the fast discharge is much lower than the one measured after the slow ramp
at zero current or before the magnet powering and that a hysteretic behavior
of the iron lamination has to be taken into account in the analysis. However,
as we expected, all the iron hysteretic models in the literature, see for exam-
ple [39], predict that the hysteretic loop width is proportional to the current
decay rate which is in contrast with the observed behavior of the residual mag-
netic field produced. Only a few anomalous behaviors, in agreement with our
observed one, have been found in literature, [40], and are strongly dependent
on the properties of the material studied. The positioning and the dimensions
of the magnetization dipoles, used to describe the superconducting coil behav-
ior inside the model, have been translated and rotated to study the effect on
the produced residual magnetic field incremental flux. However, the obtained
results show that the dimension of the equivalent dipole coil does not affect
the shape or intensity of the simulated incremental flux. Instead, changing the
position of the dipole center introduces different rotational harmonics in the
produced magnetic incremental flux, which however is not very significant to
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improve the adherence with experimental data. An important parameter in
the 2D FEM simulations resulted to be the magnetic permeability of the iron
lamination. The BH curve used to model the performance of the magnet for
all its load lines, presents, at low values of magnetic field strength, a con-
stant magnetic permeability equal to µr = 3939 due to a linear extrapolation
from the lowest point available in the BH table. However, real experimental
data obtained from the first magnetization curve of tested ARMCO Pure Iron
lamination for the HL-LHC upgrade project, as reported in [44], demonstrate
that the magnetic permeability shows a narrow peak around 1700 for mag-
netic field strength of 300 A/m and may decrease to the unit for lower values.
Also, using the raw values reported in [45], we compared the behavior of the
BH curves used for the simulations with the ones obtained experimentally, see
Fig. 4.6 and Fig. 4.7. Due to the absence of sampled data for very low mag-
netic field strength, which is the regime we expect for the characterization of
the iron at zero current, we can suppose that the real value of the iron relative
permeability at the very low field may vary considerably in a probable range
between 1 and 300. Consequently, we decided to evaluate the sensitivity
of the simulations considering different magnitudes of the relative permeabil-
ity at zero current, starting from a minimum value of 1, kept constant in the
simulation. Using again the magnetic incremental flux measured before the

101 102 103 104 105
0

1

2

3

4

5

6
·103

H[A/m]

R
el

at
iv

e
Pe

rm
ea

bi
lit

y
µ

r

SampleA
SampleB
SampleC
SampleD
SampleE
OPERABH
ROXIEBH
Wlodarski Fit
NonLinear
Curve

Figure 4.6: Comparison between the measured BH curves of ARMCO Iron samples taken
from the furniture for the HL-LHC upgrade project and the BH curves used in the 2D FEM
model to describe the MQSXFP1b iron properties.
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Figure 4.7: Comparison between the measured BH curves of ARMCO Iron samples and
BH curve used as input for FEM modeling. The comparison is performed on the relative
permeability value, obtained from the BH curves, in which the behavior at low values of
the magnetic field strength H [A/m] is visible.

powering, scaled with the 0.3 factor, we added the contribution of the super-
conducting magnetization obtained from simulations with the different levels
of magnetic permeability, to obtain the simulated residual magnetic incremen-
tal flux after the quench development. In the used model again the quench
development has been considered limited to one superconducting coil which
at the end of the magnet discharge results completely demagnetized. The re-
sults of the obtained simulations are reported in Fig. 4.8 and compared to the
measured incremental flux. From the comparison, we can observe that the
measured incremental flux after the fast discharge is compatible with a sin-
gle quenched coil inside the magnet. This result is also in agreement with the
measured voltages signals taken at the ends of each magnet coil for the quench
protection system which always show a resistance development limited to one
single superconducting coil, see Chapter 3. The calculated data, using low val-
ues of relative magnetic permeability, show a smaller amplitude of magnetic
flux compared to the experimental curve but for values higher than 125, the
amplitude starts to saturate and only small variations in the curve shape are
visible. To increase the accuracy of the simulations, we created two different
iron BH curves, using the experimental data and the Wlodarski Fit obtained
in [45] and [44]. Simulations performed with the non-linear BH curve re-
trieved have the same amplitude as the curves obtained from simulations in
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Figure 4.8: The simulated residual magnetic incremental flux, obtained with a different
constant relative permeability of iron, is compared to the experimental curve obtained
after the quench propagation and magnet discharge. The comparison shows the compat-
ibility of the simulation considering the quenched coil at an angle of 135° in the magnetic
measurement system frame.

which a high constant relative permeability value has been considered. Ex-
perimental data is compatible with the results, see Fig. 4.9, obtained from the
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Figure 4.9: The simulated residual magnetic incremental flux, obtained using the new
BH non-linear curve, is reported and compared with the measured signal after the quench
development and magnet discharge. The difference between the two BH curves is the
value of the permeability at low magnetic field strength.
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simulations but the shape of the measured flux at the angular position op-
posite of the quenched coil (high values of angle from the zero position) is
more flat compared to the one obtained from Opera2D. Additional simulations
have been performed keeping the new BH curve to evaluate the influence of
the superconducting magnetization on the calculated flux shape. Curves ob-
tained from different simulations, performed by applying a scaling factor to
the amplitude of the superconducting magnetization, are reported in Fig. 4.10.
The value of M0 is used for the superconducting magnetization obtained from
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Figure 4.10: Different simulations of the residual magnetic incremental flux obtained
using a non-linear BH curve and scale factors applied to the average magnetization level
of the superconducting coil to evaluate the possible effect in the shape of the incremental
flux. The simulation is then compared with the measured signal after the quench devel-
opment and magnet discharge but no general improvement has been obtained from the
single simulations with the non-linear BH curve.

Eq. 4.12 with the Jc fit obtained by the Anderson curve whose parameters are
reported in Table 4.1. We can observe that the amplitude of the flux calculated
at angles around 135° increases with higher values of magnetization and the
shape of the peak becomes sharper. With the scaling of the averaged magne-
tization, higher-order of harmonics and oscillations appear in the calculated
incremental flux spectrum which is not compatible with the measured curve.
Also, the flat shape obtained in the measured curve for high angles cannot be
reproduced obtaining a sharper and lower amplitude peak for higher values
of magnetization. Considering the two different entities, the superconducting
magnetization and the experimental incremental flux, measured before the
magnet powering, which combine to form the reported calculated flux curves,
we decided to improve the description of the second contribution searching for
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a possible explanation of the 0.3 scaling factor used previously for the model-
ing of the iron residual magnetization behavior.

