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ABSTRACT

Magnets are fundamental components in High Energy Physics (HEP) experiments,
they are used both in particle accelerators and detectors to study the fundamental
particles and forces of the Universe. In detectors such as those at CERN’s Large
Hadron Collider (LHC), large magnets play a critical role in identifying particles
by analyzing the curvature of their tracks in a magnetic field, which provides charge
and momentum information.

Magnet design in HEP has traditionally followed a stepwise process, beginning with
analytical modelling followed by numerical validation, aiming to balance perform-
ance with cost efficiency. However, the increasing scarcity of resources and climate
change challenges, largely linked to fossil fuel dependency, emphasize the need for
more sustainable design practices in experimental physics. This Ph.D. work con-
tributes to such a shift in magnet design philosophy, focusing on the development
of an integrated optimization framework that considers energy efficiency alongside
performance and technical constraints. The research proposes a reformulation of
magnet design models to enhance their accuracy and interoperability for optimiz-
ation purposes. Analytical and numerical tools have been developed and applied
to the design of warm magnets within the context of the SND@LHC and SHiP
collaborations at CERN. Results demonstrate the advantages of the integrated ap-
proach compared to traditional design methodologies, with a focus on balancing

sustainability with experimental requirements.
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INTRODUCTION

Magnets are ubiquitous in the High Energy Physics field as they are essential tools
to probe the smallest building blocks of our universe — fundamental particles and
forces.

They are involved in particle accelerators as well as in detectors in experiments. In
particle detectors, such as those used at the Large Hadron Collider (LHC) at CERN,
large magnets play a vital role in identifying particles based on their behaviour
in a magnetic field. In fact, when charged particles move through a magnetic
field, they experience a force that causes them to curve. By observing their tracks’
curvature, the charge and momentum of particles produced in different processes

can be inferred.

Designing magnets is a complex task that must meet a wide range of requirements and
constraints, from physics demands and expected performance to spatial limitations,
budget considerations, and specific experiment needs. Traditional magnet design —
at CERN in particular — established a step-by-step approach: an analytical design
is created first, followed by a basic numerical design, that respects constraints and

balances cost optimization while ensuring performance.

In recent years, however, the growing scarcity of resources and the impacts of
climate change, largely driven by fossil fuel dependence, have made sustainable
design concepts essential in particle experiments — particularly in magnet design.
This — among other reasons — highlights the need for a shift in perspective on
design and optimization processes. As a matter of fact, this Ph.D. work, within a
larger scientific framework, is aimed at contributing to the effort on such a change
of perspective, jointly involving different aspects of the design of warm magnets as
part of a wider set of objectives and parameters considered at the same level, while
focusing on energy efficiency.

Such a fresh approach therefore requires revisiting the formulation of models in
order to achieve sufficient accuracy while making them more interoperable for
easier optimization. This new proposed formulation of the optimization process is
hence implemented through analytical and numerical tools and applied in different
cases, in the context of the SND@LHC and SHiP Collaborations.




The thesis is structured in three chapters:

* Chapter 1 provides an overview of the state of the art of large magnets
involved in the major High Energy Physics experiments at CERN’s LHC.
Additionally, main features of the traditional methodology of warm magnet
design are introduced, alongside a discussion about new perspectives arising

from sustainability concerns.

* Chapter 2 describes the considered models and tools involved in a mathem-
atical framework for an integrated design of electro-magnets for detectors.
Particular emphasis is given to analytical and semi-analytical models essen-
tial in the early phases of magnet design, whereas numerical tools are also
discussed serving as field and particle interaction validation. Additionally, a
dedicated Matlab tool, developed within the group of Electrical Engineering
participating in the SHiP and SND@LHC Collaborations — and partly im-
proved within this work — is detailed outlining its main advantages as the

basis for the magnet design optimization.

* Chapter 3 outlines the results of magnet design from both traditional and
integrated optimized approaches applied to different case studies such as
magnets for the SND@LHC and SHiP experiments, with a particular focus

on the main criticalities and how they have been accounted for.

Specific contributions from this Ph.D. work are as follows:

* Energy optimization of the magnet designs [50, 51].

* General re-arrangement of the Matlab tool, improvement of cost estimate and

integration of detection performance [17].

* Responsability and realization of GEANT4 neutrino interaction simulations in

the SND @LHC experiment for physics performance assessment [40, 55, 56, 57].

* Contribution to the design of the air-core, iron-core [15, 16] and compact
solutions for the SND@LHC experiment [58].

* Contribution to the formulation of the analytical statistical model and its

implementation in case studies [31].




Chapter 1

MAGNETS FOR DETECTORS IN HEP EXPERIMENTS AT
CERN

The role of magnets in High Energy Physics experiments is absolutely crucial. Their
usage finds application in different fields, ranging from beam deflection to particle
identification. As a matter of fact, in most of particle physics experiments, one
or more magnets are used to identify particles emerging from interactions: while
uncharged particles traverse the magnetic field without being affected, positively
charged particles are deflected in one direction and negatively charged particles in
the opposite direction, thus providing an initial although simple information about
the particles. By "magnets" we almost exclusively mean electro-magnets, although
permanent magnets have had applications too.

In case of accelerators, magnets play the main role: dipoles for trajectory curvature of
circular orbits, quadrupoles for focusing, fast deflecting magnets for beam injection
and extraction. More generally the deflection of the charged particle depends on
three parameters: the strength of the field, the length of the trajectory in the field and
the momentum of the particle. The size and the strength of the field can be precisely
known from proper measurement devices, so by measuring the deflection one can
find the momentum. In most cases, magnets are designed such that the magnetic
field direction is perpendicular to the trajectories of the particles.

The use of electric and magnetic fields to bend particles’ trajectories has become
extensive in the last 20 century. Mass spectrometers are the first example of a
device using a magnetic field to bend particles’ trajectory and provide information
about them, such as their mass (or momentum).

The acceleration and the deflection are due to the Lorentz force:

F=q(E+3xB) (1.1)
acting in the direction of the electric field E and orthogonally to the plane containing
v and B. Particles with higher momentum will deflect less than low-speed ones,
particles with opposite charge will be deflected in opposite directions and neutral
particles will be unaffected. In this way, making use of a magnetic field, the charge

and momentum of particles can be identified.
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From Eq. (1.1) it can be easily derived that the bending radius R for a charged
particle in a magnetic field B can be expressed as:

_pr
qgB

R (1.2)

where pr = mv is the momentum component transverse to the magnetic field B

when considering the equation
quB = mv*/R (1.3)

In the following section, it will be shown more in detail that the momentum resolution
of such an apparatus depends on both B and R and so the choice of the magnetic
field is often a compromise between the best spatial resolution and the optimum
occupancy.

The majority of HEP detectors have been designed with a solenoid coil that provides
a uniform magnetic field along the beam axis, but there are examples of dipoles
especially when beam-to-target experiments are concerned, as will be discussed
in Chap. 3. In the following the most common magnet designs will be presented

alongside examples of their usage in the current HEP experiments.

1.1 Solenoids

Solenoids are conceptually simple and very effective magnets since they offer a
cylindrically symmetric field, in the same direction of the colliding beams which
is very suitable for recent 4r HEP detectors. In this design, only particles with a
significant transverse momentum will be deflected, while those projected forward
are almost untouched. The extensive use of such a design can be referred to a
symmetric 2-D field that facilitates the reconstruction of the events, no material
is present within the field volume which could give rise to unwanted secondary

interactions, since the inner part of the magnet is fully equipped with detectors.

1.1.1 CMS

CMS is an acronym for Compact Muon Solenoid, it is one of the major experiments

at the LHC currently operating at CERN since 2008 [1] It is a general-purpose

proton-proton detector designed to run at the highest luminosity (L > 103 cm? s7!)

at the LHC.
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Property Value Unit
Nominal (max.) central magnetic flux density 3.8(4) T
Inductance 14 H
Magnetic stored energy at 4 T 2.6 GJ
Nominal (max.) current 18.4(19.1) kA
Cold mass weight 220 ton
Stored energy/ unit cold mass 11.8 kJ/kg
Radial thickness of cold mass 312 mm
Magnetic length 12.5 m
Cold bore diameter 6.3 m

Table 1.1: CMS magnet main features

The design has been optimized for the search of the Standard Model Higgs boson
over a mass range 80 GeV - 1 TeV but it also allows the detection of a wide range of
possible signatures from alternative electro-weak symmetry breaking mechanisms.
The most important aspect of the overall detector design is the configuration and
parameters of the magnetic field for the measurement of particle momenta, in
particular muons. The requirement for a good momentum resolution, keeping a
compact spectrometer has naturally led to the choice of a high field and a solenoid
magnet. Therefore, the detector features a superconducting solenoid having an inner
diameter of 6 m and a magnetic length of 12.5 m, that has been designed to provide
a central field of up to 4 T. Its coil has been produced in sections, transported to
CERN and assembled on the surface and lowered into place in the underground
experimental area [2]. It is constructed with an aluminium stabilised Rutherford
Nb-Ti/Cu cable and operates at 4 K with indirect conduction cooling with boiling
helium. The cold mass of the complete coil is 220 t.

The magnetic flux is returned via a 1.5 m thick saturated iron yoke that consists of
a 6000 t barrel section and two 2000 t removable end caps. This has been designed
as a 12-sided structure and a balance has been achieved between outer diameter of
the yoke and the size of the muon stations, while trying to maximise the acceptance
in azimuth of the inter-layer detectors that are interleaved between the iron plates
of the yoke. The main characteristics of the magnet are resumed in Table 1.1 and a

schematic of the magnet is shown in Figure 1.1.
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Figure 1.1: The CMS magnet system: schematic layout (a) as well as the value
of |B| (left) and field lines (right) predicted on a longitudinal section of the CMS
detector (b), central magnetic flux density of 3.8 T.
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1.1.2 ATLAS

ATLAS (A Toroidal LHC ApparatuS) [3] is a general purpose experiment, together
with CMS (1.1.1) and ALICE (1.2.1, 1.1.3) at the LHC built for probing proton-
proton collisions and nucleus-nucleus collisions. It presents similar physics goals
as the CMS experiment therefore similar requirements on its design: fast, radiation-
hard electronic and sensor elements, good charged particle momentum resolution
and reconstruction efficiency, large acceptance in terms of azimuthal angle coverage
as well as good muon identification and momentum resolution. In this respect
the ATLAS detector is nominally forward-backward symmetric with respect to the
interaction point, presenting a thin superconducting solenoid surrounding the inner-
detector cavity, and three large air-core superconducting toroids, a special case of
solenoid magnets.

In particular, the magnet design is optimized with an axial field in the central
detector region combined with surrounding azimuthal field supporting the muon
spectroscopy. Such a field configuration requires a hybrid magnet system of a
solenoid coil making the axial magnetic field (Central Solenoid, CS), and toroidal
coils generating the azimuthal magnetic field (Barrel Toroid, BT and two End-
Cap Toroids, ECTs). As a matter of fact, the ATLAS magnet system has overall
dimensions of 26 m in length and 20 m in diameter, as shown in Figure.1.2. Each of
the three toroids consists of eight coils connected in series, with flat pancake type

of winding, assembled around the beam axis.

2 Detector characteristics
Muon Detectors Electromagnetic Calorimeters = g‘:dth:t ;-;m
W ameter: 22m
\\ \\ : | Weight: 7000t
\\ Solenoid '\,\‘\\ CERN AC - ATLAS V1997
\ \

Forward Calorimeters

End Cap Toroid

! Inner Detector h ieldi
Barrel Toroid Hadronic Calorimeters Shieiding

Figure 1.2: The ATLAS experiment layout: the overall dimensions of the sole
magnet system are 26 m length and 20 m diameter.
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Property Unit Barrel Toroid ECT CS
Peak magnetic flux density T 3.9 4.1 2.6
Magnetic stored energy GJ 1.08 2x0.25 0.04
Nominal current kA 20.5 20.0 7.6
Cold mass weight ton 370 2x160 5.4
Axial length m 25.3 5 5.3
Inner diameter m 9.4 1.65 2.46
Outer diameter m 20.1 10.7  2.63

Table 1.2: Main design parameters of the ATLAS magnet system.

The ATLAS-CS magnet provides an axial magnetic field of 2 T in a warm bore of
2.3 m in diameter in the central tracker region with a deflection power of 4.6 Tm,
whereas the BT has an inner bore of 9.5 m, outer diameter of 20 m and length of
26 m, it provides a deflection power of 2-6 Tm depending on the angle; on the other
hand, the ECTs provide a deflection power of 4-6 Tm at each end. Both barrel
and end-cap toroids are to be cooled by using cold pumps to provide forced flow

two-phase helium. The main parameters of the magnets are listed in Table 1.2.

1.1.3 ALICE solenoid

ALICE (A Large Ion Collider Experiment) [4] is a general purpose, heavy-ion
detector at the CERN LHC which focuses on QCD, the strong interactions sector
of the Standard Model. It consists of a central barrel part, which measures hadrons,
electrons, and photons, and a forward muon spectrometer. The central part covers
polar angles from 45° to 135° and is embedded in a large resistive solenoid magnet
reused from the L3 experiment at LEP [S5]. The solenoid foresees a magnetic length
of 12 m and a clear bore diameter of 12 m which produces a weak field. As a
matter of fact, the choice of a weak and uniform solenoidal field together with
continuous tracking eases the task of pattern recognition. The field strength, as a
result of a compromise between momentum resolution, low momentum acceptance
and tracking efficiency, is 0.2 T, allowing full tracking and particle identification
down to ~ 100 MeV/c in p7.
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1.2 Dipoles

Dipoles, on the other hand, although not adequate for the central part of 47 detectors,
are magnets of choice for dedicated "forward" detectors that concentrate the cone
of particles travelling in the forward direction, up to 6 ~ 300 mrad with 6 as the
azimuthal angle. In this respect, in order to control the stray field, the geometry
of the yoke and coil(s) needs to be studied carefully. The preferred saddle shape
for the coils is much easier to achieve with a resistive than with a superconducting
coil. A dipole provides a uniform field between its two poles which is excited by a
current circulating in the coils. The system follows the right-hand convention, i.e.,
a current circulating clockwise around the poles produces a magnetic field pointing
downwards. The magnetic flux density between these two poles is ideally constant

and has only a component in the y-direction (or alternatively x-direction).

1.2.1 ALICE dipole

The presence of studies of heavy flavour quark production via the muonic channel
in the ALICE physics program has led to the need for a Muon spectrometer, made
up of different components, in particular a Muon Dipole Magnet. Muon momenta
are indeed determined by a muon tracking system in a magnetic field generated by
a warm dipole of 820 t with a nominal field of 0.7 T and a field integral along
beam axis f |B|dz ~ 3 Tm. The magnetic field is directed in the horizontal plane
perpendicular to the beam direction defining a bending plane and a non-bending
plane.

The general concept of the dipole magnet is based on a window frame return yoke,
fabricated from low carbon steel sheets.

The flat vertical poles follow the defined acceptance angle of 9° from physics
requirements. The coils are of saddle type with coil ends and sides that fit the
acceptance angle of 9°. The coils are wound from large hollow aluminium conductor.
They are cooled by pressurized demineralized water. The coil ends are located on
both sides of the magnet yoke and determine the overall length of the magnet. A

schematic of the ALICE Muon Dipole Magnet is shown in Figure 1.3.
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Figure 1.3: ALICE experiment layout (a) and schematic of the ALICE Muon Dipole
Magnet (b).
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Property Value Unit
Bending power [ Bdl 4 Tm
Magnetic length 10 m

Excitation current NI 2x1.3 MA
Inductance ~ 2 H

Electric power dissipation 4.2 MW
Stored magnetic energy ~32 MJ
Overall magnet dimensions HXVXL 11 x8x5 m?

Weight of yoke 1500 ton
Weight of coils 2 %27 ton

Table 1.3: LHCb dipole magnet main features.

1.2.2 LHCb

The LHCb [6] experiment focuses on the observation of evidence for CP violation,
exploiting the forward region of the proton-proton collisions at the LHC collider.
This leads to a fixed-target-like open structure of the experimental set-up with a
large dipole magnet for charged particle separation and momentum measurement.
For reasons of cost, simplicity and robustness, a magnet with resistive coils has been
chosen, a magnet with super-conducting coils would have required high investment
costs and an unacceptably long construction time.The required momentum resolu-
tion of about 0.4 % for momenta up to 200 GeV/c demands an integrated field of
4 Tm. The pole gap is 2.2 to 3.5 m vertically (the direction of the field) and 2.6 to
4.2 m horizontally. The two coils are of conical saddle shape and strictly identical.
They are mounted mirror-symmetrically to each other in the magnet yoke. The
yoke is assembled from identical horizontal bottom and top parts and two mirror-
symmetrical vertical parts. It shapes and guides the magnetic flux generated by the
two coils in the useful volume required by the detector acceptance. It produces an
almost vertical field in a double wedge-shaped gap between the pole faces. The
overall length of the magnet (in the beam direction) is 5 m and its total weight
is about 1500 t. The power dissipation in the aluminium coils is 4.2 MW. Figure
1.4 shows a perspective view of the magnet including its current and cooling water

circuits and Table 1.3 reports its main parameters.

11
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11000

Figure 1.4: Perspective view of the LHCb dipole magnet (units in mm).

1.3 Elements of classical design of warm magnets

The design of warm magnets refers to (electro-) magnets that operate at ambient
temperature primarily using a normal-conducting coil. These magnets are categor-
ized as resistive, often using a soft steel return yoke to enhance magnetic efficiency.
Designs typically focus on optimising the yoke’s shape and the current density of
the coils for better performance and efficiency [7].

The magnet design process is rather complex and can be divided into distinct steps
that are typically followed sequentially, although feedback loops may occur at certain
stages. At the start of each project, requirements, constraints, and boundaries are es-
tablished. From this, normally an analytical design is developed, followed by a basic
numerical design. After each phase such as electrical design, mechanical design,
integration assessment, and cost estimation, revisions to the analytical design may
be needed. Once these steps are successfully completed, an advanced numerical
design — possibly multi-physics — with accurate field evaluation is established [8].
It is essential to keep in mind that a detector magnet in a HEP beam line is not a
stand-alone device, it has various interactions with other devices — such as detect-
ors — and services — like cooling plant, power supply, transport and integration as

well as safety.

12
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These aspects have to be fully considered in the design phase and the magnet

designer calls on his experience to ensure that nothing is forgotten.

Some of them as power supply and cooling are obvious and therefore always taken
into account from the beginning whereas others like integration and transportation,
tend to be addressed later in the project. Maintaining clear and consistent commu-
nication with all relevant partners from the start, along with a well-defined interface

strategy, can help mitigate potential issues.

