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Highlights

e A multiphysics model is proposed to assess the mechanical response of
a complex assembly to a magnetic field variation.

e The one-way and two-way couplings between the magnetic, thermal
and mechanical physics are fully investigated.

e The two-way coupling between the magnetic and thermal module turns
out to lower the induced forces up to approximately 40%.

» Dynamic e [edts such as self-inductance phenomena lower and delay in
time the induced forces for highly conductive materials.
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Abstract

In the framework of the High Luminosity Large Hadron Collider (HL-LHC)
project, new beam screens will be installed by 2024 within the cold bore
of the superconducting magnets. The beam screen is an octagonal shaped
pipe that shields the 1.9 K magnet cryogenic system from the heat loads and
damage to the magnet coils that would be otherwise induced by the highly
penetrating collision debris. It also ensures that proper vacuum conditions
required for the stability of the beam are met.

A failure scenario of the beam screen is represented by the magnet quench,
a resistive transition of the superconducting magnets, that can compro-
mise its mechanical integrity. During a quench the magnet gradient of the
quadrupole, in which the beam screen is inserted, decays from 140 T/m to
about 0 T/m in 0.4 s inducing high magnitude forces in the assembly. Un-
derstanding the magnetic, thermal and mechanical behaviours of the beam
screen assembly during the quench is critical to enable its e [edtive design and
operation. A numerical model, that can accurately predict the behaviours of
the beam screen during a magnet quench, has been developed.

Compared to the analytical formulations used to design the beam screen
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currently installed in the LHC, the multiphysics FEM model developed in
this research introduces multiple elements of novelty and improved perfor-
mance. First, self-inductance e [edts are accounted for and found to reduce
the induced forces up to approximately 2000 % at high electrical conduc-
tivity values. Second, the one-way and two-way coupling of the magnetic
with the mechanical and thermal interfaces are explored and the best trade-
o [13 defined. Third, the mechanical response of the assembly is evaluated
dynamically over the evolution of the magnetic field decay rather than just
in a quasi-static manner. Fourth, three dimensional geometries can also be
studied enabling the design of the components to be placed along the beam
axis.

The model has been verified by comparison to a closed form expression
showing the advantages of considering self-inductance phenomena. The me-
chanical integrity of the new beam screen has been demonstrated and a less
conservative design has been obtained, which has permitted to relax the tight
constraints on interfacing systems. Amongst other applications, the model
has already been applied at CERN to support the conceptual design of an
ad-hoc beam screen for the Future Circular Collider (FCC).

Keywords: Multiphysics, FEM modelling, High Luminosity LHC, Magnet
quench, Beam screen

1. Introduction

The High Luminosity Large Hadron Collider (HL-LHC) project aims at
increasing the integrated luminosity by a factor of 10 (from 300 to 3000 fb~1)
leading to the potential extension of scientific discoveries. This calls for an
upgrade, among other components of the accelerator, of the beam screens
placed in the vicinity of the beam collision points of the ATLAS and CMS
experiments [1]. The new beam screen, shown in Fig. 1, is a complex octag-
onal shaped pipe inserted into the cold bore of the superconducting magnets.
It shields the 1.9 K cold mass from physical debris and screens the cold bore
cryogenic system from beam induced heating. This is obtained by placing
four tungsten-based inserts, known as heat absorbers, on the vertical and
horizontal surfaces of the octagonal pipe. The remaining surfaces, tilted at a
+/- 45° angle, accommodate four cooling tubes, whose purpose is to evacu-
ate the heat absorbed by the tungsten blocks at a more thermodynamically
e Lcieht temperature through highly conductive thermal links. The internal



surface of the beam screen is covered with 75 um of high purity copper to
minimise resistive wall losses and coupling impedance. The absorbers are
positioned by pins welded onto the beam screen walls and kept in position
by means of titanium rings. The assembly also guarantees a good vacuum
stability for the beam lifetime through slots distributed along the available
external surfaces of the screen. The number of slots together with the size
and the temperature of the screen determine the pumping speed of the beam
induced particles. Such particles escaping randomly through the slots are
trapped indefinitely on the walls of the cold bore at 1.9 K. A special stain-
less steel, known as P506, is used for the octagonal pipe [2]. The high Mn
and N content of this grade guarantees the austenitic phase stability and,
consequentially, a low impact on the magnetic field quality.
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Figure 1: HL-LHC beam screen. The main dimensions of the beam screen aperture are
reported in mm.