4.4 RESIDUAL IRON MAGNETIZATION CONTRIBUTION

During the magnetic measurements of the MQSXFP1b, a residual quadrupolar
magnetic field at zero current has been observed in the measured data. From
the analysis of the two rest conditions described in the previous section, the
first one obtained from a fast discharge due to a quench event and the second
obtained at the end of a slow ramp-down of the magnet, the residual magnetic
field of the iron seems to vary with the decay rate of magnet current from the
operating value. We tried to reproduce the iron residual magnetization setting
a permanent magnet in the 2D simulation already described. Considering a
closed magnetic flux loop around two cross-sections of near coils and impos-
ing the conservation of the magnetic flux we can calculate the load line of the
permanent magnet fixing its height and width. We considered different per-
manent magnet configurations, see Fig. 4.11, and evaluated the shape of the
flux produced in the magnet bore with zero current flow in the superconduct-
ing coils. The best configuration obtained has been created with 4 identical
slabs in the cross-section of the iron poles whose direction of magnetization
resembles the lines of a quadrupole magnetic vector field and the 4 iron yoke
return path which have been converted to the permanent magnet material,
see Fig. 4.11 cross-section on the right. By fixing the height and width of the
magnetized slabs, we considered different BH curves to fit the magnetic flux
measured before the magnet power. These curves have been produced using
the Wlodarski equation for magnetization hysteresis loops [46] with the same
parameters used in [44] for the fitting of the first BH magnetization curve.

Figure 4.11: Different configurations used to model the residual iron magnetization.
Parameters of the different permanent magnet configurations are tuned to replicate the
magnetic flux measured before the magnet energization. Light green is used to highlight
the position of the permanent magnets used in the simulation while dark green is used
to describe the iron lamination of the magnet.
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The only free parameter, used to change the BH curve of the hysteresis loop,
is the coercive magnetic field strength Hc , see Fig. 4.12. The superconducting
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Figure 4.12: Hysteretic BH curves obtained from the Wlodarski fit of the first magneti-
zation curve and upgraded to the hysteretic model, see [46]. The values of the coercive
field Hc [A/m] used for each curve are reported in the legend.

coils have again been replaced by the equivalent dipoles in the 2D FEM sim-
ulations to reproduce also the superconducting coil magnetization effect. We
considered the same configurations used in the previous analysis to reproduce
both the measured flux produced before magnet powering and after the slow
ramp-down using an Hc=800 A/m. The results of the simulations are re-
ported in Fig. 4.13. We can observe that having tuned the coercive field of the
magnetized slabs to reproduce the measured flux before the magnet power,
the added contribution of the superconducting magnetization, dashed line in
Fig. 4.13, does not reproduce the measured curve after the slow ramp rate at
zero current which amplitude is higher than the simulated one. The following
simulations, in which the magnetization of the superconducting coils has been
increased by different scaling factors, see Fig. 4.14, have not shown further
improvement suggesting that the disagreement between simulation data and
measured one, as already seen in the analytical model of Section Sect. 4.3, has
to be due to iron residual magnetization level. Indeed, using the same BH
curve for the magnetized slabs and adding the superconducting magnetization
to reproduce the quenched configuration, the amplitude of the incremental
flux increases instead of scaling down to the same level as the measured one
after the fast discharge. Focusing on the quenched configuration, we firstly
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Figure 4.13: Calculated incremental flux by complete 2D FEM simulations compared to
the flux measured after the magnet slow ramp-down from the positive current state and
before the magnet powering.
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Figure 4.14: Calculated flux by complete 2D FEM simulations compared to the flux
measured after the magnet fast discharge due to the quench protection system. The
quenched coil is highlighted and different levels of superconducting magnetization are
exploited.
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Figure 4.15: Comparison between simulated flux curves for different values of the coer-
cive magnetic field strength and the measured signal obtained after quench development
in the magnet.

performed a sensitivity analysis of the calculated incremental flux taking the
coercive magnetic field strength Hc as a free parameter that has to be differ-
ent from the one used for the not quenched configuration. In Fig. 4.15 we
reported different values of Hc used to evaluate the best configuration of the
quenched signal. We can observe that the best Hc value that fits the experi-
mental data is equal to 220 A/m. This value for Hc has to be compared to the
value Hc =800 A/m used to reproduce the experimental data measured at zero
current before the magnet energization. The amplitude of the simulated signal
is in good agreement with the data but remains some differences in the shape
of the curve as a function of the rotation angle around the magnet symmetry
rotational axis. The different values of the coercive field strength for the resid-
ual magnetic field after a quench event and after a slow ramp down to zero
current is in agreement with the approximation done in the previous model
where we scaled the iron magnetization contribution confirming the anoma-
lous behavior observed by the iron material. An additional sensitivity analysis
has been performed to evaluate the combination of three different parameters
of the simulations: the value of Hc in the hysteretic curve, the value of the an-
gle of the magnetization vector of the not quenched coil cross-section, and the
magnitude of the averaged cross-section studied with different scaling factors.
The results of the analysis are reported in the 3D surfaces of Fig. 4.16. The
different surfaces have been obtained for different values of the scaling factor
of the averaged coil superconductor magnetization. The wider variety of the
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Figure 4.16: Surfaces of the calculated deviation from the experimental data of the
simulation results obtained from the sensitivity analysis. The free parameters used in
this analysis are the coercive field of the hysteretic loop curve, the superconducting coil
magnetization angle, and the averaged magnetization amplitude.
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simulated residual incremental flux has been obtained changing the value of
the magnetization orientation of the not quenched superconducting coil sug-
gesting that the parameters used in the simulation can be tuned to achieve
compatibility with the experimental data. The sensitivity to this particular pa-
rameter is also a direct consequence of the dipolar approximation of the total
averaged magnetization of the whole superconducting coil area which in re-
ality is not uniform. To further improve the accuracy of the simulations, the
direction of the equivalent dipoles in the 2D magnet cross-section has been
set as a free parameter which however has to be compatible with the main
direction of the magnetic field on the coil cross-section area. The simulations
have been improved considering a possible asymmetric rotation of the dipoles,
whose directions have been previously kept fixed according to the quadrupolar
magnetic field induced on the superconductor area and symmetric for all the
not quenched coils. The rotation angle α has been always defined from the
x-axis of the 2D magnet cross-section to the direction of the equivalent dipolar
magnetization of the first not quenched superconducting coil in the reference
frame of the magnet. To create an asymmetric configuration of the direction
of the magnetization in the different not quenched superconducting coils, we