Typical design process

The first step is to define the magnet type (dipole, quadrupole, solenoid, etc.) and its
primary purpose. It is also crucial to determine where the magnet will be installed.
To begin the initial design process, the magnet designer needs to be provided
with the basic constraints, which are usually dictated by physics requirements,
expected performance, available space, unwanted interactions, budget and specific

requirements. A typical list of parameters and attributes follows

* Physics performance: geometrical acceptance, particle momentum resolution

and detection efficiency.

* Space: return yoke and coil dimensions, overall magnet length, active area

dimensions, and special shape requirements.

* Magnetised volume: reference magnetic field in the active region, air or iron

magnetised region.

* QOperation mode: continuous (DC) operation, pulsed mode and ramp rates.

A key consideration for the mechanical layout, which is closely tied to the magnetic
design, is identifying any geometric boundaries or constraints. These could include
limited space and shape in the experimental area, as well as weight limitations of the
supporting structure, and transport restrictions such as the maximum load capacity
of an existing crane. Additionally, the accessibility of the installed magnet is critical.
The magnet designer must not only ensure that the magnet can be transported to
its designated position but also provide unrestricted access to the reference points,

enabling the survey team to accurately align the magnet in its final position.

13
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When it comes to interfaces, these refer to how the magnet interacts with other
systems such as power supplies and cooling infrastructure. The interfaces with the

following equipment should be clearly defined:

* Power supplies: maximum current, maximum/minimum voltage, operation
mode, stability and reproducibility requirements, maximum current ramp

rates.

* Cooling system: available cooling capacity, maximum flow rate, maximum
pressure difference, water quality, conductor type (aluminium or copper),

water inlet temperature, pancake configuration and temperature stability.

Additionally, environmental factors must be considered in the magnet design pro-
cess. It’s important to remember that these interactions can be two-way: the magnet
may affect its environment, and the environment can impact the magnet. For ex-
ample, high ambient temperatures can raise the dew point, leading to condensation
on water-cooled coils. Conversely, the heat emitted by the magnet may be substan-
tial enough to overwhelm the ventilation system, causing an increase in temperature
within the experimental area. Moreover, the stray field generated by the magnet may

interfere with the surrounding devices.

Furtherly, in the context of High Energy Physics (HEP) magnets, ionizing radiation
poses a concern. Magnets operating in high-radiation zones require specialized
designs that allow for quick repairs or replacements, minimizing human interven-
tion. This also necessitates the use of radiation-hard materials and components.
Furthermore, magnetic fringe fields from the magnets can interfere with nearby
equipment, such as sensitive particle detectors, while surrounding equipment made
of magnetic materials can divert part of the magnetic flux, causing local perturba-
tions in the field quality. Table 1.4 summarizes the aspects to be considered in the

magnets design process.

14
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Basic requirements Magnet type and purpose
Operation mode

Performance requirements Momentum resolution
Detection efficiency
Magnet aperture

Space requirements Geometric boundaries
Accessibility
Interfaces Power supply
Cooling
Environmental aspects Temperature

Ionizing radiation
Electromagnetic compatibility and admitted stray field

Table 1.4: Aspects considered in the magnet design.

1.4 Sustainability issues in magnets’ design

Nowadays increasing energies are reached at particle accelerators such as the Large
Hadron Collider (LHC) and the need for greater precision in experiments requires
the magnets to be larger providing stronger fields. For these, the sustainability
concern has become somewhat dominant in the particle experiment design and in
particular in the design of magnets.

The scarcity of resources and the impact of climate change, driven by the overuse
of fossil fuels, are increasingly pressing concerns for humanity. In particular, the
total electricity consumption of scientific facilities is becoming more critical as the
dependence on fossil fuels decreases, carbon-neutral energy sources are still in de-
velopment, and a growing portion of energy use shifts from fossil fuels to electric
power. As far as the field of HEP is concerned, it is essential to prioritise the imple-
mentation of sustainable concepts, especially when planning the next generation of
large accelerator-based facilities. The significantly enhanced performance of these
proposed facilities, which is translated into higher beam energy and intensity, is ex-
pected to be accompanied by a corresponding increase in electricity consumption.
In this respect, the effort towards more sustainable designs finds its application in

improving the energy efficiency.

15
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1.4.1 Energy optimisation

In recent years, a shift in perspective on magnet’s optimal design has emerged.
Traditional design procedures of warm magnets basically ground on realizing a ref-
erence field in a specified region, with a coil balancing capital and operational costs.
Nowadays these factors — along with performance — are part of a broader set of
parameters’ optimization space. Moreover, a special focus on energy efficiency is
considered, aiming to minimize power needs besides costs.

Efforts towards energy efficiency find their application in different development
areas which can be classified into three different categories: technologies, concepts
and general aspects [9].

As for the technologies, energy efficiency has a long-standing history in particle
physics accelerator facilities, as the required performance often could only be
achieved using highly energy-efficient devices like superconducting magnets.Few
examples can be provided of technologies which could further improve energy ef-
ficiency: permanent magnets, as they don’t need electrical power with the positive
side effect that no heat is produced; another important development is efficient cryo-
genic systems, allowing to optimise heat removal in cold systems from beam induced
energy deposition, furthermore High Temperature Superconductors (HTS) allow to

power high-current devices, such as magnets, with no or little losses.

The present Ph.D. work, along with the involved research group one, aims at con-
tributing to offer a fresh point of view of the traditional approach to magnet design
by placing a strong emphasis on integrated optimal design and sustainability issues.
In particular, the quite frequent case of limited room for the magnet — and, in
turn, for the coil — at expected detection performance is explored, with the goal of

minimizing power and occupancy.

1.4.2 Dry superconducting options

It is well-known that iron-dominated magnets are constrained by iron saturation,
which limits their magnetic flux density to below 1.8-2.0 T. For applications re-
quiring a magnetic field across a large gap or volume, the use of normal-conducting
coils results in bulky designs and demands considerable electric power, often in the
megawatt (MW) range. This can lead to substantial operating costs, depending on

the magnet’s duty cycle.

16
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The recent surge in energy prices, coupled with the growing need for sustainab-
ility in research infrastructures, has made superconducting coils in iron-dominated
magnets an appealing option for energy saving. Two strategies can be employed in
these designs: one involves replacing the resistive coil with a superconducting one
while keeping the existing iron yoke, and the other involves a complete redesign of
the magnet to fully leverage the capabilities of superconductors, though this may
lead to higher overall magnet costs. If the gap between the superconducting coil and
the iron yoke becomes too large due to the mechanical frame or cryogenic system
requirements, the second approach may be required.

The complete absence of electrical resistivity for the passage of direct current below
a certain critical temperature (usually designated with the symbol 7;) is the basic
premise of superconductivity, very low temperatures (4 +~ 20 K) have to be attained,
making essential the role of cryogenics [10].It must be noted that the cost of using a
superconducting coil with cryogenics required to reach the desirable temperature of
operation may overcome the one of a water- or air-cooled warm magnet operating
at higher temperatures achieving similar performance goals, therefore an accurate
balancing of performance, costs and power should be carried out. Nevertheless, in
the past decade, new opportunities have arisen with the development of supercon-
ductors that can be operated at intermediate temperatures and do not require liquid
helium cooling, a scarce resource today whose losses are required to be minimised.
Until around 1990, all superconducting magnets were "wet", meaning they were
cooled by liquid helium. The discovery of HTS, combined with advances in cryo-
cooler technology, led to the development of "dry" (cryogen-free) magnets cooled by
a cryocooler. Dry cryogenic systems are less cuambersome to operate and maintain.
Moreover, they can be designed to be less intrusive than their wet counterparts. For
most applications, dry magnets are now preferred, provided that the magnet itself
generates minimal dissipation, such as AC losses, during its normal operation.

In the context of HEP, magnets for large scale particle detectors and their bus lines
require high currents in high magnetic fields at a wide range of operating temper-
atures. The operating limits of NbTi and Nb3Sn conductors, Low Temperatures
Superconductors (LTS) widely used in such a field, in terms of magnetic field,
current density and temperature have led to the development of cables made from
HTS. Such materials, such as ReBCO, BSCCO or MgB, have greatly broadened the
operating spectrum of temperature, current and magnetic field ranges compared to

cables using traditional Nb-based low temperature superconductors.
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In particular, the use of MgB, cable made from round wires, as demonstrated in
[11], has enabled high current densities for large-scale applications, such as some of
the magnets needed for the recently approved Search For Hidden Particles (SHiP)
experiment [12] at CERN, and for that its main characteristics are presented in the

following.

The MgB, conductor

The discovery of the superconductor MgB» in 2001 generated significant excitement
in both fundamental and applied research fields. While its critical temperature (7)
of 39 K is lower than that of high-temperature superconductors (HTS), it is signific-
antly higher than Nb3Sn, which has a 7. of 18 K. Given that both magnesium and
boron are abundant and relatively not expensive, MgB, wires, produced through
conventional deformation methods, were expected to be competitive for supercon-
ducting applications above 4.2 K, particularly in devices cooled by closed-circuit
refrigerators or even liquid hydrogen.

Shortly after the discovery of MgB, superconductivity, the University of Genova
initiated extensive research on its fundamental properties and wire production tech-
niques. The materials commonly used for the matrix in industrial MgB, wires
include nickel and Monel, with a niobium barrier to prevent diffusion of magnesium
into the stabilizing copper or reactions with the nickel matrix. The critical current
density (J.) of multi-filamentary wires shows an almost linear increase with applied
uniaxial strain () up to approximately 0.4%, after which degradation sets in. The
primary production methods for MgB, wires include the ex-situ, in situ, and Internal
Magnesium Diffusion (IMD) techniques. A detailed description of such production
methods will not be covered in this manuscript, although it has been resumed in
[13].

At the beginning of the development process, conductors were produced in a flat
shape, useful if we consider the winding of a magnet with a pancake-like configur-
ation, but in other cases such as solenoids, a wire with a round or square geometry
is preferred, as it presents clear advantages concerning the insulating and winding
techniques. At present, several different wires with round and square cross-sections
have been developed as well as the arrangement with respect to the copper, as seen

in Figure 1.5.
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0.25 mm

Figure 1.5: Some different geometries of MgB, wires with various numbers of
filaments and copper configuration.

(b)

Figure 1.6: Cross-sectional views of the MgB, wire (a) and cable (b) used for
superconducting windings.

The MgB, type of superconducting wire has been rigorously tested at CERN as
part of the high-luminosity upgrade of the LHC [11]. The strands were developed
in collaboration between ASG and CERN, with production handled by ASG. The
MgB, wire has a diameter of 1 mm. The superconducting filaments are embedded
within a Monel matrix, which features a thin layer of copper plating on the outer
surface, as shown in Figure 1.6 (a).

This copper layer is coated with a tin-silver alloy to ensure the wire’s surface quality
and provide controlled electrical resistance between wires when assembled into
cables. The cable, illustrated in Figure 1.6 (b), has a nominal diameter of 9.4 mm
and is made up of eighteen wires twisted around a central stranded copper core with
a4.9 mm diameter. Two layers of tinned copper braids cover the cable, primarily for
mechanical stability. In the magnet design and manufacturing process, a minimum
bending radius of 300 mm has been established, a value confirmed to cause no

degradation. However, the critical bending radius of the wire is 100 mm.
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Chapter 2

MODELS AND TOOLS

The design optimization of a magnet or more broadly, a magnetic system for HEP
often requires the integration of both physical and engineering analyses. The phys-
ical design determines factors such as detection performance, which involves setting
the magnet length, magnetic field, and detector positions. In contrast, the engin-
eering design focuses on aspects like power consumption and construction costs,
yielding key parameters such as coil thickness, iron yoke thickness, and magneto-
motive force. Both analyses rely on basic analytical laws and numerical tools,
with Monte Carlo simulations used to assess physics performance and Finite Ele-
ment Method (FEM) or Boundary Element Method (BEM) analyses employed to
evaluate magneto-static fields, temperature, and mechanical and thermo-mechanical

stress in the magnet.

However, the numerical tools do not allow for direct coupling between the two
analyses in a straightforward way, and optimization processes are generally time-
consuming. Analytical models are essential for achieving a coupled analysis that
considers both physical and engineering requirements simultaneously, as well as for
streamlining the optimization process. Besides the contributions to the design of
a number of options for SND detectors in SHiP and SND@LHC experiments, this
Ph.D. work describes a mathematical framework for an integrated design of electro-
magnets for detectors, with emphasis on analytical and semi-analytical models, as
the synthesis of the effort in the direction of new emerging perspectives in optimal
design of magnets for HEP [14, 15, 16].

2.1 Basic analytical tools

Analytical tools are essential in the early phases of magnet design, and it is quite
common to use them for conceptual design. This approach enables the derivation of
key characteristics and parameters of the future magnet with reasonable accuracy,
providing a solid starting point for numerical design work and simulation valida-
tion, ultimately reducing the number of design iterations. Moreover, an analytical

approach is essential as it will be shown in the following.
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As already mentioned in Sec. 1.3, a magnet is made of different components, for
instance a typical design of a warm magnet includes: the magnetic circuit, the
excitation coils, cooling circuits, sensors, electrical and hydraulic connections and

supports.

Without loss of generality, we can define analytical formulae for a particular type
of detector magnets, i.e. spectrometer magnets, whose aim is to contribute to the
momentum measurement of the particle beam traversing it, discussed in Sec. 2.1.3.
The first step is to derive the geometry of the magnetic circuit or magnet yoke.
This means translating the physics requirements into a magnetic design defining
the yoke characteristics such as the magnetic induction, the aperture size and the
magnet excitation (ampere-turns). A good starting point to define the necessary
magnetic induction is to take into account the bending power that the magnet must
offer in order to achieve the desirable detection performance, defined as the particle
momentum resolution which quantifies the spectrometer’s ability to distinguish
between close but distinct values of the momentum of particles. It can be expressed
as a function of the bending power, in particular, greater bending powers lead to

better momentum resolution:
Ap 1
— K —
p Bt

where ¢ is the magnetic length of the magnet, as will be discussed in the following

2.1

and B is the reference magnetic field. As lower momentum resolution leads to better
physics performance, a more detailed discussion will be presented in Sec. 2.1.3.
Under certain assumptions, asking for a desirable particle momentum resolution
constrains the spectrometer’s bending power without imposing restrictions on the
magnetic field induction or the magnetic length. This allows them to serve as
parameters within the optimization framework.

The aperture size of a magnet is mainly defined by the central region around the
theoretical beam trajectory, called the "good field region". This region determines
where the field quality must stay within certain tolerances. The good field region
can be circular, rectangular, or elliptical, depending on the maximum beam size and

other functional features. Figure 2.1 shows a typical magnet dipole aperture.
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Figure 2.1: Typical dipole magnet aperture alongside the closed integration path.

2.1.1 Field formulae

This section will provide expressions for the main electromagnetic features on
the magnet design through an approximate analytical magnetic model, based on

magnetic reluctance — with reference to [14] — in the magneto-static formulation.

Knowing the aperture of the magnet we can calculate the excitation current in the
coils required to drive the desired field strength. In this respect, we can use the

Ampere’s law
75 H-dl=NI (2.2)

as well as the relationship between magnetic induction and magnetic field

B=uH (2.3)
and the definition of magnetic permeability

H = HoHr

to have the following expression of the ampere-turns (MMF):

B - B - B - Ba Bl
leyf—-cﬂ:/ -dl+/ Ldl = 24 4 Diron (2.4)
M gap Mair yoke Miron Mair Miron

The gap height is indicated by a and the mean flux path in the iron circuit by /, the
[
Miron

The choice of the integration path is critical as different approximations can yield

last term of the expression is called "normalized reluctance" of the yoke.

varying results.
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Figure 2.2: Different integration paths for the evaluation of the magneto-motive force
(a) and field spatial distribution in an iron core magnet from a 2-D simulation (b).

Referring to Figure 2.2 (a), two integration paths lead to different expressions of [:

[ =2a+2t Blue path (2.5)
[=2a+2t+6h+b Red path (2.6)

where ¢ is the overall coil thickness. A comparison with 2D simulations shows
that the red path offers a more pessimistic approximation, while the blue path
is more optimistic. Additionally, Figure 2.2 (b) illustrates the relative variation
of the magnetic flux density along the x-direction, showing a field fluctuation of
approximately +10 %, especially for iron-core magnets. As a result, the integration
path closer to the coil leads to a more conservative solution [14, 17].
In analogy to Ohm’s law, Hopkinson’s law defines the "resistance" in a magnetic
circuit — the reluctance — as
r=N_ !
©  Aprpo

2.7)

with @ indicating the magnetic flux in Wb, / the flux path length in the iron part in
meters (m) and A the iron cross-section perpendicular to the flux in square meters
(m?). In this respect, an expression for magnetic efficiency can be defined for

air-core magnets as:
R
N= 2.8)
Rgap + Ryoke
which is usually kept above 95%. This quantity, and thus the reluctance itself as
can be seen in (2.7), is strictly related to the magnetic permeability defined earlier

in this Section.
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The relative permeability u,, in particular, characterises the magnetic behaviour of
materials, and it is strictly related to the concept of non-linear — possibly hysteretic
— B — H characteristic with saturation. In particular, for the construction of
electromagnets, materials with high relative permeability are crucial as they are
mainly involved in the construction of yokes. A discussion about yoke materials

and their modelling will be presented in Sec. 2.1.2.

Magnetic length and flux

Another important concept that needs to be defined in magnet design is the magnetic
length, as referenced in Eq. (2.1). To better understand this, imagine approaching
the magnet with a measurement probe along the beam axis, starting from a distant
point and moving towards the centre of the magnet: as you approach the edge of
the iron yoke, the instrument will show a gradual increase in the magnetic field, as
the probe passes through the magnet’s stray field. The field continues to rise even
after entering the magnet’s aperture, reaching its peak near the centre of the magnet,
where it stabilizes until the probe is moved away from the centre toward the opposite
end of the magnet. Figure 2.3 illustrates how the field increases steadily, rather than
abruptly, as the probe approaches the edge of the iron yoke. If the magnetic field is
integrated along the longitudinal axis from a point far outside one end of the magnet
to a point far outside the other end, the resulting value will be greater than simply
multiplying the local magnetic field by the physical length of the iron. At this stage,

the magnetic length can be defined as:

_ /_J;:OB(Z)-dz

mag = By (2.9)

Thus, to calculate exactly the magnetic length analytically can be quite difficult.
Usually, it is derived from numerical computations by integrating the field along
the magnet as described above and dividing it by By, the local field in the centre of
the magnet. Nevertheless, the expression can be approximated providing a certain

value of precision, approximated expressions will be provided in further Sections.
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Figure 2.3: Shape of the magnetic field in the longitudinal dimension (named as y)
for an air-core magnet.