This research is concerned with the quench behaviour of the beam screen
placed in the Q1 magnet. As shown in Fig. 2, the Q1 magnet is the closest
to the beam collisions and is part of the inner triplet region of the LHC,
which comprises two focusing magnets, Q1 and Q3, and two defocusing mag-
nets, Q2a and Q2b. During a magnet quench [3], a resistive transition of the

4



superconducting coils, possible failures of the beam screen may occur. Ac-
cording to the quench estimations for the HL-LHC, the Q1 magnet gradient
decays from 140 T/m to nearly 0 T/m in approximately 0.4 s [4]. During
this transition, high magnitude currents and forces are induced in the highly
conductive components of the beam screen assembly. These forces could
endanger the assembly itself as well as the magnet coils. Therefore, a ro-
bust design that guarantees the mechanical integrity of the beam screen is
mandatory to secure LHC availability to particle physics research.
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Figure 2: Layout of the LHC region adjacent to the interaction point (IP).

FEM modelling helps establish the mechanical integrity of a complex as-
sembly whose design hinges on the accurate prediction of the magnet quench
e [edts. However, in the context of the beam screen design, this poses five
main modelling challenges. First, considering the very low electrical resis-
tivity of some components, self-inductance eledts need to be considered.
Second, during a quench the resistive losses of the induced currents cause
a temperature increase which in turn influences the material properties of
some beam screen components. In particular, the eddy currents depend on
the variation of the electrical resistivity. Hence, the analysis has to be set
up in a way that the material properties are constantly updated. A two-way
coupling is therefore needed between the magnetic and thermal modules.
At the same time, a two-way coupling between the magnetic and structural
modules is necessary to investigate the dependence of the displacement of
the assembly on the induced forces. Third, as a result of components coming
into contact, the mechanical response of the assembly should be studied dy-
namically over the whole evolution of the magnet quench. Fourth, since the
assembly is not geometrically uniform along the beam axis, a complemen-
tary three dimensional model is required. Fifth, highly non-linear contacts
between the opposing components have to be set up adding complexity to the



model, whose overall convergence is strongly dependent on the fine tuning of
such contacts.

Multiple analytical models have been developed at CERN for the beam
screens currently installed in the LHC. Rathjen [5] developed an analyti-
cal formulation to evaluate bending moments, deformations and stress for
2D geometries. This approach enables fast calculations and it is ideal for
parametric and optimisation studies. However, the electrical resistivity was
kept constant since resistive losses were not accounted for. The variations
of electrical and thermal properties as a function of temperature have been
considered by Valbuena [6] in his two-dimensional model based on analytical
formulations. His method consists of justifying the typical nonlinearities of
a multiphysics problem through a two-way coupling between the magnetic
and thermal physics. This approach results in induced forces that are twice
less intensive than those found in Rathjen’s model.

However, the models currently developed at CERN still have limita-
tions. In fact, self-inductance phenomena, the two-way coupling between
the magnetic and mechanical modules, the dynamic response, and the three-
dimensional modelling have not yet been accounted for. A first attempt to
overcome the quasi-static approach has been successfully proposed by Garion
[4] [7] through an FEM model based on analytical formulations. However,
the remaining three restrictions are too critical to be neglected in the design
of the new HL-LHC beam screen.

The model described in this paper hinges on the application of Maxwell’s
equations. In literature their implementation for finite element methods can
be found in the works of Monk [8] and Bossavit [9]. In particular, the eddy
current problem on multiply-connected domains has been thoroughly treated
by Ledger [10] through an e [cieht computational approach based on the
A formulation, hp-finite element discretisation, and a novel preconditioning
technique. On this subject many authors have proposed di Lerent numerical
formulations in terms of primal and potential variable [11] [12] [13] [14] [15]
[16] [17] [18] [19].