Figure 4.17: Sketch of the angle between the two different types of averaged magne-
tization on the cross-section of the superconducting coil on the right and the x-axis of
the MQSXFP1b assembly. The colormap used in this picture represents the value of the
magnetic field produced by the magnet at the nominal current of 174 A.
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Figure 4.18: Evaluation of the residual magnetic flux with an asymmetric rotated
dipoles configuration. The experimental data have been also compared to simulations
with different levels of amplified superconducting magnetization.

firstly rotated the dipoles nearest to the quenched coil, the one highlighted in
Fig. 4.17 and its symmetrical in the x-axis direction, by an α angle, and then
rotated the other remaining 4 dipoles by a β angle. The best configuration ob-
tained from the rotation of the dipoles has been reported in Fig. 4.18 and has
been obtained with α=120° and β=225°. Considering that in the symmetrical
configuration α=115° and β=245°, the upper dipoles in the 2D cross-section
have been rotated in the anti-clockwise direction while the lower dipoles in the
clockwise direction smoothing the residual magnetic flux signal for high values
of the angular position. This variation has been considered realistic to explain
the results of measured data because of the mutual interaction between ev-
ery single magnetization of the not quenched coil which is rearranged in an
asymmetric configuration if a quench event happens in the magnet. From the
comparison between Fig. 4.15 and Fig. 4.18 we can see that both the ampli-
tude and the shape of the simulated signal are now in agreement with the
experimental data only in the asymmetric configuration of the dipole orienta-
tion. Here, in Fig. 4.19, we reported the comparison between experimental
data and the best configurations obtained from the 2D FEM simulation of the
residual magnetic field flux.
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Figure 4.19: Evaluation of the residual magnetic flux with an asymmetric rotated
dipoles configuration and Hc=200 A/m for the reproduction of the experimental
quenched one and the symmetric permanent magnet simulation, with Hc=800 A/m
for the comparison with the residual flux obtained before magnet powering.

4.5 HARMONIC MODEL

In the previous section we have shown that, from the comparison of the resid-
ual magnetic incremental flux, obtained in the first case after a quench event
in the magnet and the second case after a slow ramp down to rest, the local-
ization of the quenched coil in the magnet can be reconstructed using an ana-
lytical and a FEM model of the not quenched coil magnetization effect on the
shape of the magnetic field produced. However, this method cannot be further
adopted for the analysis of quench events in magnets with higher multipole
numbers. The number of the coils is directly proportional with the magnet
order of rotational symmetry and the different quenched configurations that
would have to be analyzed will increase in complexity limiting the accuracy
of the study. To extend the model presented previously and understand the
variation of the expected results with different magnet orders, we developed
a 2D harmonic analysis of the residual incremental field flux produced by a
quenched configuration of the coil inside the magnet. Considering a generic
2m-order magnet design we can evaluate the harmonic coefficients of all the
not quenched coils of the magnet starting from the magnetic field produced by
the single magnetization of a superconducting coil cross-section area located
in the complex position z. As done in the previous section for the analytical
and FEM model of the MQSXFP1b assembly, we can assume that the single-
coil magnetization can be approximated by a loop of current with the normal
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vector, perpendicular to its surface, oriented in the same direction of the mag-
netization angle. Considering the cross-section of this loop of "magnetization"
current we can describe the complex harmonics generated in the bore area us-
ing the multipolar expansion of the magnetic field produced by a single current
source, see [47].

Cn = iµ0

2π

∫
J

zn dσ (4.13)

To simplify the calculations of the harmonics produced by an arbitrarily
oriented magnetization dipole we can decompose the single associated loop
into its projections on the magnet reference frame and calculate the two con-
tributions separately, see Fig. 4.20. Considering the position in the complex
plane of each single loop current cross section and including the polarity of the
current we can describe the magnetic field harmonics coefficients as:

Cn = iµ0

2π

∫ J1(
z − i d y

2

)n − J1(
z + i d y

2

)n + J2(
z + d x

2

)n − J2(
z − d x

2

)n

dσ (4.14)

The central position of the magnetization dipole can be collected simplify-
ing the fraction in the Eq. 4.14.

Cn = iµ0

2π

∫ J1

zn

 1(
1− i d y

2z
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1+ i d y

2z

)n

+ J2

zn

 1(
1+ d x

2z

)n − 1(
1− d x

2z

)n


dσ

(4.15)
Since the transversal dimensions of the magnetization loop was chosen a priori

Figure 4.20: Sketch of the superconducting coil magnetization modeled as an equivalent
dipole and used for the calculation of the harmonic components of the residual magnetic
field produced by the magnet after a quench.
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and its module is mush smaller of the total distance of the coil cross section
from the center of the magnet, we can expand the fraction at the first order of
the approximation obtaining the following equation:

Cn = iµ0

2π

∫ [
J1

zn

[
1+ i nd y

2z
−1+ i nd y

2z

]
+ J2

zn

[
1− nd x

2z
−1− nd x

2z

]]
dσ (4.16)

Simplifying the equation and reconstituting the definition of the magnetic
dipole moment m we obtain the expression of the harmonic coefficients gener-
ated by half of the not quenched coil in the model.