In the context of such an approximate model, the magnetic circuit can be modelled

as a set of magnetic flux tubes defined as
®; = / B - AdS (2.10)
S.

for which the conservation of flux holds
N
Z ®; =0 (2.11)
i=1

By neglecting the stray flux, which is a reasonable assumption for a well-designed
yoke, the flux is balanced when the internal flux ®jy, that is the sum of the fluxes
corresponding to the gap and the coil, is equal to the flux into the yoke ®yoe, SO
that:

Dine = Dyoke (2.12)

Coil and yoke design

In the following, the design of magnet coils and yokes will be discussed. The coil
design is not entirely independent of the yoke layout, as optimizing the coils, for
example, to minimize power consumption often comes at the cost of a larger yoke
cross-section. The magnet designer’s task is to strike the right balance between an
efficient coil design and an effective yoke design. A high-quality coil design com-
bines low electrical power consumption, adequate cooling performance, appropriate

insulation thickness, and reasonable material and manufacturing costs.
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(a) Bedstead type coil. (b) Racetrack type coil.

Figure 2.4: Standard coil types for warm magnets in HEP experiments.

Achieving this balance and ensuring optimal magnet performance usually requires
multiple design iterations.

The coil design sequence involves the selection of an adequate coil type, to compute
the required power, to choose the proper cooling circuit configuration and to select
the conductor dimensions.

Coil types can differ depending on the application, Figure 2.4 shows the most com-
monly used types for normal-conducting magnets. As far as racetrack coils are
concerned, they are relatively easy to manufacture and therefore the least expensive,
whereas bedstead or saddle coils are often more expensive as they are more complic-
ated to wind and require a complex impregnation mould. To facilitate production
and installation, coils are often manufactured in pancakes.

On the other hand, regarding the design of the yoke of a dipole magnet for a HEP
experiment, the so-called O- or window frame family of yoke layout is preferred,
although different ones exist for different purposes such as particle accelerators and
beam transfer lines, as discussed in [8]. However, for any yoke design, the choice for
one or the other option is led by constraints and requirements such as the purpose of
the magnet, the available space, and the required performance. The window frame
yoke layout offers a good mechanical stability and a very homogenous field quality.
Figure 2.5 shows two basic versions of this magnet type which employ different
coil designs. The left-hand image (a) represents the classical window-frame magnet
whereas the version on the right-hand side (b) is the O-frame layout. Both may in-
volve racetrack coils installed around the vertical legs of the return yoke. The latter
is less efficient in terms of excitation, as it requires more ampere-turns. Moreover,

it produces a significant amount of stray magnetic field in the surrounding area.
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Figure 2.5: Typical window-frame (a) or O-frame (b) layout for yokes of dipole
magnets.

\CDCD@CD

Power and current density

Once the coil type has been selected, the next step is to determine the power
requirements. For this, we assume that the magnet cross-section and the yoke
length are known. The total dissipated power for an individual magnet can be

calculated as follows for dipole magnets:
B
P=p-J? Veu= p=2 i, (2.13)
nTHo

where p is the resistivity in Qm, V(, is the volume of the coil, Iy = 2(b + ¢) is the
average turn length in m — with b/ and ¢ height and longitudinal length of the active

region, respectively — and J is the current density in A/m?, defined as:

B
J = (2.14)
npoft
with ¢ representing the overall coil thickness, and f = % the geometric filling

factor, which is the ratio between the net conductor area and the coil cross-section,
accounting for insulation material, cooling ducts, and conductor edge rounding,
Figure 2.6 shows visually the quantities just mentioned. Voltage and current can
be determined using the power from Eq. (2.13), with P = VI. Additionally, the
following basic relationships hold:

RxN*J V«NJ Pu«lJ?

These relations can be used to improve the efficiency of power converters.
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Figure 2.6: Schematic of a pancake coil.

A large number of turns implies low current but high voltage, requiring thicker
insulation for both coils and cables, which in turn leads to a lower filling factor.
Therefore, coils with many turns are typically chosen for magnets with moderate

magnetic field strengths that are powered individually.

Conversely, a small number of turns implies high current but low voltage. This
choice requires larger terminals and a larger conductor cross-section but offers
advantages such as a better conductor filling factor in the coils, smaller coil cross-

sections, and less stringent insulation requirements for the coils and cables.

Additionally, in order to size power converters, we must determine the maximum
current, the RMS current, the DC power consumption, and the voltage that the
converter needs to provide. The total required voltage depends on the maximum
current needed to excite the coils, the coils’ resistance and inductance, and the
foreseen speed for achieving the maximum field. The voltage on a ramped magnet

can be expressed as:

dI
Vi = RI+L— (2.15)

where R is the total electrical resistance of the excitation coils in Q, L is the
inductance of the magnet in H and dI/dt is the maximum ramp rate in A/s. The
coil resistance can be easily calculated taking into account the conductor length /,

the effective cross-section a = fA and the resistivity p of the conductor material:
R=— (2.16)

The inductance L is a quantity not easy to compute, it depends on the number of

turns and the geometry of the coils as well as of the yoke surrounding the coils.
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The alternative is to compute it via the stored energy U in the magnet for which the

current relation holds:
22U

L=7

(2.17)

The stored energy depends on the non-uniform field distribution in the gap, coils
and iron yoke and it is usually determined by numerical computation. However,
in the case of window-framed magnets with a constant field in the gap, the stored
energy can be estimated as follows:

B? B? B?

%Vgap Ucoit = — Veoil U yoke = m

Ugap = 6110

Vyoke (2.18)

where Vgap, Veoil and Vyope are the volumes of the gap, coil and yoke respectively in

m?>. Therefore the total stored energy in the magnet can be expressed as:
Umagnet = Ugap +2Ucoil + Uyoke (2-19)

So that the inductance can be calculated from Eq. (2.17) and used in Eq. (2.15).

Cooling

The electrical power which is dissipated in the coils has to be removed from the
magnets otherwise overheating can seriously damage the coil insulation and cause
short circuits between the coil conductor and the surrounding equipment which
is usually on ground potential. In the field of normal conducting magnets, often

reported as warm magnets, we distinguish between two different cooling techniques:

* Air cooling (or dry cooling): this kind of cooling is suitable only for low
current densities. As a rule of thumb, the maximum current density for
voluminous coils which are almost entirely enclosed in the magnet yoke should
not exceed 1 A/mm2 [8, 18]. For small, thin coils, current density can be
higher, but below 2 A/mm?. A precise thermal study of air-cooled magnets by
analytic means is not straightforward, combinations of convection, radiation
and heat conduction come into place and they all depend on coil geometry, coil
surface as well as thermal contact with the surrounding materials. However,
cooling performances of air-cooled coils can be improved by equipping them
with appropriate heat sinks with enlarged radiation surfaces as well as cooling

fans providing forced airflow.
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* Water cooling (also known as wet cooling) is employed when current densities
exceed the limits of air cooling. The use of demineralized water from a cooling
plant can safely support current densities up to 10 A/mm?, providing a reliable
solution and allowing for a more compact coil design. While it is possible to
achieve current densities as high as 80 A/mm? for specific applications, this
is not advisable for standard magnets, as it significantly reduces the reliability
and lifespan of the coils. Higher current densities require a more complex
cooling system, often involving multiple parallel circuits per coil and high

coolant velocities, which increase the risk of erosion.

As for the manufacturing of either dry or wet-cooled conductors, both can be made
of round, rectangular, or square wires. They are commercially available in various
grades and dimensions. The water-cooled ones are provided with a central duct for
demineralized water as shown in Figure 2.7. The inter-turn and ground insulation is
provided by one or more layers of half-lapped glass fibre tape impregnated in epoxy
resin. Inter-turn thickness is normally between 0.3 mm and 1.0 mm whereas the
ground insulation thickness should be between 0.5 mm and 3.0 mm depending on
the applied voltage [8].

Whereas, as far as water cooling modelling is concerned, we know that to increase
the temperature of 1 kg of water by 1 °C we need 1 kcal=1/4.186 kJ, this means that

a water flow of 1 litre/s can draw 1/4.186 kW by increasing its temperature by 1 °C.

Figure 2.7: Hollow conductor cross-sections for water-cooled coils.
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Therefore the following relation between water flow Q in L/min and power P in kW

holds, valid with good approximation in the range between 20 °C and 60 °C:

P
0=143= (2.20)

with AT being the increase of temperature of the water. This relation tells us that
one can cool about 2 kW with a water flow of 1 litre/min with a temperature increase
of 30 °C. For optimal thermal performance, the water flow should exhibit moderate
turbulence. This requirement is met when the Reynolds number, which represents
the ratio of inertial forces and viscous forces, is greater than 2000 but less than 10°.

The Reynolds number is given by the formula:

_dv

R, = (2.21)

)4

where v is the water velocity, v is the dynamic viscosity and d the equivalent
hydraulic diameter of the cooling pipe. As a rule of thumb water speed should

satisfy the relation:

S 1.4
U —
d

where v is measured in m/s and d in mm.
In order to achieve a good combination of diameter and water velocity the following

relation adds as well for a given flow:

d2
0= 0.067rzv

keeping in mind to avoid excessive water velocities which can cause erosion corro-
sion of the cooling pipe, in copper this starts to happen at v > 3 m/s [18]. The last
parameter to take into account for the cooling modelling is the pressure drop, given

by the expression, valid in the same range as Eq. (2.20):

(2.22)

for hydraulically smooth pipes of length L (in m) and diameter d (in mm) with inlet
and outlet at about the same height, as in magnet coils, with moderately turbulent
flow. The pressure drop typically provided by modern cooling plants is between 1
and 10 bar, nevertheless, advanced cooling stations can supply water with a pressure
of up to 20 bar. Equation (2.22) comes into place in case a low-pressure drop
offered by the cooling plant must be compensated by a higher cooling flow. Table

2.1 summarises criteria and formulae for the determination of cooling circuits.
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Parameter Expression
- P
Cooling flow 0~ 14345
Water velocity V=7 512;2
Turbulent flow R, ~ 1400dv > 2000
for water at ~40 °C
Water velocity limit v <3ms!
Pressure drop AP ~ 6 X 10‘%%

Table 2.1: Criteria and formulae for the determination of water cooling circuits,
quantities are expressed in practical units: Q in litre/min, d,L in mm and AP in bar.

Cost estimate

Within any project, cost estimate is every time a fundamental feature characterising
the magnet’s design. In traditional designs, it used to play a somewhat determining
role in the coil design [8], but in the context of sustainability concerns, costs are no
longer a target function alone but part of a set of parameters within the optimization
process. Accurately estimating the cost of a magnet project demands considerable
experience and a solid understanding of the market. Although material prices are
generally well-established, assessing the manufacturing costs of a magnet is not
an exact science and is influenced by numerous factors. Previous experience has
demonstrated that the range of bids can differ significantly, sometimes by as much
as a factor of three between the lowest and highest offers.

As a matter of fact, one of the main goals in magnet design is the minimum
total cost over the magnet’s lifetime. Total cost can be divided into capital and
operational cost, the power consumption is important as it enters in both the capital
and operational costs. Two cost models have been built to estimate the magnet
capital cost. The first is a linear model where the fabrication cost of the magnet is
directly proportional to the mass of the coils and the iron. The second model is also
linear but includes constant factors representing the cost of tooling and engineering
[19]. From Eq. (2.14) it can be easily deduced that the magnet coil mass is inversely
proportional to the coil conductor current density J and the yoke mass has a weak
inverse dependence on it, since coil and yoke sizes are linked. So that the two

models can be expressed as:

Cm = AcoitMcoil + ByokeMyoke (2.23)
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Cwm = Leoil + Acoit Meoil + 1—‘yoke + ByokeMyOke (2.24)

where Acoj is the cost function per unit coil mass and By is the cost function
per unit yoke mass, which will be iron. The I" factors are constants encompassing
the costs of tooling and engineering that are independent of the current density.
The Eqgs. (2.23) and (2.24) don’t represent the overall expression of the magnet
capital cost, the cost of providing the power and the cooling to the coil must
be addressed, this part will depend on the magnet power consumption P, which
is directly proportional to the current density from Eq. (2.13), therefore the cost
equations for the power supply Cps and the magnet cooling system Ccs are as
follows:

Cps = I'ps + DpsP (2.25)

Ccs =T'cs + EcsP (2.26)

where ['ps and I'cg are the fixed portions of the power supply cost and the cooling
system, respectively, i.e. power supply controllers, interfaces with computers and
cable cost as well as hoses and piping and water piping system. Whereas Dpg
and Ecg are the proportional parts of the cost which include the cost of the power-
delivering unit in the power supply and the piping system, respectively. Finally, the
overall capital cost of the magnet can be expressed as the sum of the three types of

costs we have identified so far:
Ccap = Cm + Cps + Ccs 2.27)

In view of the cost optimization, the conventional magnet system capital cost is

minimum when
dCCap _

dJ
As far as the magnet’s operating cost is concerned, it includes electric power, the

0

cost of maintenance and the cost of cooling water over the operating life of the

magnet. The operating cost over a time ¢ can be calculated as follows:

(i)
PM -+«
n

where Py is the power in (in kW) used by the magnet, 7 is the efficiency of the

Cop = Fpt (2.28)

power supply itself plus the cables that carry power to the magnets which usually is
0.85 + 0.90 whereas « is the fraction of the magnet power that is needed to provide

the cooling, typical values are around 0.1 <+ 0.12.
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Figure 2.8: Capital cost, operating cost (for 5 x 10* h) and total cost as a function
of conductor current density for a dipole magnet at MSU [19].

Fp is the cost of electric power given in currency/kWh and the time ¢ is the operating

life for the magnet, given in hours.

The total cost of operating a magnet over its lifetime can be therefore expressed as:
C = Ccap + Cop (2.29)

where expressions for Cc,p and Co,, are given in Eq. (2.27) and Eq. (2.28), respect-
ively. If we plot the total cost as a function of the current density J, as shown in
Figure 2.8, a minimum can be observed representing the optimum current dens-
ity value for which the total magnet cost is minimized. This is a critical point to
be stressed: achieving the optimal current density for which the cost is minimized
doesn’t necessarily coincide with the aim of the energy-efficient design optimisation.
A "rule of thumb" states that conventional water-cooled magnets for which the coil
is made of copper should be designed with a current density of 5 A/mm?[18, 19].

However, as it will be shown in Sec. 3.2.2, a design procedure oriented to sustainab-
ility is shifting the cost estimate’s optimal point to a different one jointly evaluating

multiple target functions.
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2.1.2 Iron characteristics and modelling

Magnetic materials are key elements of magnet technology. They should be procured
on the basis of careful selection and adapted specifications, since their primary and
secondary metallurgy, chemical composition, purity, applied thermal treatments,
and microstructure will have a significant influence on their final properties. The
modelling of such materials in the context of magnet design can be crucial as it
affects several aspects such as the magnetomotive force.

We can distinguish between three main categories of materials:

* diamagnetic materials (u, < 1),
* paramagnetic materials (u, > 1),

 ferromagnetic materials (u, >> 1).

For their extremely favourable typical u, values ferromagnetic materials like steel
are commonly used for magnetic circuits or yokes. Nevertheless, they exhibit a
non-linear relationship between the magnetic field strength H and the flux density
B that has to be properly considered for accurate field evaluation. The total flux
density within the material is the sum of the flux density in free space, uoH, and the

magnetic polarization M (measured in Tesla), expressed by the equation:
B =po(H+M)=prpoH (2.30)

where - is the relative permeability. The magnetic polarization M for specific
materials is typically provided through B — H curves.

Furthermore, ferromagnetic materials show what is called hysteresis, a phenomenon
for which the flux density B(H) as a function of the field strength is different when
increasing and decreasing excitation, as shown in Figure 2.9. When the current is
switched off, some magnetic polarization of the iron remains: this is called reman-
ent field B,. The width of the hysteresis curve is determined by the coercive force
or coercivity H., defined as the value of field strength that reduces the magnetic
flux density in the iron to zero, although this effect is known to be present in the
steel while designing the magnet, in the following it will not be taken into account.
Materials having H. < 1000 A/m are called soft magnetic materials, those with

H. > 1000 A/m are called hard magnetic, e.g. permanent magnets.
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Figure 2.9: Example of a hysteresis curve for a soft magnetic material.

The magnetic properties of steel can vary significantly, influenced by both the chem-
ical impurities present in the iron and its mechanical and thermal treatment. The
carbon content plays a dominant role in determining steel’s magnetic performance,
while other chemical impurities have a lesser but still important impact. As a result,
most magnet steel is classified based on its equivalent carbon content. In fact, iron
is considered ‘“‘high purity” when the total impurity concentration (primarily carbon
and silicon) does not exceed a few hundred parts per million (ppm).

Otherwise, it is categorized as low-carbon steel or non-alloyed steel.

The 1010 steel grade and saturation

Not all types of steel alloys are suitable for use as iron yoke materials. Most magnets
utilize steel alloys with a low carbon content, typically less than 0.1%, for flux return
yokes. An example of this kind of steel is referred to as 1010 steel [18] used in
HEP magnets, for instance already employed in the ATLAS spectrometer [20].
However, due to the wide range of permissible impurity levels, the composition of
low-carbon steel can vary between different manufacturers and production batches,
making it difficult to guarantee consistent magnetic properties. In the case of 1010
steel, the silicon content can fluctuate even depending on the specific form of the
product [20]. This variation accounts for the significant differences in magnetisation
curves observed between different production batches of the same steel grade, as

shown in Figure. 2.10.
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Figure 2.10: Magnetisation curves of different heats of constructional steels used as
magnetic steel in different experiments, such as ARMCO and 1010 heats.

In magnet design, it is advisable to select the magnetisation curve that represents
the "worst-case scenario” once the steel grade is chosen. This ensures that the
design is robust and can accommodate any variability in the magnetic properties
of the actual iron used, allowing for improvements if the real material performs
better. Secondarily, the coercive field is also a key factor, and for steel alloys used
for electromagnets’ yokes, it is desirable to have a low coercive field. A common
requirement for steel in both accelerator and detector magnets is that the coercive
field should be less than 80 A/m. While hysteresis and coercive field are crucial
in determining how a material responds to changes in magnetic fields, another key
concept to consider in yoke materials is magnetic saturation. As the magnetic field
strength increases, the magnetic domains within the material align more and more
with the external field. However, beyond a certain point, the material reaches a state
where almost all of its magnetic domains are fully aligned. At this stage, any further

increase in the external magnetic field results in minimal additional magnetization
1 4B
Ho dH
materials like steel, especially those used in magnets, the saturation point defines

of the material, as shown in Figure 2.10, this happens when ; gi = — 1. For
the limit of magnetic flux the material can handle. This is particularly important
in applications where the magnetic field strength needs to be high and consistent,
as operating near or beyond the saturation point can lead to reduced efficiency and

increased energy losses.
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As a matter of fact this translates into a local decrease of the iron permeability (small
Hiron)-

It is good practice to keep the iron yoke reluctance smaller than a few per cent of air
reluctance by providing a sufficiently large iron-cross section such that the magnetic
flux in the iron stays not too high, for instance for the AISI1010 it remains smaller

than 1.75 T. If the recommendation

<0.01ZL
HMiron MO

is followed, the magnetic efficiency is better than 98% [8]. This in practice translates
into choosing a working point between the knee and deep saturation on the magnet-
isation curve, whenever possible, ensuring greater reliability. This helps attenuate

any fluctuations in the actual magnetic field.

Grain Oriented steel

Yokes are generally built from massive iron or assembled from laminations (cold-
rolled steel). Rolled steel may have different directional magnetic properties. Iso-
tropy can be restored by annealing the rolled steel at some temperature high enough
to re-grow the crystalline grain structure. In particular, some peculiar iron-silicon
steel alloys, such as the oriented steels, provide superior magnetic properties in the
rolling direction. They are mainly involved in transformers industry [21] but can
be implemented in some magnet designs or in general when the design permits the
directional magnetic characteristics to be used efficiently. Grain-oriented silicon
iron has been developed by altering the silicon content in the steel, cold rolling the
strip to the desired thickness, followed by high-temperature annealing at 1200 °C
to evolve secondary re-crystallization. Cold rolled grain-oriented (CRGO) steel is
a delicate steel to be handled with care. The magnetic property of the steel with
better tensile strength is the most important quality to be required. The sheet of
CRGO steel should not be bent dented or damaged during handling as it directly
affects the losses and magnetic properties [22]. However, in the context of mag-
net design, a possible GO steel to be used as a yoke should withstand to bending,
and cutting in order to align its magnetic domains to the magnetic field direction as
much as possible. Tests have been performed on GO steel, subject to bending in [23]
with different bending radii. It can be seen that annealing can partially restore the

magnetisation properties to some extent, depending on the bending applied.
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2.1.3 Detection statistical tools

In the previous sections, several formulae and procedures for the design of magnets
for the HEP have been presented, in particular for dipole magnets, which are typically
involved in experiments for the measurement of the particle momentum. Such a
type of magnets are called spectrometers, as already mentioned.

In the following an analytical approach for momentum estimate of muons with
spectrometers is presented, that is aimed at introducing the performance in the

design/optimization process at the same integration level of other quantities.

Muon spectrometers

Muons are elementary charged particles similar to the electron belonging to the
same particle family, the leptons, but with a much greater mass, about 200 times
the electron one. They are crucial in particle physics for several reasons: although
similar to electrons, some key differences make them valuable for probing the funda-
mental nature of matter and forces. Muons are involved in Standard Model testing,
in studies about the Weak Force (through their decay in electrons for instance),
in probing deep inside atomic nuclei (Deep Inelastic Scattering) or in high-energy
particle collisions like those at CERN, and many other reasons. Due to their greater
mass, muons accelerate slower than electrons in electromagnetic fields and emit less
bremsstrahlung (deceleration radiation).

This allows muons to be one of the most penetrating particles in the Standard Model
because the deceleration of particles like electrons and muons is primarily due to
energy loss by the bremsstrahlung mechanism. Such a peculiar feature of muons is
exploited by particle physics experiments to gain information on physics processes
which muons are originating from (such as neutrino interactions) through their

momentum estimation with muon spectrometers.

In accelerator-based experiments, such as those conducted at CERN, the muon holds
a unique role as a long-lived particle that interacts uniquely through electromagnetic
forces, making it relatively easy to identify. A muon spectrometer typically includes
one or more position-sensitive detectors that record the track of charged particles,
which — with a magnetic field — allow the determination of charge and momentum

from the curvature of these tracks.
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The identification of muons often relies on a large amount of absorber material in
front of the muon detector, which allows only muons (and neutrinos) to pass.

Almost all modern general-purpose detectors at colliders use muon spectrometers
of multifunctional design with various magnetic field configurations. Muons can be

detected via their electromagnetic interactions in matter, for instance:

* In modern detectors, often the ionisation of gas molecules (drift cham-
bers) [24] or the creation of electron-hole pairs in semiconductors (silicon
detectors) [25] is exploited to recognise the passage of a muon and to measure
at the same time space points along the trajectory. Typical resolutions are in

the range 10 + 100 pm.

* Also chemical processes can be exploited, notably in nuclear emulsions; this
technique has been extensively used in past experiments as in OPERA [26] but
also in today’s experiments as the SND@LHC experiment [27] at CERN and
under discussion within the SHiP Collaboration [12]. The nuclear emulsion
technology provides a three-dimensional spatial resolution of the order of

one pim;

In muon spectrometers, high-resolution tracking detectors are essential, like those

mentioned earlier.

Momentum and charge measurement

In the following discussion, only relativistic muons will be considered, as they
are primarily relevant in high-energy physics (HEP) experiments. Measuring both
the momentum and charge of muons simultaneously requires a combination of a

magnetic field and a tracking detector.

Within a uniform magnetic field, a particle with a unitary charge (the electron
charge) follows a circular path, with the radius given by Eq. (1.2). The direction
of the curvature depends on the charge’s sign. Since the momentum components
parallel to the magnetic field are unaffected, the overall trajectory forms a helix.
Eq. (1.2) serves as the basis for all magnetic spectrometers. In the following, only
the motion of the particle, whether a muon or anti-muon, in the plane perpendicular

to the magnetic field will be considered.
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A high-energy muon cannot be "trapped” by the magnetic field; typically, it enters
the field, follows a short circular arc with a large bending radius, and exits the field
in a slightly different direction.

To determine the transverse momentum of the muon, it is often required:

* A strong large magnet with a well-known field strength;

» Several precise measurements of the particle’s position along its trajectory

inside and/or outside the magnetic field with tracking detectors.

However, muons — along their trajectory through matter — suffer repeated elastic
Coulomb scatterings from nuclei. The vast majority of these collisions result,
therefore, in a small angular deflection of the muon. These thus follow a random
zigzag path as it traverses the material. The cumulative effect on these small angle
scatterings is, however, a net deflection from the original particle direction [28]
which biases the measurement of the muon momentum, as it will be discussed in

the following.

Without loss of generality, two momentum and charge measurement techniques
can be identified depending on the magnetic spectrometer layout: bending angle
measurement and the sagitta, extensively discussed in elementary particle physics
books [29]

Bending angle measurement Four tracking stations are foreseen outside of the
magnetic spectrometer, as presented in Figure 2.11. The bending angle of a track
traversing the magnet can be measured and therefore the momentum (and charge).
The bending angle 6 is determined by two tracking detectors before the magnet
separated by the lever arm a, measuring the track coordinates x, x, and two tracking
detectors behind the magnet, measuring the track coordinates x3, x4 also separated

by the lever arm a. From the track coordinates the bending angle is obtained

:x4—x3_x2—x1:qB€ 2.31)
a a p '

0

where ¢ is the length of the magnet (or better its magnetic length) and p the transverse

momentum of the muon.
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Figure 2.11: Magnetic spectrometer measuring the bending angle of a particle
track [30].

Hence the muon momentum resolution in such a configuration can be identified as

the resolution on the bending angle measurement, as the following:

Ap A8  2ep
p T ~ gBta

(2.32)

defining A8 = 2¢g/a as the error on the measurement of 6 and ¢ as the coordinate

measurement error on the tracking stations, namely their spatial resolution.

Sagitta measurement Four (or even three) detectors are foreseen: two of them
will record the particle track position outside of the magnet and two (or one) will
record it inside the magnetic field. The layout of a spectrometer measuring the
sagitta of a track is shown in Figure 2.12. The sagitta s is determined but two
detectors before and behind the magnet, measuring the track coordinates x;, x4 and
two detectors in the middle of the magnet, measuring the track coordinates x;, x3.

From the track coordinates the sagitta is obtained

X2+ x3 x1+X4_qB€2
2 2 8p

(2.33)

I Lo T3 Ly

:-‘ :E: —:

Figure 2.12: Magnetic spectrometer measuring the sagitta of a particle track [30].
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Similarly to the bending angle configuration, the muon momentum resolution can

be expressed as
A A 8

P22 2P (2.34)
p s qB(?

with As = €.

Analytical statistical model

The following discussion takes inspiration from the note at Ref. [31]. Let us con-
sider a detector layout made up of mainly three sub-detectors: a target, from which
particles of interest are generated and two magnetised regions, one made of alternat-
ing passive material (as iron) and detectors, also referred to as "calorimeter" and the
other one made of an iron bulk, instrumented with proper tracking stations placed
on both sides of each magnet, as depicted in Figure 2.13.

Each particle’s trajectory is defined by a set of random variables and can be repres-

ented as an event within a sample space. Specifically, we have

Q— 1 p,X0,50,00, A1, A2, A3,A4, Ogo1, Sx01, Oc12, So12, O34, So34

Particle Initial State Measurement Errors Scattering Effects

(2.35)
where p is the particle momentum, Sy, Xo and ® are the initial position and angle
of the particle, A is the set of measurement errors on the tracking stations, and
O, and S, are the angular deviations and displacements due to the multi Coulomb

scattering (MCS) in the passive materials.

Isl s | SgI e

s0 J B ¢ B By | s

L 201 T12 : Tz T34

Figure 2.13: Schematic layout of the magnetic system: two magnetised regions are
present alongside a target region where muon are generated.
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At each tracking station the state of the particle is defined by the angle ®; and
the vertical displacement §;, the vertical displacement is measured by the tracker,
whereas the angle, we assume it is not directly provided by the tracking station
measurement. The particle dynamic is modelled using the classical equation of

motion in the small angle approximation:

qB
S4— 83 = @3 X34 + 5)6%4 + S534
S3— 82 =023

Displacement: - B (2.36)
S —S1=01x12+ 2—191)6%2 +So12

S1 =80 = Opxo1 + S01

03 =0,
qB]
Angle:{ @, =@ + —x12 + Oy 12 (2.37)
p
01 =0 + Oy01

where the superscript * denotes a corrected field to take into account the presence
of gaps in the first magnet section, and the quantities with subscript o are the effects
of the scattering, assumed to be random variables.

Replacing the angle equations (2.37) in the displacement equations (2.36) it yields
qB] B,
S43 =84 — 83 = Opx34 + 71)612?634 + O501X34 + Op12 X34 + qz—px§4 + 8534
4B,
S3 =83 —82=00x23 + Y12 + 0501123 + Og12 X23

k

q
S20 =82 — 8o = O (x12 +x01) + 2—1?1)6%2 +Og01X12 + Se12 + S0
(2.38)

Momentum Estimator To simplify the approach, we would like a momentum
estimator based on a linear combination of the measured particle displacements.

Using the displacement difference as expressed in (2.38), we obtain

@S43 + BS32 +¥S20 = (Op + Ogo1) (X34 + Bx23 + yX02) + %3(%/3, y) +Z(a,B,y)
(2.39)
where a, 8 and vy are parameters to be chosen and xgy = xo1 + x12, and X and B are

the effects of scattering and magnetic field respectively

B(a,B,y) = Laxzs+2Bx23+yx12)Bix12 + aB2x§4 (2.40)
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2(a,B,y) = (ax34+Bx23) Op12 + ¥So12 + Y (Sc01 —X01001) + @Sy34 (2.41)

Note that X and 8 also depend on the spacing between tracking stations x;; although
it is not explicitly written in notation (2.40) and (2.41). Moreover, X, while being
provided by the MCS, is thought to be a random variable.

In order to remove the dependence of the momentum on the unknown initial angle

0, the coeflicients a, S and y must satisfy the constraint
ax3q + ﬁX23 +YXp2 = 0 (2.42)
so that Eq. (2.40) and Eq. (2.41) are recast as functions of @ and vy only

B(a,y) =aByxi, —yBixia(x12+2x01) (2.43)
Z(a,y) =aSe3u+v(So12 —x020512) + ¥Y(So01 —X010s01)  (2.44)

and the reciprocal of the momentum is given by

1 20aSi3+pS5+yS20 — (e y)

(2.45)

The tracking station measurement is affected by error, modelled by defining the
measured displacement E,- = §; + A;, where A; is a random variable with zero mean
and standard deviation €.

Using the displacements available from measurements (affected by error), we define

the estimator

%a§4+(ﬁ—a)§3+(7—ﬁ)§2—)’§o
q B(a,y)

since the scattering error has zero average, the expected value of the estimator (2.46)

(a,y) =

(2.46)

yields the reciprocal of the momentum

E 1] = ! (2.47)
p

where the operator E is the expected value.
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There are three main sources of error to be taken into account in the momentum

measurement of the muon:

* Energy loss
¢ The deflection due to the MCS

* The finite position resolution of the trackers

Therefore in order to evaluate the momentum resolution, having already an estimator
for 1/p, an estimate of the momentum standard deviation is required. After some
algebra, Eq. (2.46) and Eq. (2.45) give

2 etlo? +(B- )+ (v - B2+ + 0, y)
q [B(a,7)]

where o is the standard deviation, and oé is the variance referred to the scattering
defined in [31] as

o [1T] = (2.48)

3 3 3
Xo1 Xt 3X()1X12X()2) a? X34

+
X1 X

2
%
2 3 Xc

2 _ 72
os(a,y) = T (2.49)

with Py = 15 MeV/c, and X and Xt represent the radiation lengths associated with
the magnets’ and target’s passive materials, respectively. The asterisk (*) indicates
that the radiation length should include a correction to account for the fact that the
first magnetized region is not entirely composed of passive material, as it contains
gaps for the detectors, this could also be modelled introducing a filling factor for the
first magnetised area:
Xc=Xc - fc

The momentum resolution (or momentum uncertainty) is defined as o[P]/p. As-
suming the standard deviation to be much smaller than the mean of 1, the resolution
on the momentum is obtained using the propagation of uncertainty, i.e. truncat-
ing the Taylor expansion of P = IT! at the first order around the expected value.
The resolution on the momentum is then approximated with the resolution on its

reciprocal

2
o [P] ~ ( d 15) o[f1] = p? o[fl] = ~p-o[ll] (2.50)

46



Models and tools

I
o
S

0.40 |-

0.20

momentum resolution o[P]/p

0.00 [
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

reciprocal momentum resolution o[fI]/p~*

Figure 2.14: The standard deviation of the relative error is shown as a function of
the resolution of 1/p for various values of the threshold ppax. The grey dashed line
represents the identity function, which corresponds to the resolution predicted by
the first-order model.

This approximation usually holds for small values of the standard deviation, roughly
up to o[P]/p ~ 0.15, but it underestimates the actual resolution, especially for
higher values of o[P]/p, as can be shown in Figure 2.14. An exact computation
of the relation between o-[P] and o [I1] is not possible due to a non-integrable
singularity. In order to solve this issue, we consider a maximum limit p . for the
measured momentum, assuming that the measurements exceeding such threshold
are due to errors. Given a chosen threshold, it is possible to integrate numerically the
probability distribution, obtaining the relation between the momentum resolution
and the resolution on the momentum reciprocal.

Higher-order approximations yield more accurate analytical results, but the equa-

tions quickly become complex, and the improvement is only marginal [31].
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2.2 EM field and particle interaction numerical tools

2.2.1 The Magneto Quasi Static formulation

Solving an EM field problem in the context of a magnet’s design requires knowing the
value of the magnetic flux density at every point of the space. Maxwell equations
offer the general framework formulation allowing to solve any EM problem in

general. They can be written as the following, in their differential form:

V-ﬁzp

VXE:—%

V-B=0 (2.51)
Vxﬁ:f+%

v.Jj=-%

Eqs (2.51) are a set of partial derivative equations defined on the domain Q. A

unique solution can be provided if:

* Constitutive equations are defined, which for linear, isotropic and time-

invariant media are:

J=cE+J*
B =puH (2.52)
D=¢E

where J* is the imposed current field.

* Proper boundary conditions are defined, i.e. tangential components of E or

H field or normal components of J , 5 B fields.

* In case of non-stationary time-domain problems, initial conditions are to be

set as well.

* Within homogeneous domains, spatial regularity of the components of the
unknown fields must be satisfied. In practical problems — where different
materials are involved — such condition is not satisfied, therefore Egs. (2.51)
must be written for each material and interface conditions must be defined

on the surface of separation of media with different properties.
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However, in many practical problems some, time derivative terms can be considered
as zero or even neglected. In this case, simplified models are concerned, namely
static or quasi-static, in which the delay of the propagation of the signal can be
either zero or neglected. In the context of magnet’s design magneto-static (MS)
and quasi-stationary magnetic (QSM) models are involved. In the present work,

since it is aimed at stationary detectors, only MS problems are considered.

The magneto-static problem aims at the definition of the magnetic field H and
magnetic induction field B values starting from the distribution of the current field
in the whole space. In particular, the set of Maxwell equations simplifies to:

V x f] k= .7;:

-

V-B,=0 (2.53)
By = pucHy
when considering — without loss of generality — two homogeneous and linear
domains with different magnetic permeability, where k = 1, 2.
As previously stated, boundary conditions are required to assure the uniqueness of
the solution:

B -

0
=0 (2.54)

|zB =

f]xﬁs|2H

B —0 asr3

|Zoo

r—00

And with them, interface conditions must be defined on the separation surface X;;:
P_)I X g = I_{)z

- (2.55)
B-ig=0

with 1?2 a surface current on X1,. This assures the continuity of the normal and
tangential components of the magnetic induction field and magnetic field in the
interface between the two media. However, there are some caveats to be taken into

account when magneto-statics is concerned:

* All magnetic materials often used in magnet’s design have a non-linear charac-
teristic, therefore the third relation in (2.53) is adopted only as a simplification
and in numerical computations where the u; is computed iteratively at each
step. In the general case B= f (ﬁ ) where f can be either a matrix or even a

tensor when the material is not isotropic.
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* Itis not always possible to work with scalar potentials therefore the magneto-
static problem is intrinsically a vector problem, at least — in the best case
scenario — N2 times more demanding in terms of computational time and

memory allocation, where N is the number of unknown scalars.

* The first two boundary conditions in (2.54) are rigorously satisfied only
when the symmetry of the geometrical domain and the sources is concerned.
Without it, they could be used to provide approximated solutions. Therefore,

in general, the magneto-static problem is solved on unlimited domains.