Cn = iµ0n

2π

∫ [
J1d yi

zn+1 − J2d x

zn+1

]
dσ

= iµ0n

2πLz

[
mx i −my

zn+1

]
=− µ0n

2πLz

[
mx + i my

zn+1

] (4.17)

where the mx and my components of the magnetic dipole moment are calcu-
lated as projection on the magnet reference system frame and the Lz param-
eter defines the equivalent length of the coil in the rotational axis direction.
To evaluate the contribution of the whole not quenched coil we can calculate
the harmonic coefficients for the upper and the lower cross section changing
the corresponding position zU P/DOW N and taking note of the different angle of
each magnetization angle. In this case we considered that, for a single coil,
the two cross section in the 2D plane have a symmetrical magnetization dis-
tribution respect the coil axis eve if a small asymmetry can be expected as
consequence of the single quenched coil in the magnet layout, see Fig. 4.20.

Cn−U P =− µ0n

2πLz

[
mx + i my

zn+1
U P

]
Cn−DOW N =− µ0n

2πLz

[
mx − i my

zn+1
DOW N

]
(4.18)

The position of each coil cross section is defined by the distance from the
magnet center ρ and the phase angle in the complex plane. We can therefore
modify the previous equation of the two separate contributions obtaining the
following set of equations:

Cn−U P =− µ0n

2πLz

[
mx + i my

ρn+1

]
e−i (n+1)αup (4.19)

Cn−DOW N =− µ0n

2πLz

[
mx − i my

ρn+1

]
e−i (n+1)αdown (4.20)

where αup =+α, αdown =−α and α= π
2m −dθ. The parameter α represents

the angular distance of the coil cross-section in the 2D plane from the pole
axis of symmetry while the parameter dθ represents the distance from the
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axis of symmetry between two consecutive iron poles in the magnet of order
m. The two magnetic dipole moments can be rewritten in the complex form
as mup = mx + i my and mdown = mx − i my . By adding the two contributions
of Eq. 4.19 and Eq. 4.20 we obtain the magnetic field harmonic coefficients
produced by the single coil on the middle plane for any order of the magnet.

C1
n =− µ0n

2πLzρn+1

[
mup e−i (n+1)αup +mdown e−i (n+1)αdown

]
(4.21)

To describe the contribution to the harmonic coefficients of all the kth

superconducting coil magnetization in the magnet, we could generalize the
Eq. 4.21 rotating the two magnetization dipole moments mup and mdown by
an angle (k−1)π/m and transforming the two αup/down angles with the follow-
ing equations:

mup →m
′
up = (−1)k−1mup e i (k−1) πm

mdown →m
′
down = (−1)k−1mdown e i (k−1) πm

αup →α
′
up = (k −1)(π/m)+α

αdown →α
′
down = (k −1)(π/m)−α

(4.22)

with k spanning in the range between 1 and 2m. To account the polarity of
each single coil, the magnetic dipoles are multiplied by the factor (−1)k−1. Us-
ing the new expressions of Eq. 4.22 we can describe the harmonic coefficients
produced by the k th coil with the following equation:

Cn(k) =−µ0n(−1)k−1

2πLzρn+1

[
mup e i (k−1) πm e−i (n+1)α

′
up +mdown e i (k−1) πm e−i (n+1)α

′
down

]
By simplifying the terms of the equation and substituting the definition of the
two angles α

′
up and α

′
down , we obtain:

Cn(k) =−µ0n(−1)k−1

2πLzρn+1

[
mup e−i (n+1)αe−i n(k−1) πm +mdown e i (n+1)αe−i n(k−1) πm

]
The scaling factor (−1)k−1 could also be converted to the exponential form and
grouped with the phase of the two added terms in the equation.

Cn(k) =− µ0n

2πLzρn+1

[
mup e−i (n+1)α+mdown e i (n+1)α

]
e iπ(k−1)−i n(k−1) πm

By recalling the definitions of the two magnetic dipole moments, we can ob-
serve that mdown is the complex conjugate of mup . The two added contribu-
tions can be therefore rewritten as the real part of the first magnetic dipole
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moment multiplied by the phase described by the α angle.

Cn(k) =− µ0n

2πLzρn+1 Re
[
mup e−i (n+1)α

]
e−i n−m

m (k−1)π

Cn(k) =− µ0n

2πLzρn+1

[
mx cos[(n +1)α]+my sin[(n +1)α]

]
e−i n−m

m (k−1)π

The expression of the mx and my components of the magnetization dipole
moment could also be written as function of the dipole moment magnitude
and the angle θ between the magnetic dipole moment direction and the x-
axis of the magnet reference frame. Using the relations mx = m cos(θ) and
my = m sin(θ) we obtain the expression:

Cn(k) =− µ0 n

2πLzρn+1 m [cos(θ) cos[(n +1)α]+ sin(θ) sin[(n +1)α]]e−i n−m
m (k−1)π

The trigonometric piece expression can be simplified to obtain the final
equation for the harmonic coefficients produced by the k th coil in the super-
conducting magnet, reported in Eq. 4.23.

Cn(k) =− µ0 n

2πLzρn+1 m [cos(θ− (n +1)α)]e−i n−m
m (k−1)π (4.23)

We can observe that the amplitude of each magnetic field harmonic is pro-
portional to the magnetization level of the superconducting coil cross-section
and depends also on the magnetization orientation in the xy plane and the
width of each superconducting coil, see parameters θ and α. To obtain the
real magnetic field quality of the quenched magnet configuration, considering
only one single quenched coil, we have to sum up over the k parameter all the
Cn(k) and then subtract the quenched coil contribution, identified with the j
parameter:

C j
n =

2m∑
k=1

Cn(k)−Cn( j ) (4.24)

By plotting each harmonic for a fixed 2m-poles magnet, we can observe
that the initial phase of the n-order harmonic is dependent on the number of
the k th quenched coil. The first term of Eq. 4.24 has the same rotational sym-
metry of the 2m-poles magnet and does not produce non-allowed harmonics
in the residual magnetic field. The not allowed harmonics are only created by
the second contribution Cn( j ) which takes into account only the quenched coil
in the magnet and depends on its position in the magnet reference frame. The
phase of the non-allowed harmonics is ruled by the fraction ((n −m)/m)(k −1)
where the n parameter identifies the order of the considered harmonic, m is
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the magnet order and k is the quenched coil number. If we consider the main
harmonic of the magnet, setting n=m, for each k quenched coil we have the
same initial phase and the position of the quenched coil could not be identi-
fied. If we set n=m±1, the different initial phases go from 0 to 2π without any
repetitions allowing us to identify without any doubt which coil has quenched
in the magnet. Also, if we consider n=m±2 or any other harmonic close to the
magnet order, the different initial phase will span from 0 to a multiple of 2π
with repetitions for the different quenched coils in separate positions. There-
fore, from the analysis of the not allowed magnetic field harmonic coefficient
initial phases, and in particular the harmonics with order closest to the magnet
order, n=m±1, we can reconstruct exactly the position of the quenched coil of
a magnet with any order.