These limitations make the magneto-static problem the most difficult among the
stationary problems, therefore different formulations have been proposed in the
literature. The formulation based on the vector magnetic potential A is the one used
in projects carried out in the PhD, which will be discussed in the following. As a

matter of fact, the magneto-static problem — defined B=VxA——canbe expressed

as follows:
VXxA-f sp = 0
1 e T 1 e A
Vx;VxA:J ﬁVxAXnS|ZH:0 (2.56)
‘A |zoo —0 asr?

with the conditions
|7 ] -y, =0 (2.57)
| I R _ )
[;VXA] X sy, | =0

Gauge definition

However, the main disadvantage of such a formulation is that A is a vector field
and in general (2.56) doesn’t have a unique solution since A’ = A - V¥, where ¥
is a scalar field, still satisfies the equations in (2.56). In this respect, an additional
constraint must be applied on V - A according to the Helmholtz-theorem, namely
"gauge", in order to restore the uniqueness. One of the most common gauges in the

context of the magneto-static problem is the gauge of Coulomb:

V-A=0 (2.58)

50



Models and tools

Alternatively, a different choice can be the following:
B-A=0 (2.59)

where w is an arbitrary vector field without closed field lines. This last choice
can be used when solving the magneto-static problem numerically based on the
finite element method. With such methods, the domain is modelled by a mesh. In
analogy with electrical circuits, the edges of the mesh can be broken down into
the complementary sets of the three and co-tree. The last step is to use the set of
the edges of the tree as i to impose the gauge [32]. This choice is found to be
very advantageous if the functional basis used to find the solution is made by "edge
elements". In this case, the unknowns are the line integrals of the vector potential
along the edges of the mesh. In this case, the gauge is translated into posing to zero
all the unknowns related to the edges of the tree of the mesh and looking for the
solution in the sole functional basis made up of unknowns related to the edges of
the co-tree.

Both of the aforementioned problems are solved if the geometry of interest is 2-D.
In this hypothesis — in a Cartesian plane (x, y, z) — let us suppose that the current
density is in the form

=1 (%, y )ZAZ

The magnetic induction field B (x,y), will have zero as the z-component and — in

the Coulomb’s gauge — the vector potential can be expressed as:
A=A (x,y )lAz

therefore if follows
E:VXA):VAZ(x,y)XfZ

so that the solving equation becomes:

| AZ|2 5=0
V. (;VAz) =-J: ;%(39_12|2H =0 (2.60)
|A2|r—>oo|zoo —0 asr2

with the conditions

A, Age =0
[A:] - Ay, (2.61)

1 0A —
15815, =0
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The ungauged formulation

However, also in 3-D problems, it is often possible to numerically solve the MS
problem using a formulation based on the magnetic vector potential A without
imposing, at least explicitly, any gauge. In order to let the numerical solver to
converge, some hypotheses must be satisfied. The solving equation requires the
known term to be solenoidal for
VlexX:f*HO:V-(VXleA)) =V.J
H H

However, if the MS problem is solved in an iterative way with a FEM formulation,
V - J* = 0 does not guarantee that the residual of the discretised equation converges
to zero. It is indeed necessary that the known term belongs to the range accessible
by the functional basis used for the numerical solution. In order to satisfy both

conditions a two-step pre-processing on the known term is needed:

» Express the known term as the curl of a vector potential in order to ensure it
to be divergence-free: J =V xT*

* Project the vector potential on the functional basis made up of the form

functions used for the solution of finite elements of the numerical problem

Fulfilling such conditions ensures that the known term is compatible with the used
functional basis.

Actually, if the conjugate gradient method is used for the iterative numerical solution,
it can be shown that the gauge on the vector potential is automatically imposed.
Finally, it can be noted that the ungauged formulation, when converging, allows to

solve the numerical problem in a faster way for two reasons:

* Avoiding explicitly imposing the gauge reduces the number of equations to

be solved.

* The pre-processing of the edges of the mesh is not needed to build the com-
plementary sets of the tree and co-tree (if the gauge is numerically imposed
asih- A = 0).
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2.22 COMSOL Multiphysics

A FEM formulation based on edge elements and a non-gauged magnetic potential
vector formulation [33, 34] has been employed to find the DC steady-state magnetic
non-linear solution for the total field through the Magnetic Fields interface of the
AC/DC module of COMSOL Multiphysics [35] software package.

Boundary conditions have been imposed by infinite elements. The numerical solu-
tion of the non-linear equation system has been obtained using a flexible generalized
minimum residual method (FGMRES iterative solver). For the solution of each
linear step, an iterative method based on the geometric multi-grid couples with a
successive over-relaxation (SOR) pre-smoother and post-smoother has been used.
Before performing the steady-state study, a coil geometry analysis through a COM-
SOL built-in tool has been preliminarily performed in order to compute the current
flowing within the coil elements [16]. This step, as already mentioned, is essential
to avoid imposing the gauge explicitly.

In particular, regarding the infinite boundary condition, a good approximation of
the field to the infinite is achieved using a particular kind of spherical shell with
thickness dR. The characteristic relationships of the material are chosen in order to
simulate the behaviour of a spherical shell with a hundreds times greater thickness.
However, the spherical symmetry of the boundary conditions requires that the bary-
centre of the domain of the currents and materials with high permeability is placed
at the center of the domain. Additionally, in order to improve the quality of the solu-
tion, a structured mesh is used: in particular attempts were made to use hexahedrons
and prisms wherever possible. These regions were then connected through buffer
regions modelled with pyramidal elements, together with more irregular areas of
the domain in which the use of tetrahedral elements was unavoidable. The fineness
of the mesh indeed directly impacts the accuracy of the solution, finer meshes are
required in regions with higher field gradients, such as near the coils or magnetic

core.
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2.2.3 Geantd

Modern particle and nuclear physics experiments present significant challenges in
developing complex and resilient software frameworks and applications. A crit-
ical aspect of this is the growing need for large-scale, precise, and comprehensive
simulations of the particle detectors employed in these experiments and in this per-
spective, GEANT4 has been developed.

The Geant4 (Geometry and Tracking) [36] simulation toolkit is a powerful and
widely used platform for simulating the passage of particles through matter. De-
veloped and maintained by the CERN collaboration, GEANT4 is designed to handle
the complexities of particle interactions with materials, making it an indispensable
tool in High Energy Physics (HEP) and other fields that require detailed modelling
of particle behaviour.

Every aspect of the simulation process has been addressed: the system’s geometry,
the materials involved, the fundamental particles of interest, particle tracking through
materials and external magnetic fields, the physics processes governing particle in-
teractions, and the response of sensitive detector components.

The toolkit enables users to construct a geometric model comprising numerous
components of varying shapes and materials, as well as to define "sensitive" ele-
ments that record information (hits) necessary for simulating detector responses
(digitisation). Additionally, GEaANT4 offers an extensive set of physics processes to

accurately model particle behaviour.

Volumes and materials

GeaNT4 makes use of logical and physical volumes to describe the structure of a
detector or in general a complex and a material which the volume is made of that
comes in to place when particle interactions with matter is concerned. A logical
volume defines a detector element with a specific shape that can enclose other
volumes and possess various attributes. The physical volume specifies the spatial
arrangement of the logical volume relative to an enclosing mother (logical) volume.
This arrangement enables the construction of a hierarchical tree structure, where
each volume can contain smaller nested volumes. Materials on the other hand are
made of a single element or a mixture of elements, elements are made of a single
isotope or a mixture of isotopes; therefore specifying the material of a volume

defines the behaviour of particles when interacting with them.
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Particle propagation

A large variety of interactions is experienced by particles passing through matter. In
GEeanT4 this variety is expressed by a division into several major process categories,
including: electromagnetic, hadronic, transportation and decay. Each particle type
contains a list of physics processes that the particle can undertake. For a particle
interaction or decay it is useful to distinguish between the process, i.e. a particular
initial and final state which therefore has a well-defined cross-section or mean-
life, and the model that implements the production of secondary particles, in this
respect there is the possibility of offering multiple models for the same process. In
GEeaANT4, particles are moved in steps that are determined by physics processes or by
the detector geometry, therefore all physics processes associated with the particle
propose a step.

A particle in flight is subject to many competing processes. Moreover, in a real
detector, it will often travel through many regions of different materials, shapes and
sizes before interacting or decaying. In simulation, the particle proceeds in steps,
and we have to find an efficient and unbiased way of choosing what limits the step
and, if the particles continue, of updating the parameters for the next step. The
process which returns the smallest distance is selected and its post step action is
invoked. If this is an interaction or decay, the particles is killed and secondaries are

generated. If not, the particle gets another chance to interact or decay.

GEANT4 neutrino simulation for SND

In the context of such a PhD work, experiments of interest are related to neutrino
physics, therefore the performance of the magnetic system’s design from the physics
point of view has been assessed with muons produced in simulated neutrino inter-
actions occurring in the experimental apparatus.

The GEanT4 simulation is the last step of a 3-step simulation "recipe" with three dif-
ferent simulation packages, i.e. FLUKA [37, 38], GENIE [39] and finally GEANT4.
Details on the first two simulation packages are out of the scope of this work,
nevertheless, information about the neutrino flux such as the energy spectrum and
position distribution recorded on a virtual scoring plane are provided by the FLUKA
simulation. This is therefore given to the GENIE neutrino event generator which

simulates neutrino interactions in the experiment material.
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The simulation of the neutrino interaction involves the production of several particles,
including muons, particularly in muon neutrino interactions. The propagation of
particles through the experimental apparatus coming from the interaction is then
simulated with GEaNT4, including the bending in magnetic field in case of charged
particles. The experiment geometry, including the magnetic spectrometer, is mod-
elled as volumes with appropriate materials — e.g. copper for the coil, iron for
the yoke — which GEanT4 takes into account to simulate particle interactions with
matter.

Additionally, detectors — implemented as sensitive elements — record the passage
of particles as hits which are provided as a set of different pieces of information,
including their (x, y, z) coordinates. Hits, in particular the ones from muons, are
therefore used as the main information element for assessment of the muon magnetic

spectrometer per formance.

2.3 A dedicated Dipole Magnet Matlab tool

It has been already mentioned, in Sec 2.1, how in early magnet design phases
and, even more, for multi-objective optimization processes, analytical modelling,
although approximate, can be practically largely superior to typical Multiphysics
numerical simulation. In particular the early definition of parameters, within the
context of general design of experiments in large collaborations, is often a complex
process requiring several iterations and prompt evaluation of new proposals.

In response to such a challenge a dedicated Matlab tool has been built — within the
group of Electrical Engineering participating in the SHiP and SND@LHC Collab-
orations — with this Ph.D. work as part of its development. It utilizes analytical
formulae as introduced and discussed in Sec. 2.1, combining both engineering and
physical issues at the same time. Its key advantages lie in its speed and flexibility,
allowing it to quickly adapt to sudden parameter changes.

Moreover, it has been the basis for power optimization and a more general optimiz-
ation framework, as it will be shown in Chap. 3.

In particular, the contributions to the Matlab tool within this Ph.D. activity have been
the reformulation of the optimization process to address multiple factors including
particle momentum resolution and, additionally, software documentation as well as

a general re-organization have been tackled.
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Available analyses and parameters

The tool is the result of different contributions addressing several aspects of the
magnet’s design, ranging from the modelling of basic physical requirements, geo-
metrical constraints and of the iron non-linearity to the thermal analysis.

The underlying mathematical core is the non-linear reluctance model for dipole
magnets, detailed in Sec. 2.1, in the magneto-static formulation which is solved
starting from the geometrical and electrical parameters provided as input. The flex-
ibility of the model and the interchangeability of parameters are fully exploited by
the encompassing framework, enabling a range of analyses tailored to the specific
configurations of the magnet system, whether air-core or iron-core magnets, for
instance.

Additionally, the framework computes a complete set of design-defining quantities,
making it easy to examine their relationships through visualisations allowing for
assessing the design.

The tool is organised into three primary sections.

Input parameters and constraints setting In this section, users can define mag-
net’s input parameters and constraints, such as geometric dimensions as well as

material properties. They can be categorized as:

* Physics-Related Parameters: This category focuses on the core physics re-
quirements. It includes defining the desired muon momentum resolution,
the maximum detectable momentum, and the resolution of the particle track-
ers. Users also select the method for muon momentum estimation, choosing

between sagitta or bending angle methods.

* Magnet Dimensions and Configuration: Here, key dimensional constraints are
set, such as the magnet’s maximum height and the aperture size, along with the
total active magnetised area. The design can accommodate different magnet
configurations, whether a segmented structure with magnetised iron slabs or
a single block for iron-core magnets. Additionally, this section specifies the

conductor’s cross-sectional area, the number of turns.
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* Cooling System Parameters: This part involves defining the cooling system
requirements, including the number of conductor pancakes, the cooling cir-
cuit’s diameter, and the maximum allowable temperature difference between
the inlet and outlet. These values are set following best practices and recom-

mendations from sources such as [18].

* Cost-Related Parameters: Finally, the economic aspects are addressed by
setting the material costs per weight unit and energy costs per kilowatt. Mul-
tiplying factors that account for the material manufacturing processes are also
included, ensuring a realistic estimate of total costs based on the weight of

materials used.

Computation of main electromagnetic features Based on the input parameters,
the tool computes the main electromagnetic features including field strength as well
as magneto-motive force, for instance. These computations are driven by underlying
analytical scaling laws that describe the magnet’s behaviour. The notation follows
the conventions introduced in [14], with reference to Figure 2. The section presents
different approximate expressions for the magnetic length depending on the magnet’s

type — either open or closed:

Cn =2 (% + (% + rH) sin 0) for open coil (2.62)
Cp =csg+2ry +t for closed coil (2.63)

where c; is the length of the coil excluding curved sections, rgy and ry represent the
horizontal and vertical curvature radii, respectively, and 6 is the coil aperture angle.
The magnetic flux density in the active region, referred to as the reference magnetic
flux density, can either be provided as an input or calculated based on the expected

muon momentum resolution:
Ap  2ep

P aBolul
Next, the flux balance equation is applied to determine the magnetic flux density in

(2.64)

the iron yoke. For instance, in the case of an air-core magnet, the equation is:
Boly (b +t) = Bpeln2h (2.65)

This equation is neglecting the stray flux, which is a reasonable assumption for a
non- or weakly-saturated iron yoke. However, in a general case, the contribution
from the stray flux is non-negligible and therefore Eq. (2.65) modifies including an

unknown By,y, this is taken into account as well using reluctances in parallel.
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Once the magnetic flux density in the iron yoke is obtained, the corresponding field
strength in the yoke is evaluated. This is strictly related to the material used for
the iron yoke. As a matter of fact, the characteristic B-H curve of the material
is provided as discrete points, from which the field strength value is obtained by
interpolating the curve. Most magnet designs aim for weakly saturated yokes
to maintain high performance. At this stage, the main design figures of merit are
introduced, including magnet efficiency, electrical power, and magneto-motive force
(MMF). Thermal analysis is performed, where the number of pipes, water flow rate,
and water velocity are calculated. Additionally, warnings are triggered if the design
deviates from common recommendations, as discussed in Sec. 2.1.1 and shown in
Table 2.1. The cost estimation section is included as well, applying the formulas
defined in Sec. 2.1.1, which represent one of the contributions of this Ph.D. work
to the tool. Specifically, the tool evaluates the total volume for the iron yoke — and
the active region in iron-core magnets — and the coil, allowing for the calculation
of both operational and capital costs. Total operating time can be provided as input

as well.

Visualisation The visualisation section is the surrounding layer of the integrated
optimization framework constituted by such a dedicated Matlab tool. Here results
of the analyses are presented to the user allowing to assess the design features or
possibly to adjust the parameters in order to achieve better performance within an
optimization loop. Additionally, parameters can be provided as multiple sets of
values, enabling — through visualisation — to explore the features space thanks to
calculations handled by the core.

It enables users to analyse how changes in parameters affect the magnet’s perform-
ance and design at a glance, offering visual insights through graphs.

Results of all the integrated analyses so far are presented through this functionality.
The electromagnetic analysis provides the relationship between the main electro-
magnetic features and the free parameters, Figure 2.15 — for instance — illustrates
trends of magnet efficiency, power, MMF, magnetic flux density in the iron yoke as
well as the stray magnetic flux density as a function of the iron yoke thickness for an
air-core magnet. This visualisation enables users to easily identify optimal design

points.
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Figure 2.15: Main magnet figures of merit as functions of the iron yoke thickness:
magnetic efficiency (top left), power and MMEF (top right), magnetic flux density in
the iron yoke (bottom left) and stray magnetic flux density (bottom right).

Moreover, a detailed coil design analysis — integrated into the tool — allows to
provide a complete overview of the coil geometrical layout and its main parameters
such as the arrangement of the conductors as well as the number of turns and their
average length, as shown in Figure 2.16, where a sketch of the upper section of
the coil of an air-core magnet is presented, visually highlighting the conductors’

configuration.
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Figure 2.16: Conductors’ configuration and coil main parameters as a result of the
coil design analysis module for an air-core magnet.
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Figure 2.17: 2-D (a) and 3-D (b) models as provided by the tool for an air-core
magnet within an "open-coil" configuration.

Geometrical parameters computed among different modules of the tool are exploited
to allow the visualisation of both 2-D and 3-D models of the coil and of the overall
magnet design, as illustrated in Figure 2.17 for an air-core magnet whose coil is
provided with an aperture angle.

The cost estimate module, on the other hand, given the main cost parameters and
exploiting the free parameters — as done already by the electromagnetic analysis
module — provides a clear overview of the capital, operating as well as total costs,
as illustrated in Figure 2.18, where magnet’s costs are shown as functions of the
overall thickness of the coil for a particular configuration of an air-core magnet
design.

The integration of a graphic overview of the results from the thermal analysis
module is in the scope of the future work of this Ph.D. activity. So far, results from
thermal analysis are provided only as text output of the Matlab tool, nevertheless
providing essential information about the design, a typical output of the module is

illustrated in Figure 2.19.

61



Models and tools

= Building cost [M€]
== Energy cost per year [M€]
Total cost (10 years) [10M€]

0.8 =
0.6 — —
04 -

0 1 1 L L
0.1 0.15 0.2 0.25 0.3

Coil thickness ¢

Figure 2.18: Building (blue), energy (red) and total (yellow) cost curves as functions
of the overall coil thickness for an air-core magnet design configuration. Total cost
accounts for a 10-year life span of the magnet, it has scaled by 10 for visualisation
purposes.

Thermal analysis

power 27.978 [kW]

deltaT 20 [K]

pipe diameter 12 [mm]

pipe length 35.2008 [m]

With the design parameters chosen we have:

a cooling flow of 20.0043 [liter/min];
a water velocity of 2.9479 [m/s];

a Reynolds number of 49525.4482 [ ];

a pressure drop of 2.9892 [bar].

Total voltage drop is 113.9541 [V]
Total power is ©.78338 MW.

Figure 2.19: Typical output of the thermal analysis performed on a particular air-
core magnet design as provided by the Matlab tool.
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Chapter 3

CASE STUDIES AND RESULTS

The analytical and semi-analytical models detailed in Chap. 2, implemented in a
dedicated Matlab tool and validated through numerical methods, provide a robust
framework for magnet design and optimization. This framework is applied — where
feasible —in case studies conducted within the SND @ LHC and SHiP experiments at
CERN, described above. Although these are large collaborations, the design process
is complex and has required multiple iterations, often driven by new proposals.
Thanks to the efficiency of the dedicated Matlab tool, rapid evaluations have been

possible to accommodate these evolving needs.

3.1 The upgrade of SND@LHC

The Scattering and Neutrino Detector (SND@LHC) is a compact stand-alone ex-
periment to perform measurements with neutrinos produced at the LHC in a hitherto
unexplored pseudo-rapidity region of 7.2 < n < 8.4 [27], complementary to all
other experiments at the LHC, where n = —1In(6/2), with 6 angle of the trajectory
with the main beam direction. The experiment is located 480 m downstream of
IP1 in the unused TI18 tunnel. The configuration of such an experiment allows
efficiently distinguishing between all three neutrino flavours, probing physics of
heavy flavour production at the LHC in the region that is not accessible to ATLAS,
CMS and LHCb. The physics programme includes studies of charm production,
and lepton universality tests in the neutral sector.

The SND@LHC experiment has been collecting data at the LHC since the start of
Run 3. While the results are promising, the Run 3 measurements will be statistically
limited due to the geometric constraints of the current detector and the anticipated
integrated luminosity. In 2024, the Collaboration submitted a Letter of Intent (LOI)
[40] proposing a detector upgrade to fully leverage the potential of the High Lumin-
osity LHC (HL-LHC), i.e. a factor 5 increase of instantaneous luminosity foreseen,

and expand the LHC’s physics reach in the neutrino sector.
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Along with the increase of statistical precision, significant improvements are fore-
seen for the experimental setup: a magnetic spectrometer is planned which would
allow the first experimental direct observation and the study of tau antineutrinos
while extending the range of flavour conservation tests. The new magnetised de-
tector is foreseen to be placed in the same area where the SND@LHC detector
is currently located, i.e. in the TI18 tunnel at about 480 m from the ATLAS

proton-proton interaction point (IP1).

Motivation

The SND@LHC experiment aims to detect high-energy neutrinos produced by the
LHC to study their properties and investigate charm production in the very forward
region. The initial results from the last few years of data collection, including the
observation of collider muon neutrinos [41] and the measurement of the muon flux
[42], have provided valuable insights into the signal and background environment.
This progress sets the stage for further exploration of the LHC’s neutrino physics
potential. With key upgrades, the HL-LHC will significantly enhance the experi-
ment’s physics reach in both neutrino physics and Beyond Standard Model (BSM)

searches.

The current SND@LHC detector maximises the available space in the TI18 tunnel
to cover the desired pseudo-rapidity range. However, its 2021 design was based on
the assumption that no civil engineering work could be completed in time for Run 3
operations. The planned upgrades aim to improve detector performance and address
the geometric limitations caused by the tunnel’s structure and sloping floor.

The energy measurement and muon identification set the lower limit for the detector’s
length. However, this requirement competes with the azimuthal angular acceptance
of the target, which influences the overall intercepted flux and, consequently, the
total number of observed interactions. Given the tunnel constraints and sloping
floor, the Collaboration has proposed excavating the floor to reduce the impact of
the proton beam crossing angle planned for Run 4 and to mitigate the potential effect

of switching to a vertical crossing angle in Run 5.

In principle, the environment of TI18 doesn’t permit the installation of a magnetic
spectrometer. This limits the precision of the measurement of the neutrino energy

and does not permit the separation of neutrinos from anti-neutrinos.
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In this respect a possible spectrometer design must comply with all the constraints
provided by either the environment or the physics of the processes of interest, i.e.
measuring the momentum of muons outgoing from neutrino interactions. As a

matter of fact, the main constraint sources can identified as:

* Interface with the environment: civil engineering works are needed in order
to fit the magnet or in general the whole spectrometer system in the TI18
tunnel affecting the shape of the magnet itself. Moreover, the presence of the
magnetic field generated by the magnet could affect the nearby LHC, or even
viceversa, this sets a constraint on the stray field of the magnet. Furthermore,

compliance with CERN power supply standards must be taken into account.

* Physics: a certain muon momentum resolution achieved by the spectrometer
system 1is desirable, this sets a constraint mainly on the bending power B¢
provided by the magnet. Furthermore, a high geometrical acceptance is
required, therefore setting constraints on the magnet aperture and in general

on its shape and dimensions.

Such constraints often don’t go in the same direction, therefore a trade-off must
be taken into account. However, different layouts and magnet designs have been
proposed as a result of a feedback loop that has been established within groups
involved in the Collaboration. In the following sections, different layouts and magnet
designs — developed by our group and with contributions of this Ph.D. work —
will be presented, highlighting their main features alongside their advantages and

disadvantages.

3.1.1 The air-core spectrometer system

The first considered layout of a spectrometer system is a stand-alone one: a spec-
trometer made up of four tracking stations upstream and downstream of an air-core
electromagnet, as shown in Figure 3.1. This layout features a compact vertex detector
(also known as target) placed upstream, where the majority of neutrino interactions
are expected to occur, followed by a hadronic calorimeter (HCAL) serving as a muon
identification system. Downstream, a muon spectrometer is positioned to measure
the muon’s momentum. This modular design has been consistently applied across

all iterations.
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Magnet

Muon filter
Vertex det Had Cal
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Tracking Stations

Figure 3.1: Schematic layout of the first proposed spectrometer system for the
upgrade of SND@LHC.

The spectrometer is designed to employ the “bending angle” method, which estim-
ates the muon momentum by measuring its deflection in a magnetic field. The res-

olution of the momentum measurement follows the relation, presented in Eq (2.32):

Ap  2ep

=2 3.1
P qBolntl S

where in this case € = 100 pm and ¢ is the distance between two trackers and £y,
is the magnetic length, defined in Eq. (2.9). As seen in Eq (3.1), assuming the
tracker technology — and hence &€ — and the total length of the spectrometer as
fixed, one can improve momentum resolution by either increasing the lever arm or
enhancing the bending power of the magnet. The latter can be performed with a
stronger magnetic field By or — alternatively — a longer magnetic length £y,.

This is a critical consideration: as an air-core magnet, significantly larger power
is required — about 10’ times more — than an iron-core magnet to magnetise
the same volume. Moreover asking for a higher magnetic flux density or a longer
magnetic length both require a larger magnet, which directly conflicts with the need
for a compact design, constrained by limited space. However, employing an air-
core magnet the contribution of the multi Coulomb scattering is drastically lower
given the density difference between air and iron, therefore lower muon momentum

resolutions (thus better) are expected.
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Figure 3.2: Expected momentum distribution of muons from neutrino interactions

(a), max momentum dependence on the magnetic flux density for different bending
power values B¢, (b).

The air-core design

The spectrometer’s optimization was guided by several key targets: achieving high
performance by minimizing muon momentum resolution, sustainability by reducing
power consumption and keeping total costs low by minimizing material usage. At
the same time, several constraints had to be considered: the magnet must fit within
the available space, limiting both its length and cross-section; the stray field must
be controlled to avoid interference with other devices and pose no health risks; and
magnetic efficiency must be maximized.

An analysis has indicated that, under certain assumptions, the trends of the main
figures of merit of the electromagnetic design — such as magnetomotive force and
power consumption, coil and yoke dimensions — exhibit a monotonic relationship
with respect to the magnetic flux density. Additionally, defined pyax as the maximum
momentum for which a charge assignment is feasible

qBolt,
Pmax = e

Figure 3.2 provides the relationship between ppn,x and the reference magnetic flux
density By at different values of the bending power Byf,. In particular, ppa.x =
750 GeV /¢ — which covers the 95% of the muon momentum distribution predicted
by simulations — leads to a By = 1 T if a bending power of 2 T'm is considered.

This has constituted the starting configuration for the design process.
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Figure 3.3: Side view (a) and top view (b) of the magnet with the notation used
in the formulas. Grey elements represent iron parts and orange elements represent
copper parts.

The optimisation approach follows the one proposed in [15]. The analytical frame-
work — described in Chap 2 — has been exploited providing a design solution which
satisfies the dimensional and stray field constraints while minimizing the power con-
sumption. The process starts by establishing fundamental constraints based on the
physics requirements, such as the desired momentum resolution (defined in Eq.(3.1))
and the geometrical acceptance, which refers to the ratio of muons entering the mag-
net to the total number of incoming particles. Hence, the desired value of acceptance
is achieved with an aperture of 1.20 x 60 m?2, defining a and b as the width and
height of the aperture, respectively. Whereas, regarding the momentum resolution,

a value lower than 0.2 has been considered desirable.

In addition to the physical requirements, further constraints are imposed by the
limited available space. Specifically, the total length of the spectrometer, L = ¢ +2¢,
with ¢ as the distance between the trackers, as well as the transverse dimensions
2ymax and 2xmax, shown in Figure 3.3, are taken into account. The exploitation of
analytical laws — such as Ampere’s law, the current density and power consumption
expression — together with optimisation parameters and goals leads to different
scenarios. In such a process, the total length of the magnet c, the overall thickness
of the coil ¢ and the aperture angle 8 have been considered as the optimization set

of independent variables.
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All the remaining fundamental quantities can be obtained as a function of the

independent variables:

* The magnetic flux density in the active region can be obtained from Eq. (3.1)

* The maximum magnetic flux density achieved in the iron yoke Bp. can be

obtained from the flux conservation:

i +2r0+2r+1t)(b+1)B
BFez(c r6 +2r +1)(b+1)By (32)
2the

where h = ynmax —t —a/2 is obtained imposing the constraint on the maximum

height of the magnet.

* The magnetomotive force can be expressed as:

By B
NI =244 k¢
Mo HFe

(a+2t) (3.3)

where the permeability, up. of the iron, is determined based on the magnetic
field in the yoke Bre, after selecting the material. The AISI 1010 steel, with a
nonlinear characteristic, has been chosen as a reference material for the yoke.
To align with the specific heat used in the ATLAS experiment, an appropriate
scaling has been applied, representing the worst case scenario for the current

design. The characteristic B — H curve is shown in Figure 3.4.
* The electric current density and the electrical power are in turn functions of
the magnetomotive force:
7= NI
Catf’

where f is the filling factor of the coil, pcy is the copper electrical resistivity

P =pcut?* Veu (3.4)

and V(, is the volume of the coil.

The relationship between power consumption — the objective to be minimised
— and both coil thickness and magnet length is illustrated in Figure 3.5. The
power minimum, marked by the blue dot, arises from several competing effects.
Specifically, increasing the coil thickness lowers the current density, which is directly
tied to power, but also reduces the yoke thickness, leading to saturation and therefore

into an increase in reluctance, thus raising the magnetomotive force.
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Figure 3.4: Magnetisation curve as modelled in the optimisation process, it has been
obtained from the magnetisation curves already shown in Figure 2.10.
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Figure 3.5: Level curves of the electric power as a function of the optimisation
variables ¢ and cfe, coil thickness and magnet length, respectively.

Meanwhile, the magnet length influences the denominator of Eq. (3.1), affecting both
the strength of the magnetic field and the magnetised volume. The optimisation is
performed numerically over a 3D grid by adjusting the three variables. It’s worth
noting that while exploring the variable space, the dependence on both ¢ and 6 is
found to be quite smooth, eliminating the need for complex minimisation techniques.
Figure 3.6 illustrates the scaling laws for power and magnetic field as functions of

the magnetic length, for different values of the coil aperture angle.
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Figure 3.6: Scaling laws of minimum power and the corresponding magnetic flux
density as a function of the magnet length cp. for three values of the coil aperture
angle. These plots have been obtained considering L = 6 m, pmax = 800 GeV/c,
t+h=04mandAp/p =0.2.

The influence of coil thickness is eliminated by selecting, for each ¢, the coil
thickness that minimises electric power. Interestingly, the parameters that minimise
power do not correspond to the minimum magnetic field, which is often the focus
when the physical design is conducted independently of the engineering design.
This discrepancy highlights the advantage of a unified optimisation approach that
incorporates both physical and engineering considerations.

Indeed, according to the step-by-step design approach the minimum magnetic field
required for an opening angle of 80°, for instance — set at 0.8 T — is attained with
a magnetic length of approximately 3.4 m which results in a power consumption
of 0.56 MW. This value is approximately 10 % higher compared to the optimal

solution identified using the unified approach.
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Main magnet features Value  Unit
Reference magnetic flux density  0.83 T
Total magnet length 2.96 m
Total power consumption 0.51 MW
Yoke thickness 15 cm
Coil thickness 20 cm
Coill fill factor 0.71

Total turns 140
Magnetomotive force 0.804 MA
Current per turn 5.7 kA
Current density 49  A/mm?
Voltage 88 \Y
Total resistance at 37.5°C 15 mQ2
Inductance 50 mH
Inlet-outlet temperature rise 15 °C
Water speed 2.5 ms~!
Reynolds number / 1000 43

Pressure drop 2.3 bar

Table 3.1: Optimal design configuration obtained by zero-dimensional and 2D
models after the optimisation procedure. Note that 2D model is referred to the sole
thermal analysis.

Result

The key design parameters are presented in Table 3.1. Notably, copper hollow
conductors have been chosen to enable active water cooling of the coil in a single
pancake configuration, with all cooling parameters falling within the typical operat-
ing limits used in CERN experiments [43]. Remarkably, all features comply with the
general recommendations outlined in the previous chapters. Before moving on to
validation through simulations, a cost-benefit analysis was conducted as part of the
design process. Based on the discussions in previous chapters, the main operational
cost of the magnet system is determined by the electrical energy required to power
the magnet, as expressed in Eq. (2.28). At the time of this analysis, the average cost
of electricity in Europe was F, = 0.25 €/kW h, though large research labs often
have special contracts with energy providers, making a more realistic price range
between F, = 0.05 and 0.10 €/kW h.

On the other hand, evaluating the capital cost, as shown in Eq. (2.27), requires

knowledge of the costs of iron and copper.
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(a) (b)

Figure 3.7: Three-dimensional view of one-eighth of the magnet from different
angles (a) and the full magnet model (b), showing the iron yoke in grey and the coil
in orange.

A reasonable estimate for copper, Acy = 8.30 €/kg, can be found in [44], while
the cost of iron varies significantly depending on its type and application. For this
analysis, the iron cost was assumed to be A, = 1.5 €/kg. Additionally, Eq. (2.27)
has been adjusted with two multiplying factors — one for copper and one for iron
— to account for manufacturing costs, which are proportional to their respective
masses. Therefore, cost analysis for such a design yields to a capital cost of about
472 k€, and an operating cost of 156 k€, supposing a duty cycle of 70% in one
year.It is noteworthy that, in less than three years, the operating cost becomes larger

than the capital cost, therefore constituting the largest expense so far.

To verify the accuracy of the proposed design, the main results are compared
with three-dimensional finite element (FE) electromagnetic models. A 3D FE
model offers a more realistic representation of the final magnet, providing detailed
insights into the spatial distribution of magnetic field variables. The magneto-static
problem is implemented and solved numerically using COMSOL software. To
reduce computational complexity by leveraging the model’s symmetry, only one-
eighth of the structure is simulated, as illustrated in Figure 3.7 (a). For visualisation
purposes, Figure 3.7 (b) presents the complete magnet model. The mesh used for the
FE analysis employs hexahedral elements and tetrahedra elements for the coil as well
as iron yoke domains and the surrounding air domain, respectively. In Figure 3.8
the results of the FEM simulations, in terms of magnetic flux density norm |B],
both in 3D (a) and in 2D (b) views are presented. The bending power is calculated
for a particle travelling through the center of the magnet, with By representing the

magnetic flux density component along the x-axis at the magnet’s centre.
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Figure 3.8: Magnetic flux density norm |B| 3D distribution inside the iron, coil as
well as air aperture (a) and |B| 2D mapping within the magnet and outside in a XY
section at the centre of the magnet, corresponding to z = 0.

Analytic value Numeric value

Magnet bending power [T m] 1.76 1.65
By [T] 0.83 0.76

Table 3.2: Comparison between the main electromagnetic parameter values for
analytic and FE numeric models.

In Table 3.2 the comparison between the values of the main electromagnetic para-
meters from the analytic and numeric models is reported. It’s important to note
that discrepancies between analytical and numerical values are within 8% by defect,

indicating an 8% improvement in resolution.

In this case study, for reasons of time, simulation studies have been conducted on a
previous unoptimized version nevertheless assessing preliminary physics perform-
ance, including geometrical acceptance and charge and momentum resolution. This
design featured a 1 T air-core magnet with a uniform magnetic field along the x-axis,
equipped with four tracking stations, as previously shown in Figure 3.1.

A simplified yet effective detector design was incorporated into the experimental
geometry model within the SND@LHC software framework, as depicted in Fig-
ure 3.9. Muon neutrino charged current (CC) interactions GEaANT4 Monte Carlo
simulations were generated in the target region. Focusing on outgoing muons, the

detection performance has been evaluated.
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Figure 3.9: GEanT4 simplified 3D model of the first detector layout as implemented
in the SND@LHC software framework geometry.
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Figure 3.10: Geometrical acceptance provided by the spectrometer system as a
function of the incoming muon momentum.

An overall geometrical acceptance of 50% — defined as the ratio of muons reaching
the most downstream tracking station to the total muons produced in the target region
— was achieved with an aperture of 1.20 x 60 m?, as demonstrated in Figure 3.10.
Although this acceptance is relatively low, optimization efforts have been made for
later configurations. Additionally, the bending angle of muons was measured in both
the 6, and 6, projections, with results presented in Figure 3.11. Since no deviation
is expected in the x-projection due to the magnetic field’s direction, the width of
the fitted Gaussian distribution in Figure 3.11 (a), o, represents the spectrometer’s
angular resolution. A 4o cut [30] applied to the 8, distribution results in a charge
assignment efficiency of 83%, defined as the number of muons with angles above

this threshold over the total number of muons traversing the spectrometer.
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Figure 3.11: Projections of the muon angle in the x (a) and y (b) directions. The
6, distribution is fitted with a Gaussian to determine the spectrometer’s angular
resolution. By applying a 40~ cut to the bending angle, 6,, a charge assignment
efficiency of 83% is achieved.
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Figure 3.12: Muon momentum resolution achievable by the spectrometer system
as estimated by GEANT4 simulation of v, CC interactions in the target region: (a)
overall and (b) as a function of the true momentum of the muon.