4.6 FEM MODEL AND COMPARISON WITH REAL QUENCH EVENTS

4.6.1 SIMULATIONS

To verify the influence of the iron configuration and magnetic properties on
the field harmonic coefficients after a quench event, we reused the same FEM
model developed for the reconstruction of the MQSXFP1b residual magnetic
field at zero current. The skew quadrupole model has been upgraded for the
simulation of both normal and skew configurations of all the orders of the HL-
LHC HO corrector magnets. In the model, for a 2m-poles magnet, all signals
generated by the k th quenched coil configuration have been analyzed and the
corresponding harmonic coefficients have been retrieved calculating the pa-
rameters m and θ of the analytical model described in Eq. 4.23. These two
parameters directly affect the value of the real and imaginary part of the har-
monic coefficients fixing the initial phase value for any single coil quenched
configuration. From the comparison between the analytical model and the
FEM one, we observed that all the magnetic field harmonics initial phase are
predicted in the same way suggesting that the iron configuration and shape
do not affect the phase of every single harmonic coefficient but only the am-
plitude of the allowed harmonics of the magnet. Indeed, the FEM simulated
amplitude of the harmonic coefficients is a function of the strength of the per-
manent magnet used to simulated the iron contribution to the residual mag-
netic field incremental flux. Here we report, in Fig. 4.21 and Fig. 4.22, the
first simulated not allowed harmonics of a skew quadrupole and a normal sex-
tupole as a function of the quenched coil inside the magnet together with the
main component of the residual magnetic field produced. The amplitude of
the simulated signals is only a function of the iron hysteresis loop used in the
FEM model, the amplitude of the superconductor magnetization and the angle
θ between the equivalent magnetic dipole moment and the magnet x-axis.
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Figure 4.21: First harmonics of the residual magnetic field simulated in the High Order
Quadrupolar magnet design with different quenched coil configuration. The parame-
ter reported in the legend corresponds to the configuration where only the k th coil is
quenched and therefore identifies its position in the magnet.
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Figure 4.22: Harmonics of the residual magnetic field simulated in the High Order Sex-
tupole magnet design with different quenched coil configuration. The same k parameter
of Fig. 4.21 is used here to point to the only k th coil which has quenched in the magnet
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Instead, the single phase of the k th quenched coil configuration is specifically
dependent on the position of the coil and has the same periodicity of the mag-
net. From the FEM simulation of the harmonic coefficients, as we predicted
in the analytical calculation of their values, we can observe that the m-1 and
the m+1 harmonic coefficients of an m-order magnet present the bigger phase
shift without repetitions between the different signals of the quenched coil con-
figurations inside the magnet and therefore allow an easier localization of the
quenched event. The reported simulations have been obtained for a quench
from a positive energizing current in the magnet but the same behavior can
be obtained for a quench at negative energizing current by changing only a
global phase to all the calculated harmonics. To verify the accuracy of the pro-
posed harmonic model and detect the location of the quenched coil inside the
HO corrector magnets we analyzed the residual magnetic field produced after
quench events of three magnets tested and characterized at LASA.

4.6.2 SKEW QUADRUPOLE MQSXFP1C QUENCH LOCALIZATION

The first magnet analyzed is the MQSXFP1c assembly tested in October 2020
at LASA together with the MCDXF01 magnet. The MCDXF01 did not show any
training so no results are shown for this magnet. During the training phase,
the MQSXFP1c magnet had 7 different quenches before reaching the ultimate
current. All the quench events have been analyzed studying the voltages of
the two halves (A or B) of the magnet to determine where the quench oc-
curred. Only the 4th quench event, developed at I= 115 A, has been recorded
as developed in the B side of the magnet while all the other quench have been
recorded in the A-side. The residual magnetic field produced after each sin-
gle quench event has been reported in Fig. 4.23. Analyzing the raw signal
obtained from the incremental field flux, a similar shape of the curves with
the already analyzed quench event of MQSXFP1b has been observed. All the
signals have been filtered subtracting the residual magnetic field incremental
flux produced before the first energization of the magnet. The filtered signals
have been reported in Fig. 4.24 but the localization of the quenched coil for
every single event has not been possible. Calculating the Fourier transform of
the magnetic field total flux from every single curve, the single harmonic co-
efficients have been finally obtained. In the following figures, we reported the
dipolar, quadrupolar, and sextupole harmonics of the analyzed magnetic field
flux of the MQSXFP1c quench events comparing also the harmonics retrieved
by the MQSXFP1b assembly quench event. As we expected, the quadrupolar
harmonic, Fig. 4.26, of all the quench event residual flux have the same initial
phase. The amplitude of the different signals decreases with higher values of
the current at which the quench occurred confirming the same behavior we
observed in the amplitude of the quench event of MQSXFP1b where the iron
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Figure 4.23: Raw incremental flux measured after each single quench event of the
MQSXFP1c assembly as function of the angular position of the encoder.