Momentum of muons has been estimated in the bending angle configuration and for
that muon momentum resolution has been evaluated, as illustrated in Figure 3.12.
An overall momentum resolution of 0.082 + 0.002 is achieved, though this value
varies significantly with the muon momentum. At a fixed bending power, higher-
energy muons experience smaller bending angles, leading to reduced accuracy in
momentum estimation. As shown in Figure 3.12 (b), the resolution tends to worsen
as the momentum increases. Additionally, the larger error bars are attributed to the

limited statistics of the muon momentum distribution, as depicted in Figure3.2 (a).
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3.1.2 The iron-core spectrometer system

The second proposed configuration for the upcoming upgrade of the SND @LHC ex-
periment involves the magnetisation of the HCAL. This magnet system is composed
of two main parts: the HCAL, which consists of 21 detector planes interspersed with
22 magnetised iron slabs — referred to as the Hadron Calorimeter Magnet (HCM)
— and a muon identification system. The muon system, known as the Muon System
Magnet (MSM)), is an iron-core magnet equipped with three tracking stations based
on drift tubes, as shown in Figure 3.13. This configuration was largely influenced
by space limitations. An air-core spectrometer with a bending angle setup would
need around 9 meters of space, whereas magnetising the HCAL and incorporating
an iron-core magnet downstream reduces the space requirement by approximately
1.5 times, offering a more compact solution. Notably, using an iron-core magnet in
place of an air-core one significantly reduces the magnetomotive force and hence the
magnet’s power consumption by at least three orders of magnitude, primarily due
to the large difference in magnetic permeability between iron and air. Additionally,

the resulting low heat dissipation allows for the use of air cooling.

Muon System
Magnet (MSM)

Hadron Calorimeter
Magnet (HCM)

Trackers

Figure 3.13: Schematic layout of the iron core configuration of the next upgrade of
the SND@LHC experiment
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Figure 3.14: Lateral view of a schematic layout of the iron-core configuration, the
red dotted line represents a possible muon trajectory and (y;, z;) are the positions
recorded by the detector planes in the y — z plane.

The iron-core design

As stated earlier, the design of the iron-core magnet for the spectrometer system
might appear simple from the electromagnetic point of view, nevertheless, the
problem of the scattering holds. The constraints were largely carried over from the
previous design. However, in this case, the key parameters shaping the spectrometer
specifications are muon momentum resolution and geometrical acceptance. These
parameters can be improved by increasing the spectrometer’s length and cross-
section, but both are limited by the available space in the TI18 tunnel. In the
following analytical statistical tools, described in Sec. 2.1.3, are applied. Referring
to the notation in Figure 3.14, the displacement of a muon generated by a neutrino
interaction in the target region, for a given magnetic flux density B, is approximately
given by:

Ay = 6yAz + %Azz + Ay, (3.5)

where 6, represents the angle of the muon’s momentum relative to the z-axis and
Ay accounts for the expected displacement due to scattering in the material.

By applying Eqgs. (2.45) and (2.46) to this configuration, Eq. (2.48) from Sec. 2.1.3
yields:

Ap 2 &5 (225, + 23,1 + &7235, + 03 (p)

P 4 znzalzaB+ (212 + 2200 Bfirc] G0
where &; and &, denote the position resolutions of the trackers within the target
and around the magnets, respectively, and o (p) represents the error induced by
scattering. Using Eq. (3.6), it becomes clear that the resolution improves with both

the strength of the magnetic field and the length of the magnetised regions.
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Figure 3.15: Muon momentum resolution as a function of the muon momentum,
the region in the red band represents, the resolution achievable between B = 1.5 T
and B=1.8T.

Given the space limitations on the HCAL’s length, the distance between the two mag-
nets, and the total system length, the focus can be placed on optimising the length of
the muon system’s magnet. The range of capabilities in terms of muon momentum
resolution achievable by the spectrometer system is shown in Figure 3.15: spectro-
meters with fields in the range of 1.5 + 1.8 T can achieve a resolution lower than

25 % for muon momenta up to 1 TeV/c.

The geometrical acceptance has been analysed to determine the optimal magnet
aperture, once the magnetic flux density value was established. The optimal con-
figuration was achieved by adapting the shape and cross-section of the magnets to
match the expected angles of muon tracks originating from neutrino interactions
while ensuring an overall geometrical acceptance of at least 90%. The geomet-
rical acceptance was evaluated for various magnet aperture sizes, as illustrated in
Figure 3.16. With the aperture of the HCM fixed at 60 X 60 cm?, a geometrical
acceptance of approximately 86% was achieved using a pyramidal-frustum-shaped
MSM with upstream and downstream apertures of 70 x 70 cm? and 90 x 90 cm?,
respectively.

A greater acceptance — above 90% — is reached for muons from neutrinos origin-
ating from charm decays, which constitute the point of interest for the experiment.
Given the essential characteristics of the magnets, specifically the aperture and

magnetic flux density, the electromagnetic design process can proceed.
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Figure 3.16: Geometrical acceptance as a function of the edge dimension of the
most downstream tracking station of the spectrometer system, at fixed values of the
tracking station 2 cross-section.

A slightly modified version of the Matlab tool was utilized to accommodate the
distinctive shape of the MSM, which belongs to a novel class of magnets known as
flux-symmetric conical magnets [16].

Referring to the notation in Figure 3.17, the flux balance equation is expressed as:
bBc = 2hByec (3.7)

where a, b, and h represent the average of the upstream and downstream dimensions
of the magnet. The magneto-motive force NI required to obtain a flux density B in
the core is approximately
_ bB

where _

_ b

s =a+2|—+t
4

and H = H (B) defines the nonhysteretic nonlinear characteristic of the type of soft
iron chosen for the yoke, that is in Figure 3.4. As a matter of fact, choosing a
weakly saturated, still in non-linear region working point of H ~ 9 kA/m leads to
B~1.7T.
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2Ymax

Figure 3.17: Three-dimensional model of the MSM design and definition of geo-
metrical parameters, u and d pedices stand for "upstream" and "downstream", re-
spectively.

Moreover, the approximate mean length per turn can be expressed as

li=b,+byg+2c for the MSM (3.9
l;=2b+2c for the HCM (3.10)

which contributes to the electrical power consumption expression

), F2
p=p(f% (3.11)

Result

The set of constraints, goals and first insights into the basic parameters just provided
results in an optimal design of the magnets summarised in Table 3.3. In particular,
the coil of the MSM is made with 42 turns of copper, with a cross-section of
26 x 26 mm?, this choice implies that the current density is sufficiently low so that
air-cooling is possible. A cost-benefit analysis has been carried out, it must be
noted that the choice of the core filled with iron, with the corresponding electrical
power in the order of 1 + 2 kW, results in a negligible operational cost, especially
if compared with the previous air-core solution. Therefore, only capital costs have
been considered. The analysis approach is the same given in 2.1.1. the estimated

costs for the spectrometer system magnets are summarised in Table 3.4.
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Main magnet features Value Unit

Hadron Calorimeter Magnet

Reference magnetic flux density 1.76 T
Total magnet length 2.54 m
Total cross-section 1.20 x 1.50 m?
Core cross-section 0.60 x 0.60 m?
Total power consumption 1.5 kW
Magneto-motive force 18.0 kA
Current density 0.75 A/mm?
Stray field [@ iron surface] < 10 mT
Total conductor mass 1.3 t
Total iron mass 22.5

Muon System Magnet
Reference magnetic flux density 1.75 T
Total magnet length 1.60 m
Total cross-section 1.60 x1.78 m?
Core cross-section (upstream) 0.70x0.70  m?
Core cross-section (downstream) 0.90 x 0.90 m?
Total power consumption 1.5 kW
Magneto-motive force 21.0 kA
Current density 0.74 A/mm?
Stray field [@ iron surface] < 10 mT
Total conductor mass 1.25 t
Total iron mass 33 t

Table 3.3: Optimal design configuration obtained from 3D simulations after the
optimisation procedure. A more detailed table is provided in [16].

Unit cost Units Manufacturing factor Cost

Hadron Calorimeter Magnet

Coil (copper) 7.4/t 1.3t 3 29

Magnetic structure (iron) 1.6/t 225t 4 144
Muon System Magnet

Coil (copper) 7.4/t 1.25t 3 28

Magnetic structure (iron) 1.6/t 33t 4 211
Total 412

Table 3.4: Cost estimates in KCHF for the magnets of the spectrometer system.
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(b)

Figure 3.18: 3-D view of the model used in COMSOL simulation corresponding to
one-quarter of the whole HCM (a) and distribution of the modulus of magnetic flux
density (b).

() (b)

Figure 3.19: 3-D view of the model used in COMSOL simulation corresponding to
a one-quarter of the whole MSM (a) and distribution of the modulus of magnetic
flux density (b).

As for the validation through numerical simulations, this has been carried out
with COMSOL software as well and in order to reduce the computational load, the
symmetry of the geometrical and physical problem has been exploited therefore only
one-quarter of the whole structure has been modelled. Figure 3.18 and 3.19 show
the 3D views of one-quarter of the whole magnet (a) and the modulus distribution of
the magnetic flux density |B|. Whereas, in Figure 3.20 the 2-D distribution of the
magnetic flux density norm |B| within the magnet and the surrounding air domain
in the x — y plane is shown for the HCM (a) and for the MSM (b). In the active
region, the average value of the magnetic flux density component along the x-axis
is .75 T.
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Figure 3.20: 2-D mapping of the norm of the magnetic flux density | B| for the HCM
(a) and for the downstream part of the MSM (b).

Figure 3.21: 3-D model implemented in the SND@LHC software framework, used
in GEANT4 simulations.

A straightforward yet effective model of this layout, similar to the previous config-
uration, has been incorporated into the detector geometry within the SND@LHC
software framework, as illustrated in Figure 3.21.The physics performance, in terms
of muon charge identification efficiency and muon momentum resolution, has been
evaluated. Figure 3.22 shows the distributions of the outgoing muons’ angles in the
x and y projection planes, based on neutrino simulations. The width of the fitted
Gaussian distribution in Figure 3.22 (a) represents the angular resolution provided
by the spectrometer, assuming a detector position resolution of 100 pm. Applying
a 30 cut on the bending angle 6, distribution in Figure 3.22 (b) results in a muon

charge identification efficiency of approximately 80%.
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Figure 3.22: Muon angle distribution in the x (a) and y (b) projections. The 6,
distribution has been fitted with a Gaussian, its width has been used to estimate the
muon charge identification efficiency as about 80%.

The momentum of muons has been estimated using a slightly modified method
from [45], and the muon momentum resolution has been assessed, as shown in Fig-
ure 3.23. An overall momentum resolution of 0.160 + 0.001 was achieved, which is
higher than that of the air core solution, primarily due to the contribution of multiple
Coulomb scattering. However, a key advantage is that this resolution remains relat-
ively constant with respect to the muon momentum, as illustrated in Figure 3.23 (b),
therefore offering better performance than the air core solution when the hard part

of the muon momentum spectrum is concerned.
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Figure 3.23: Muon momentum resolution achievable by the spectrometer system
as estimated by GEaNT4 simulation of v, CC interactions in the target region: (a)
overall and (b) as a function of the true momentum of the muon.
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3.1.3 The compact solution

The latest — and currently proposed — configuration for the next upgrade of the
SND@LHC experiment at the HL. LHC aims to drastically reduce the civil engin-
eering work required to install the apparatus in the TI18 tunnel. Earlier designs
necessitated significant modifications to the tunnel structure, including changes to
the floor and the re-routing of certain conduits, which resulted in considerable
additional costs. The new configuration is far more compact, having reduced the
magnetised area and eliminated the need for an iron-core magnet downstream, while
still retaining a magnetised hadron calorimeter. While this solution requires limited
excavation of the floor to meet specific boundaries, it offers the significant advant-
age of leaving the tunnel structure intact. However, exceeding these boundaries
could affect the tunnel’s stability, necessitating extensive excavation to restore the
integrity of the concrete structures. Additionally, temporary mechanical reinforce-
ments would be needed to maintain stability during construction. These structural
concerns would make it impossible to meet the HL. LHC’s tight schedule. The key

changes to the previous configuration are as follows:

* The detector has been raised by 10 cm, shortening the target region to remain
within the structural safety limits for excavation and decreasing the HCAL’s

active cross-section to 40 x 40 cm?2.

* To maintain similar muon momentum resolution and charge identification,
silicon modules have been proposed for the magnetised HCAL. These modules
provide aresolution of 30 um, a significant improvement over the 100150 pm

resolution of the previous trackers.

A schematic layout of the latest proposed configuration for the upgrade of the
SND@LHC is illustrated in Figure 3.24 (a) and its integration in the TI18 tunnel [46],
Figure 3.24 (b).
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(a) (b)

Figure 3.24: 3-D CAD model of the latest proposed layout of the compact version of
the upgrade of the SND@LHC detector (a) and its integration in the TI18 tunnel (b).

T
M

() (b)

Figure 3.25: 3-D model of the compact solution of the upgrade of the SND@LHC
experiment as simulated in COMSOL software.

The compact magnet design

In this configuration, no optimisation process has been performed, as the design
of the previous HCM has been fully inherited, except for adjustments to its dimen-
sions. Consequently, the numerical simulation model, along with the performance
analysis in terms of geometrical acceptance and muon momentum resolution, will
be discussed next.

Figure 3.25 shows a 3D model of the proposed electromagnetic design as implemen-
ted in a 3D COMSOL numerical simulation, alongside a section view that highlights
various parts of the magnet. The design includes 34 magnetised iron slabs, each
5 cm thick, interleaved with 33 detector layers, each 0.8 cm thick. It is important to
note that the coil has been rotated by 90 ° to reduce the space needed for the flux

return yoke, resulting in a magnetic field oriented in the y-direction.
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Main magnet features Value Unit
Reference magnetic flux density 1.75 T
Total magnet length 2.267 m
Total cross-section 1.15x0.8 m?
Core cross-section 0.40 x 0.40 m?
Total power consumption 1.19 kW
Magneto-motive force 13.0 kA
Current density 0.89 A/mm?
Stray field [@ iron surface] <21 mT
Total coil mass 0.86 t
Total iron + s. steel 11.12 t

Table 3.5: Main features of the last configuration of the HCM for the SND@LHC
upgrade obtained from 3D simulations.

Magnetic flux density - modulus [T] A;.a

Figure 3.26: Distribution of the modulus of the magnetic flux density in the slab
n.17.

To accommodate the electronics of the detectors between the magnetised iron slabs,
additional space has been provided between the coil and the magnetised region. This
space is filled with stainless steel slabs, as depicted in Figure 3.25 (b) in white, while
the detector spaces are shown in green. Table 3.5 summarises the key features of the
magnet design. A quarter of the entire magnet geometry has been simulated, and
Figure 3.26 presents the distribution of the magnetic flux density modulus |B| for
a single iron slab, specifically slab 17, located near the middle of the magnet. The
simulation demonstrates that a high degree of field uniformity is achieved within

the active region.
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Figure 3.27: Muon momentum resolution achievable by the compact solution of
the SND@LHC upgrade as estimated by GEanT4 simulation: overall (a) and as a
function of the incoming muon momentum (b).

Regarding the physics performance, the shortening of the target and the reduction in
transverse dimensions have inevitably impacted the geometrical acceptance, result-
ing in a 72% acceptance. Nevertheless, the muon momentum detection performance
has been largely preserved. Muon momentum is estimated using the angular method,
where the entry and exit angles of the muon are measured, allowing the momentum
to be determined. The overall muon momentum resolution of 0.233 + 0.003 is
achieved, as depicted in Figure 3.27(a). Figure3.27 (b) further demonstrates a rel-
atively constant trend in resolution with respect to the incoming muon momentum,

even in this case.
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3.2 The SND magnet of SHiP

The Search for Hidden Particles (SHiP) experiment is a general purpose fixed target
facility proposed at the CERN Super Proton Synchrotron (SPS) whose primary goal
is to search for new physics in the unexplored region of very weakly interacting
particles at the intensity frontier using a 400 GeV/c proton beam impinging onto a

high-density target.

The existence of particles such as dark photon, light scalars, Heavy Neutral Leptons
(HNL) and axions will be therefore explored with unprecedented sensitivity in the
GeV mass region. Furthermore, direct search for light dark matter (LDM) will
be performed through the scattering off the atoms of the neutrino detector and tau
neutrino physics will be studied. As a matter of fact, using the neutrino physics
results from the SND@LHC experiment (and its upgrade), SHiP aims to perform
the direct observation of the tau anti-neutrino and to study v, and v, cross-sections,
alongside their properties thanks to its dedicated neutrino detector and to the beam

dump facility (BDF) acting as a tau neutrino factory.

The SHiP design has gone through several changes since the original design from
2015 [12, 47] where it would have been served by a new, short, dedicated beam line
in a new experimental cavern (ECN4) to the most recent one at the ECN3 [48].

As amatter of fact, the already existing ECN3 experimental facility makes it possible
to implement the SHiP facility at a fraction of the cost of the original proposal,
without compromising on the physics scope and the physics reach. The most recent
setup of the SHiP experiment is shown in Figure 3.28 where two complementary
detectors are foreseen: the upstream detector is designed for recoil signatures of
LDM scattering and neutrino physics whereas the downstream detector system aims
at measuring visible decays feebly interacting particles in a nearly background-free
environment.

The high-intensity, high-energy proton beam at the BDF generates a powerful
flux of neutrinos of all flavours — electron, muon, and tau neutrinos — as well
as their corresponding anti-neutrinos. With a hadron absorber and muon shield
effectively clearing the forward region of hadrons and muons, the SHiP experiment
is optimally designed for neutrino physics studies. Positioned directly downstream
of the muon shield, a compact detector utilising nuclear emulsion technology and a
muon spectrometer enables the detection of all neutrino flavours and measurement

of their energy.
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Neutrino Detector

Spectrometer

Particle ID

Figure 3.28: Overview of the SHiP experimental setup on the SPS TCC8/ECN3
experimental facility.

3.2.1 The original configuration and SND@ECN3

The original configuration of the neutrino detector of the SHiP experiment was
included in the SHiP design at the ECN4, illustrated in Figure 3.29, it is placed in
a region where most of charged particles, like muons are completely swept away
by the upstream Muon Shield leaving neutral particles like neutrinos or Beyond
Standard Model particles. The SND utilises a hybrid detector design, similar to the
concept developed by the OPERA Collaboration [49].

SIDE VIEW FRONT VIEW

5x Downstream Trackers

19x Target Trackers

Muon Identification System

19x Brick Walls

.....

Figure 3.29: Original layout of the Scattering and Neutrino Detector of the SHiP
experiment
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Figure 3.30: Muon flux spatial distribution with the silhouette of the SND apparatus
(a) and YZ projection sketch of the magnet conceptual design (b).

It alternates layers of nuclear emulsion films with high-density passive material,
serving as a v-target, along with electronic trackers. Additionally, the detector oper-
ates within a magnetic field, allowing for the charge and momentum measurement

of hadronic final states.

The design

The SHiP SND magnet must be designed to provide a large, uniformly magnetised
volume that can accommodate both the neutrino target and the spectrometer trackers.
To achieve this, initial design constraints require the magnet to produce a field of
at least 1.2 T over a volume of approximately 10 m?, allowing for charge and
momentum measurements of hadrons up to 10 GeV/c. Additionally, the magnet’s
stray field outside this region must be minimised to prevent interference with the
muon flux, which is deflected by the muon shield. Figure 3.30 illustrates the region
cleared from the muon flux where the apparatus should be placed as well as a sketch
of the first conceptual design of the magnet. Moreover, the structure of the magnet
must enable easy access for detector installation and maintenance, adding to the
design complexity. For instance, the Compact Emulsion Spectrometer (CES) needs
to be replaced every few weeks to limit integrated combinatorial background in
track matching, essential for momentum measurements. This requirement requires

the magnet to be designed for frequent and efficient opening.

92



Case studies and results

Constraint Value Unit
Internal volume 1x1.6x54 m3
Overall external size 24%x40%x72 m’
Internal volume temperature 18 °C
Reference field >1.2 T
Field homogeneity ~ 1 %o
External stray field <10 mT

Table 3.6: Main magnet design constraints.

Table 3.6 outlines the key design constraints, including a temperature limitation,
which is due to the operating temperature requirements of the nuclear emulsion films
used in the neutrino target. Given the design constraints for the magnet, optimisation
options are limited. However, an analytical model has been developed, forming the
initial version of the Matlab tool detailed in Sec.2.3. The analysis performed —
thoroughly covered in [14] — focuses on identifying design solutions that satisfy
both dimensional constraints and stray field requirements while minimising power.
Once the iron yoke material, typically AISI 1010 as commonly used in this Ph.D.
dissertation, has been specified, key scaling laws of the magnet’s characteristics

have been derived with the yoke thickness as a parameter.

Figure 3.31 illustrates the model’s predictions on how efficiency, maximum iron flux
density, power, magneto-motive force, and maximum stray flux density vary with
yoke thickness h. These values are calculated assuming a reference magnetic flux
density of B = 1.2 T. Notably, the power curve exhibits a minimum at a particular
iron thickness, offering valuable insights for design. However, minimising both the

stray field and power simultaneously presents a challenging trade-off.
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Figure 3.31: Main magnet features as a function of the iron yoke thickness

Result

The constraint on the maximum stray flux density is met with 2 = 0.7 m, resulting in
a magnetic efficiency of approximately 99%, a power consumption of 1.03 MW, a
magneto-motive force of 1.01 MA, and an iron flux density of 1.75 T. Consequently,
the selected design configuration is detailed in Table 3.7. A 3-D analysis was also
conducted using simulation software, confirming that all constraints are met and

showing strong agreement with the analytical model, as shown in Table 3.8.
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Main magnet features Value  Unit
Reference magnetic flux density  1.75 T
Stray field [@ iron surface] 10 mT
Total power consumption 1.03 MW
Yoke thickness 70 cm
Coil thickness 50.1 cm
Coll fill factor 0.62

Total iron mass 356 t
Magneto-motive force 1.014 MA
Current density 32 A/mm?
Voltage 99 A%
Total resistance 9.6 mg
Water speed 27  ms7!
Reynolds number/1000 98

Pressure drop 6.8 bar

Table 3.7: Reference design configuration of the magnet for the SND of the SHiP
experiment.

Analytic value Numeric value

By [T] 1.25 1.25
NI [MA] 1.01 1.014
Bre [T] 1.75 1.73
Bgray  [mT] 11 10

Table 3.8: Comparison between the main electromagnetic parameter values for
analytic and FE numeric models.

Due to the symmetry only one eight of the entire structure is simulated, on the
corresponding cut boundaries the symmetry condition is imposed, as well as the
magnetic insulation at the external region boundaries. The FEM simulation for the
set of used parameters is reported in Figure 3.32, where the modulus of the flux

density |B| is given in a 3-D view and 2-D section, respectively.
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Figure 3.32: Modulus of the flux density norm |B| mapping within the magnet in
the 3-D model (a) and outside in the 2-D view (b).

The SND magnet at the ECN3

The relocation of the SHiP experiment apparatus from ECN4 to the existing ECN3
facility required a complete revision of the experiment’s layout. This displacement
resulted in adjustments across multiple sections of the setup, involving relocation,
shortening, or reduction to fit the SHiP detector fully within ECN3. Specifically,
the muon shield in ECN3 now relying on a hybrid system of superconducting and
normal-conducting magnets, moves the SND detector around 27 meters from the
target center — 10.5 meters closer than initially planned for ECN4. Consequently,

the new SND configuration spans approximately 6 meters in length.

This adjustment led to a complete rearrangement of the SND layout, adopting a
configuration similar to that of the upgraded SND@LHC. The layout features a
neutrino target region, equipped with emulsion cloud chamber (ECC) walls inter-
leaved with target tracker planes, which provide time-stamping of interactions in
the target. Downstream, a muon magnetic spectrometer housing four tracking sta-
tions within an air-core magnet, enables charge and momentum measurement for
muons from muon-neutrino interactions. A schematic illustration is provided in
Figure 3.33. However, unlike the SND @LHC upgrade, the SHiP SND spectrometer
focuses on lower-momentum particles, reducing the requirements for both its length

and bending power.
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Muon Spectrometer

Figure 3.33: Schematic layout of the Scattering and Neutrino Detector (SND) at the
SHiP experiment in the ECN3.

Main magnet features Value Unit
Total volume 1.5%x22%x33 m’
Reference magnetic flux density 1 T
Total power consumption 0.7 MW
Total iron mass 50 t
Total coil mass 5 t
Estimated building cost 0.3 M€

Table 3.9: Reference design configuration of the magnet for the SND of the SHiP
experiment at the ECN3.

In such a configuration, the space allowed for the magnet of spectrometer is about
3 m provided that the space required to house the full neutrino target is ~ 2.6 m.
Therefore, the process of optimisation of the magnet has relied on the experience
gained with the design of the magnet for the upgraded SND@LHC, leading to a
reference design summarised in Table 3.9. However, this design stage has not been
extended to further detail as new proposals emerged. Nevertheless, this configuration
served as a foundational reference in an optimization exercise, which is detailed in

the following Section.

97



Case studies and results

Requirements

Maximum height 22m
Maximum length 33m
Active region section 0.8 x 1.0 m?
Muon momentum resolution <0.25

Table 3.10: Constraints applied to the magnet design optimization for SND @ SHiP
magnet follow-up.

3.2.2 Power optimized SND magnet at ECN3

As a follow-up to such a design, an exercise has been carried out in order to explore
the parameters’ space in an exclusively analytical framework applying constraints on
the available space and muon momentum resolution, as presented in Table 3.10 [50,
51]. The target of such an exercise is to provide the optimal point in a multi-
objective approach which includes high physics performance, sustainability as well
as possibly low total cost. This translates into jointly minimizing the particle
momentum resolution, the power consumption and the used materials and electric
energy, respectively. The set of analytical tools used in this exercise has been
provided in Sec. 2.1.

After applying the constraints, some degrees of freedom are left, paving the way
for the optimization process. A function of the coil thickness ¢ and the iron yoke
thickness # is used as running parameter since they are constrained by the maximum
height of the magnet:

Ymax = 2(t+h) + b

where b is the vertical magnet aperture. The quantity ¢/(z + h) — referred to
as "copper-iron ratio" in the following — is indeed used as free parameter. The
dependence of the main figures of the optimization procedure — such as power
consumption, costs and efficiency — on the copper-iron ratio has been therefore
explored, as shown in Figure 3.34. Interesting considerations can be given: in
particular, the critical point where the magnet design becomes unbalanced is clearly
visible, around #/(t + h) ~ 0.55, after this point the lack of the returning yoke
becomes dominant (confirmed by the stray field trend) therefore the efficiency drops
and quantities rocket. It is just at the edge of this situation that the optimal lies.
Moreover, note that for a lifespan of 10 years, the operating cost is prevalent on the

building cost.
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Figure 3.34: Dependence of magnet design’s main figures of merit on the free

parameter, copper-iron ratio ﬁ Note in (c) that the total cost has been scaled by
10 for visualisation purposes.

Figure 3.35 provides a clear picture of the relationship between the particle mo-
mentum resolution and the required power consumption as functions of the copper-
iron ratio. Depending on the particle momentum resolution the power minimum
is achieved for different values of the ratio and, if the minimum for every particle
momentum resolution value is considered, one can draw a line which represents all
possible optimal solutions.

Remarkably, given the very critical dependence of the power need for the high-
performance region (low particle momentum resolution), a factor five increase in
power is needed to improve the resolution from 0.20 to 0.15.

In Table 3.11, the design configuration of one of the optimal points — corresponding

to a particle momentum resolution of 0.25 — is summarized.
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Figure 3.35: Power consumption and particle momentum resolution as functions of

the free parameter, copper-iron ratio ﬁ For a given particle momentum resolution,

a line of power minima (in red) can be traced representing the design optimal points.

Main magnet features Value Unit
Coil-iron ratio 0.5212
Reference magnetic flux density  0.89 T
Total power consumption 0.33 MW
Magneto-motive force 0.58 MA
Current density 34  A/mm?
Stray field 28 mT
Magnet efficiency 0.9685
Building cost 0.31 M€
Energy cost per year 0.10 M€
Total cost (10-years life) 1.3 M€

Table 3.11: Design configuration of the magnet in the optimal design as result of
the optimization procedure.
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3.2.3 Integration of the SND into the SHiP Muon Shield

To further optimise the space within the SHiP layout, integration of the SND detector
layout within the upstream Muon Shield is under investigation. This approach
leverages the existing magnetic field and constitutes part of the ongoing studies.

Preliminary results from these investigations are presented below.

The muon shield is a crucial component of the SHiP experiment. Muons produced
in proton-target interactions upstream can increase occupancies in the SND detector
and may interact with matter, leading to false signals mimicking decays of BSM
particles within the SHiP setup. Therefore, the muon shield is designed to either
deflect or absorb these muons. An alternate-polarity scheme has been proposed and
developed for the SHiP muon shield [52]. The operating principle of this scheme
is illustrated in Figure 3.36 (a). High-energy muons are initially deflected by the
core of the first section (set to a specific polarity) and then continue to be redirected
by the return field in the yoke of the second section (with opposite polarity). On
the other hand, mid-momentum muons are refocused by the return field in the first
section, guiding them onto the yoke of the second section, where they are deflected
back outward. Consequently, the muon shield splits positive and negative muons
from the target into two distinct plumes on either side — as shown in Figure 3.36 (b)
— creating a central region ideal for low-background experiments, as the SND. This
design suppresses the muon rate in the SHiP detector by approximately six orders

of magnitude.
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Figure 3.36: Principle of the SHiP muon shield’s alternate-polarity scheme (a):
green and blue colors represent the field polarity in the iron. Expected prompt dose
— primarily from muons — at the SHiP experiment (b); the blue area highlights
the cleared region suitable for positioning the SND detector.
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front view of section 1

—

Figure 3.37: Geometry of the hybrid SC/NC muon shield configuration: the top-
left figure illustrates the colour code for magnetic field orientation. The leftmost
component of the shield represents the magnetised hadron absorber, followed by the
SC magnet of section 1, and finally, the last three components are the NC magnets
in section 2, set to the opposite polarity.

The muon shield’s design was refined using a Bayesian machine-learning algorithm [53],
which tested thousands of configurations, ultimately yielding optimized shapes with
significantly reduced iron mass while maintaining shield performance. Given the
proposal to implement the SHiP experiment at the existing ECN3 facility, further
studies were conducted to adapt the layout to this new setting. As a result, the
focus at ECN3 has shifted to a hybrid scheme using both superconducting (SC) and
normal conducting (NC) magnets, with an SC magnet in section 1 followed by three
NC magnets with opposing polarity. These magnets consist of seven iron volumes,
each featuring a field with a fixed orientation and constant amplitude, as shown in
Figure 3.37. All iron volumes maintain a field strength of 1.7 T, except for the core
volume of the SC magnet, which has a fixed vertical field of 5.1 T. The integration
of the SND detector in the muon shield has been focused on the last section of the
muon shield, namely sections 2-3 and 2-4. Different exercises have been carried
out — exclusively with 3-D numerical simulations — in order to assess the impact
of the presence of the SND within the muon shield, exploring different scenarios,
based on possible configurations of the SND layout, starting from the one proposed
for the compact solution of the upgraded SND@LHC [54].
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Figure 3.38: 3-D models from the numerical simulation, one-quarter has been
simulated (a), distribution of |B| in the muon shield section model without the SND
implementation.

As a reference geometry, one-quarter of the sections 2-3 2-4 of the muon shield has
been simulated. The simulated model as well as the modulus of the magnetic flux
density distribution are presented in Figure 3.38. Reference figures of merit can be
considered, i.e. the magneto-motive force, the magnetic flux density value along
y in the active region and the bending power taken as /Z |By|dl, whose values are
53.6 kA, 1.684 T and 6.889 T m respectively.

Baseline layout

The first exercise has involved the implementation of a simple SND layout made up
of 20 detector planes — modelled as air gaps, 20 mm thick — interleaved by 20 iron
slabs, 50 mm thick with an active area of 40 x 40 cm?, as illustrated in Figure 3.39.
The 3-D field map is illustrated in Figure 3.40 (a) where no significant changes in the
field distribution can be observed, indeed the magneto-motive force has been kept
constant whereas variations of 0.3 % and 7 % occur for the magnetic flux density
and the bending power in the active region, respectively. Figure 3.40 (b) illustrates
the detail of the field distribution within the SND detector: 1.874 T and 23.9 mT

are observed in the iron and in the air gaps respectively, taken as the mean value.
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Figure 3.39: First integration exercise of the SND layout with 20 iron slabs and 20
detector planes as seen in x — z (a) and y — z (b) projections.
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Figure 3.40: 3-D distribution of the quantity | B| in the muon shield section with the
integration of the first SND layout (a); a detailed view of the magnetic flux density
along y distribution in the SND detector (b).
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Double SND detector layout

The second exercise has doubled the number of iron slabs and detector planes of the
SND layout, keeping the active surface untouched, illustrated in Figure 3.41. Even
in this case no "show-stopper" variations are observed, in particular a magnetic flux
density of 1.668 T and a bending power of 5.84 T m are reached, Figure 3.42 (a).
As far as the SND detector is concerned, the magnetic flux density value in the
iron slabs results in 1.909 T whereas 29.2 mT are reached in the air gaps, as in
Figure 3.42 (b).
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Figure 3.41: Second layout integration in the muon shield as modelled in 3-D
simulations: perspective view (a) and y — z projection (b).
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Figure 3.42: 3-D distribution of the quantity | B| in the muon shield section with the
integration of the second doubled SND layout (a); a detailed view of the magnetic
flux density along y distribution in the SND detector (b).
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(a) b)

Figure 3.43: Second layout integration in the muon shield as modelled in 3-D
simulations: perspective view (a) and y — z projection (b).

Double SND detector layout (compact)

The last exercise took into account the possibility of having a SND layout made
up of a region with detector planes only alongside a compact iron bulk region
downstream. This translates into having a 140 cm long air gap followed by a 140 cm
long magnetised iron region, as illustrated in Figure 3.43. In this case, the field
distribution visually changes in the active region leading to a magnetic flux density
value of 1.636 T and a bending power of 4.85 Tm. In particular in the region of
the SND, the magnetic field within the iron is 1.919 T whereas a 60.5 mT magnetic
field in the air-modelled region, as in Figure 3.44 (b).

Table 3.12 summarises the outcome of the three exercises compared with the refer-

ence layout without the SND integration.
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Figure 3.44: 3-D distribution of the quantity | B| in the muon shield section with the
integration of the second doubled SND layout (a); a detailed view of the magnetic
flux density along y distribution in the SND detector (b).

Configuration MS Feature Value

Magneto-motive force  [KA] 53.6
Pure iron core  Magnetic flux density [T] 1.684
Bending power [Tm] 6.889

Magneto-motive force  [kKA] 53.6
Starting point Magnetic flux density [T] 1.678
Bending power [Tm] 6.371

Magneto-motive force  [kA] 53.6
Double SND layout Magnetic flux density [T] 1.669
Bending power [Tm] 5.84

Magneto-motive force  [kA] 53.6
Double SND layout (compact) Magnetic flux density [T] 1.636
Bending power [Tm] 4.85

Table 3.12: Different scenarios for the integration of the SND detector within the
SHiP Muon Shield
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CONCLUSION

This Ph.D. work has explored the complex yet essential task of designing magnets
for particle detectors in High Energy Physics, focusing on advancing traditional

design methodologies toward a more sustainable, energy-efficient approach.

By addressing the limitations of the traditional step-by-step design approach, this
work has proposed an integrated framework that gives equal consideration to per-
formance, cost, and sustainability factors. This shift in design philosophy is increas-
ingly relevant as climate change and resource scarcity push for more energy-efficient
solutions in all scientific as well as industrial domains, including HEP. Through a
revised mathematical formulation and the development of analytical and numerical
tools, this Ph.D. work has contributed to indicate a pathway to optimizing magnet

design with a particular focus on minimizing power consumption.

The selection and development of proper analytical and semi-analytical models,
validated by numerical tools, offer a robust framework for the early phases of magnet
design. They have been integrated into a dedicated Matlab tool created within the
Electrical Engineering group involved in the SHiP and SND@LHC Collaborations.
This tool highlights the practical benefits of the integrated design approach, showing
how it can simplify the design process while pursuing detection performance and

efficiency at the same time.

Some contributions to the design of magnetic spectrometers for the SND@LHC and
SHiP experiments are reported, demonstrating — where possible — the tangible

improvements achievable through this approach.

In particular, three different design proposals have been analysed for both SND @LHC
and SHiP experiments, whose main characteristics along with their strength and crit-
ical points have been highlighted.

Remarkably, some of these have materialized in published papers and conference
posters whereas others have played a role in the feedback loop within the Collabor-

ations, forming the basis for more advanced designs.

In summary, this work contributes a significant step toward sustainable magnet
design in particle physics, setting a foundation for future research and development
in designing high-performance, energy-efficient magnets for cutting-edge physics

experiments.
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