0 40 80 120 160 200 240 280 320 360
−9

−7

−5

−3

−1
0
1

3

5

7
·10−6

I=84 I=99 I=113 I=115 I=145 I=159 I=184

Angle [°]

In
te

gr
at

ed
M

ag
ne

ti
c

Fi
el

d
[T

m
]

Figure 4.24: Filtered incremental flux measured after each single quench event of the
MQSXFP1c assembly. The filtered signals are more symmetric than the raw one but still
have some additional oscillation.

contribution to the field harmonic decreases with a faster decay rate of the cur-
rent. From the analysis of both the dipole, Fig. 4.25, and sextupole, Fig. 4.27,
components of the measured magnetic flux, we can identify four main groups
in which divide the different events. In the first group, the quench events that
happened at operating current I= 84 A, 99 A, and 159 A have the same initial
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Figure 4.25: Dipolar component of the magnetic field harmonics produced by the resid-
ual magnetic flux after the quench events of MQSXFP1c. The three defined groups with
a compatible phase shift have a lower amplitude compared to the quench event at 113
A. The dipolar integrated magnetic field measured is one order of magnitude lower than
the principal quadrupolar component of the measured flux
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Figure 4.26: Quadrupolar component of the magnetic field harmonics produced by the
residual magnetic flux after the quench events of MQSXFP1c. All the signals have the
same initial phase. From the signal, a small rotation of the quadrupolar field can be ob-
served probably due to the accuracy of the alignment between the magnetic measurement
system and the reference frame of the magnet.
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Figure 4.27: Sextupolar component of the magnetic field harmonics produced by the
residual magnetic flux after the quench events of MQSXFP1c. As observed for the dipolar
component of the signal, the three defined groups have a lower amplitude compared
to the quench event at 113 A. As for the dipole content, also the sextupolar measured
integrated magnetic field is one order of magnitude lower than the quadrupolar main
component.

phase and amplitude. The second group contains the quench events that hap-
pened at I= 145 A and 184 A which is also compatible with the quench event
that occurred in the MQSXFP1b assembly test. the third group contains only
the quench event that happened at I=115 A. These three main groups have
a corresponding phase equal to the one predicted by the simulations. In par-
ticular, the harmonic content of the first group has been calculated, from the
harmonic model, as a consequence of the quench developed in the 2nd coil of
the assembly while the second group corresponds to the quench event in the
3r d coil which both belongs to the A half of the magnet as correctly registered
by the fast acquisition of the QDS. The third group, instead, is correctly regis-
tered from this harmonic model due to a quench event that happened in the
fourth coil of the assembly which belongs to the B side of the magnet. The
fourth group contains only the quench that occured at I=113 A. The harmon-
ics of the residual flux, produced by this quench, have not a defined phase as
predicted by the harmonic model both in the dipole and sextupole harmonic
analysis. This quench event signal has an intermediate phase value between
the one corresponding to the 2nd and 3th coil. Since both these coils belong to
the half part of the magnet where the quench has been detected by the QDS
system, the intermediate value of the phase suggests that also this quench
event happened on the same A-side of the magnet. A possible hypothesis to
explain this not predicted harmonic content is an asymmetry of the quench
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propagation inside the superconducting coil, not considered in the analytical
and FEM model, which would have caused an asymmetric distribution of the
residual superconductor magnetization and therefore an intermediate value of
the predicted phase.

4.6.3 SEXTUPOLE MCSXF01 QUENCH LOCALIZATION

The second magnet which has been characterized with the magnetic measure-
ment system is the first sextupole produced for the HO corrector series. The
MCSXF01 magnet has been tested in the same vertical stack as the MCDXF02
magnet, the MCOXF01, and the MCTXF01 magnet. The rotating shaft used for
this test is the temporary 1.5 m long carbon fiber rotating shaft which has mea-
sured the MQSXFP1c and MCDXF01 magnetic field quality in the previous test
at LASA. The first sextupole of the production series shows only 5 quenches be-
fore reaching the ultimate current and satisfies the CERN requirements for the
magnet performances. All the quench events happened during the energiza-
tion phase while the last quench, recorded to develop at the current of 112 A,
happened during the one-hour stability test where no quench are expected to
develop unless intrinsic instabilities of the connections of the magnet or other
external disturbance start the transition of the superconductive material. The
same analysis previously described for MQSXFP1c has been performed also
on the residual magnetic field incremental flux of the measured signals after
the quench events. For the analysis of this magnet, the quadrupolar, sextupo-
lar, and octupolar components of the magnetic field have been retrieved. The
analysis of the main sextupolar harmonic, reported in Fig. 4.28 shows that all
the signals have roughly the same amplitude and initial phase while the only
curve which differs from the others is the one obtained for the quench event
that happened at I=112 A during the one-hour stability test. By considering the
value of the initial phase, the analysis of the main harmonic can be also used
to cross-check the polarity of the magnet during the energization test. Indeed
all the quench events happened during the positive energizing of the magnet
while the one-hour stability test has been performed at -Iul t giving, therefore,
an opposed initial phase in the main harmonic generated after the last quench
of the magnet. The quadrupolar harmonic of the residual magnetic field pro-
duced after the quench events are reported in Fig. 4.29. From the observation
of the different curves, we can point out that the signals obtained from quench
happened at I=112 A and 98 A have the same phase while the quenched at
I=66 A has the opposite initial phase. These two different initial phases are
predicted by the analytical and FEM model of the magnet, see Fig. 4.22, and
are associated to a quenched coil at ±90° from the zero of the measurement
(2nd and 5th coil) if the magnet is in the normal configuration. Combining
this information with the corresponding main harmonic component previously
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Figure 4.28: Main harmonic produced in the signal of MCSXF01 after quench events
at zero current. The initial phase of all the measured signals is compatible with the
null value (or with half rotation for the I=112 A signal) within the error bar of the
measurement.
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Figure 4.29: Representation of the reconstructed quadrupolar component of the mag-
netic field harmonic measured in the residual signal of MCSXF01 after quench events.
The maximum amplitude of the signal is lower than the main sextupolar harmonic gen-
erated by the magnet.

described, we reconstructed that the quenched happened at I=66 A and 112
A are localized in the B side of the magnet and more precisely are due to the
same superconducting coil in the middle of the B side, see Fig. 4.31, while the
quench at I=98 A is localized in the A-side and is due to the superconducting
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Figure 4.30: Octupolar component of the harmonics produced by MCSXF01 after each
quench event. The same grouping of signals as for the quadrupolar component of the
harmonics is observed. The only exception is the quench at I=102 A which now can be
grouped with the quench at I=92 A.

coil in the middle. The quench event occurred at I=92 A has instead an initial
phase corresponding to the first coil which is reconstructed by the model in the
A-side of the magnet. The same reconstruction for all the quench events pre-
sented until now could also be performed observing the octupolar harmonic
reported in Fig. 4.30. All the reconstructions of the quenched coil position are
perfectly matched from the QDS system which, however, is able only to local-
ize the quench in the A or B side of the magnet. The only quench event, which
generated a quadrupolar harmonic not predicted by the model is the one that
happened at I=102 A. From the analysis of the initial phase of this harmonic
and the comparison between the harmonic model, the closest match for this
event are the signals corresponding to the two consecutive superconducting
coils immediately before and after the zero of the reference system (1st and 6th

coils in Fig. 4.22 which are also corresponding to the position of the external
connection of the magnet). To evaluate which one of the superconducting coil
has quenched in the magnet we can observe the other calculated harmonic
like for example the octupolar component of the magnetic field, reported in
Fig. 4.30. The quenched occurred at I=102 A has produced an octupolar mag-
netic field harmonic predicted by the model which is also produced for the
quench at I=92 A. From the observation of the harmonic model prediction, the
quench position for these two events has been calculated to be in the first coil
of the A-side of the magnet in perfect agreement with the QDS system.
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Figure 4.31: Physical representation of the distribution of the quenched coil inside
MCSXF01. The separation between the A and B sides of the magnet is represented and
also the number of the quench event is also associated with the reconstructed quenched
coil of the magnet.

4.7 CONCLUSION

In this last chapter, the main innovative aspect of the thesis has been reported
and discussed. The voltage taps, which are the most common method to local-
ize the quench in a superconducting magnet, are suitable for the R&D phase of
a magnet production process but cannot be further implemented in the series
production phase. To restore the possibility to localize the quench in the su-
perconducting coils, external devices like quench antenna are commonly used.
The pick-up coils of the antenna detect the redistribution of the current inside
the superconductor during the quench development and precisely localize the
region of the superconducting coil which started the transition to the normal
conducting state. However, quench antennae are suitable for superconduct-
ing magnets with low multipole numbers like dipoles and quadrupoles due to
the complexity of the pick-up coils which have to be sensitive to all the dif-
ferent regions of the superconducting coils. With high values of the multipole
number of the magnet, the number of the coils used increases proportionally
and the complexity of the quench antenna design is not more feasible for the
construction of real devices. With the here proposed method, using only a
single rotating coil shaft and measuring the residual magnetic field produced
by the magnet after a quench event, we can identify which of the supercon-
ducting coils started the transition. In particular, the quenched coil, which
has no magnetization due to the transition, creates an asymmetry of the shape
of the residual magnetic field flux in the magnet bore, sampled by the rotat-
ing coil, which can be isolated performing a harmonic analysis reconstructing



4.7. Conclusion 121

the position of the quenched coil in the magnet. The complexity of the ro-
tating coil is not linked to the number of the superconducting coils in the
magnet, like the quench antenna, and therefore this method can be used to
monitor any magnet order with the same identical measuring device. The
first hint for the possibility to localize the quenched coil in the HO corrector
magnets using the same magnetic measurement system installed at LASA has
been observed in the residual magnetic field incremental flux produced by the
quadrupole MQSXFP1c assembly. In particular, the signal produced after a
quench event and the one after a slow ramp down of current have completely
different shapes and amplitudes. To verify that the cause of this difference can
be assigned to the asymmetry of the residual superconductor magnetization
due to a single quenched coil has been evaluated with two main methods. At
first, an analytical model of the superconductor magnetization has been de-
veloped and tested trying to reproduce the experimental data. The analytical
model can describe an asymmetric distribution of the residual incremental flux
but the amplitude of the flux variation as a function of the angle does not
match the experimental curve. To match the measured data amplitude, the
only found solution is to scale the iron residual magnetization added to the
superconductor contribution to obtain the total incremental field flux. To ver-
ify the obtained results with the analytical model a FEM simulation model has
been developed in OPERA 2D. Thanks to the observation that the BH curve of
the iron at low magnetic field strength presents a low value of permeability
we understood that the difference in the amplitude of the signal obtained after
the quench or after the slow ramp-down is mainly due to the iron contribu-
tion. To exactly reproduce this part of the incremental flux we upgraded the
2D model using permanent magnets to exactly model the influence of the iron
on the superconducting magnetization distribution. Also, in this case, the only
way to reach the same amplitude of the signal after a quench event has been
to reduce the strength of the permanent magnet changing the hysteretic loop
curve of the iron. To fine-tuning the model to the measured data, complete
asymmetric distribution of the superconductor magnetization has been used
finding a very good agreement with the experimental data and showing that
the position of the quenched coil in the magnet can be reproduced with the
simulations. To generalize the model to analyze the residual flux of a generic
m-order magnet, where one of the 2m coils has quenched, we analyzed the
harmonic coefficients produced by the superconducting magnetization distri-
bution of the not quenched coil. The expected harmonic coefficients have been
evaluated both with an analytical model here described and FEM simulations
finding very good agreement of the predicted initial phase dependence from
the position of the quenched coil in the magnet. Finally, to verify the accuracy
of the model the quench event of the skew quadrupole MQSXFP1c and the
sextupole MCSXF01 magnets have been analyzed and reconstructed finding
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perfect agreement with the QDS signals. This method has then proved that
the exact quenched coil position inside a generic m-order magnet can be easily
reconstructed with the analysis of the superconducting magnetization distri-
bution effect on the residual magnetic field produced at zero current after the
quench event.
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CHAPTER 5

GENERAL CONCLUSIONS AND

PERSPECTIVES

The Ph.D. thesis work, presented in these chapters, is only one of the many con-
tributions to the development of the next phase of the most powerful particle
accelerator ever built: HL-LHC. The constant need for more particle interac-
tions to evaluate the future of the discoveries in the modern particle research
field has required the development of a new configuration of the particle accel-
erator collider which will be able to provide more than ten times the number
of collisions produced per second today. Different technological improvements
will be the basis for the realization of such an ambitious upgrade project. In
particular, many different upgrades will be required for the new superconduct-
ing magnet region beside the main Interaction Regions of the CMS and ATLAS
experiments to provide more focus on the particle at the collision point. The
presented work is inserted in this scenario and has focused on the new type
of High Order superferric corrector magnets that will be built by INFN Milano
LASA within the collaboration framework with CERN. In particular, within the
development program of the HO corrector magnets, the need for a new mag-
netic field measurement system, optimized exactly for the particular design of
this type of superconductor magnets, has brought to the study of the possible
interactions between the different magnets both in the LASA vertical cryostat
test station and in the LHC corrector package cryostat near the Interaction
Region of the particle accelerator. Even if a first analysis of the possible inter-
action between the different HO corrector magnets was already done for the
first design of the magnets, an improved analysis has been necessary to precise
evaluate the possible effect on the upgraded magnet design performances. This
particular study, however, has also been extended to evaluate all the possible
sources of errors in the magnetic field produced by the HO correctors showing
that the particular design of the superconductor magnets has very stable per-
formances and high reliability of the produced magnetic field quality.

Thanks to the collaboration with CERN, a new magnetic field measurement
system has been developed and installed at LASA to evaluate the performances
of all the 54 magnets that INFN has been in charged to test and characterize
before the installation in the LHC machine lattice. To calibrate and integrate
the magnetic measurement system with the vertical cryostat test station at
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LASA a temporary 1.3 m long PCB rotating coil shaft made with a carbon fiber
shell has been used for the characterization of the last HO corrector proto-
types and the first magnet of the series production. The different order of the
HO corrector magnets represents a difficult challenge for the magnetic field
measurement system both for the noise during the measurements produced
by the residual field of the neighbor magnets inside the PCB coil and the ac-
curacy of the measured data to calculate magnetic field harmonics up to the
18 order. The magnetic field characterizations of the tested magnet using the
temporary shaft have been compared with 3D simulations made with OPERA
providing also feedback on the magnetic properties of the material used in the
simulations. All the built and tested magnets have satisfied the requirements,
requested by CERN, for the energization test performance and the magnetic
field quality produced.

Despite the compact dimensions of the HO corrector magnet and the relatively
small values of current used for their energization, if compared to main super-
conducting dipoles and quadrupoles produced for modern particle accelerators
like LHC, the quench protection study of these magnets is a very challenging
aspect of their development. Starting from the unconventional quench pro-
tection system that will be adopted at LHC during magnet operation, the re-
quirements for the protection of these magnets have pushed the optimization
of the HO corrector design to its limit. To evaluate the performances of this
type of magnet and their quench protection, a detailed study has been firstly
produced on the prototype design of the magnet focusing on the maximum
hot spot temperature and voltage to ground reachable without any damage or
degradation of the superconductor material. Thanks to this preliminary study,
the protection system of the HO corrector magnets in LHC has been optimized
to cope with the high energy density stored by the skew quadrupole. Also, this
study has shown that all the chosen designs of the other magnet types can be
protected during the operation at LHC without any of the conventional quench
protection systems and relying only on their ability to absorb their stored elec-
tromagnetic energy without overtaking the safe margin for their protection.
The accuracy of the presented simulation model, used to perform the quench
protection study of the magnet prototype, has been tested with several experi-
mental data taken from the already built first version of the magnet prototype
and tested at the LASA laboratory. The results of the comparison of the model
with the experimental data have shown the necessity to increase the accuracy
of the used models.

An improved simulation model, based on the co-simulations between the pro-
gram QLASA, used for the thermal analysis studies, and the program LTSpice,
used to solve the magnet circuit equation, has been optimized to simulate the
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performances of the final design of the HO corrector magnet in case of quench
events. The main improvements of this new model are the novel description
of the differential inductance of the magnet which represents a very difficult
aspect of the simulations. Thanks to the details of the magnetostatic perfor-
mances of the HO corrector magnets on all range of possible energizing cur-
rents, obtained with 3D OPERA simulations, the improved model of the differ-
ential inductance can be easily obtained and used as a new input parameter of
the co-simulations of the magnet. The results of a new upgraded quench pro-
tection study, performed on the final design of the HO corrector magnet, show
that all the magnet can be protected by the developed corresponding quench
protection system. The newly developed model accuracy has been also tested
with experimental quench events of the magnet prototype design showing a
very high accuracy of the results and very good compatibility with real mea-
sured data. Thanks to the presented model, the performance of every single
different type of the HO corrector magnets can be predicted and compared
with the experimental behavior of the new magnet series production that will
be tested in the next two years in the LASA laboratories.

Finally, the most innovative aspect of this thesis is the demonstration of the
possibility to reconstruct the exact position of a quenched coil inside the final
design of the HO corrector magnet after the quench event through the use of
only the already developed and optimized magnetic measurement system in-
stalled at LASA laboratories. Using the simple rotating coil system to acquire
the magnetic field of the magnet at zero current, the effect of the residual
superconductor magnetization of the not quenched coils can be isolated and
decomposed to detect in which of the magnet superconducting winding the
quench has developed and propagated. In principle, this method is completely
independent of the features of the analyzed magnet and it can be optimized
and adjusted without affecting any aspect of the magnet configuration. The
development process of the model has been presented enlightening the im-
provements in the simulation of the quench events recorded in the energizing
test of the quadrupole MQSXFP1b assembly. Both an analytical model and
FEM simulations, of the superconducting magnetization distribution effect on
the residual magnetic field flux, have been developed and compared finding
very good agreement with the data. Also, from experimental data, evidence
of a correlation between the iron residual magnetization and the current de-
cay rate has been observed. This anomalous behavior has not been specifically
found in literature resulting to be a very interesting aspect to be studied during
the series production of the HO corrector magnets.

To generalize the developed model for any type of magnet order m and be able
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to detect in which one of the 2m coils the quench developed and propagated,
we upgraded the already considered model focusing on the harmonic spec-
trum of an asymmetric configuration of the magnetized superconducting coil
inside the magnet. The true power of the model stands in the ability to predict
the initial phase and amplitude, of each single harmonic of the magnetic field
produced, which are uniquely determined by the position of the quenched coil
inside the magnet. The accuracy of the model and its predictions have been
tested and compared during the cryogenic test of the first sextupolar magnet
of the series production and the last assembly of the first skew quadrupole pro-
totype. A perfect agreement with the standard QDS signal data has been found
proving that we are able not only to evaluate the polarity of the magnet but
also to specify which one of the superconducting coil has provoked the magnet
discharge. The simplicity of the model and the diagnostic power which can be
obtained from it make this new method a promising way to further improve
the quench localization diagnostic systems of the superconducting magnets for
particle accelerators.
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