One of the most important aspects concerning the design of the beam
screen during the quench is the influence that the temperature rise and the
displacements have on the induced forces. In literature there is a vast and
increasing number of multiphysics models to investigate these as well as other
interactions. This approach is becoming increasingly popular amongst en-
gineers because the prediction of complex interactions very often requires
the consideration of dilerknt and interdependent phenomena [20] [21] [22].
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In general, either one-way or two-way couplings are used when dealing with
interaction mechanisms in unsteady multiphysics problems. In the former, a
general physics is first computationally solved and the results are then trans-
ferred to the subsequent physics in a mono-directional way, i.e. no backwards
exchange of information takes place. In the latter, a bi-directional communi-
cation between multiple physics exists. Although the computational burden
of a two-way coupling approach is higher than the one-way, it is often the
preferred choice because of an increased prediction of physical phenomena
[23] [24]. However, depending on specific cases, a mono-directional trans-
fer turns out to be a good trade-o [CwWhen the interaction between diLerknt
modules is negligible or when an iterative algorithm enables to lower the
computational error for the equilibrium of coupled non-linear field equations
[25]. Three-way couplings have also been found to be used in certain cases
such as assessing Seebeck, Peltier and the Joule heat for steady state prob-
lems in periodic multi-phase thermoelectric devices [26]. There are several
domains where the interactions between the physical phenomena treated in
this paper are important to optimise products or technological processes.
Magneto-thermal couplings are essential to accelerate the design process
of induction heating devices whose prototyping would be very expensive [27].
Most of the numerical work is based on the time harmonic approximation
of the magnetic module and on a standard time-dependent study of the
thermal module. This is due to the dilerknt time constants of the magnetic
and thermal phenomena [28] [29]. Bay et al. [30] developed a complex
two-dimensional numerical model of this type also including the mechanical
response. In this work non-linear magnetic materials are considered and a
range of frequency problems have been verified experimentally.
Magneto-mechanical couplings are widely used to improve the design of
machines where magnetic field sources interact with electrical conductive
structures. An example of industrial application for such couplings is mag-
netic resonance imaging (MRI) scanners [31] [32] [33]. In this field, Ledger et
al. [30] developed a customised routine based on a new fixed point algorithm
and an enhanced evaluation of the mechanical stresses to better investigate
unwanted e [edts related to the typical vibrations of these devices. Bagwell et
al. [34] extended this work by including acoustic e [edts through a linearisa-
tion of the transient equations and a simplification of the solving algorithm.
Additionally, the acoustic physics in MRI scanners has been fully coupled in
transient simulations by Rausch et al. [35] where a combination of solvers
has been used to obtain a stable solution for 2D and 3D geometries. Strong
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magneto-mechanical couplings also denote the behaviour of magnetostrictive
materials [36] [37], whose implementation in numerical codes has enabled
the optimization of actuators, force sensors, and rotating electric machines
[38] [39] [40]. Electrodynamic loudspeakers, fast-switching electromagnetic
valves, and power transformers are examples of additional industrial appli-
cations where magneto-mechanical couplings have been applied to improve
their design [41] [42].

The couplings between the magnetic, thermal and mechanical physics are
important for the design of electromagnetic forming systems. In 2001, El-
Azab et al. [43], stated that a numerical solution to solve such a problem was
not achieved yet. In 2015, Rodolfo et al. [44] developed a numerical tool com-
posed of two platforms, one for coupled thermo-mechanical problems of large
material deformations, and the other for magnetic field problems. The solver
of the two platforms runs separately according to a loosely coupled cycle.
One advantage of this approach is that the non-conducting domain is ac-
counted for only in the magnetic platform and not in the thermo-mechanical
one, implying that each platform is meshed di [erkntly.

The research described in this paper is aimed at developing a computa-
tional tool that can accurately predict the magnetic, thermal, and mechanical
behaviour of the beam screen during a magnet quench, addressing the limi-
tations of the previously developed formulations. This work constitutes the
first e [ort in the complete analysis of the behaviour and response of a com-
plex assembly to a magnet quench as well as in the development of a guide
for the design of devices subject to a magnetic field variation.

The paper is organised as follows. In section 2, the constitutive and gov-
erning equations of each module of the multiphysics problem are presented.
In section 3, the proposed numerical model is described. In section 4, the
convergence analysis of the model to an analytical solution is discussed. In
addition, self-inductance e [edts are highlighted as well as the one-way and
two-way couplings between the physics of the problem. In section 5, an
application of the proposed model is given by investigating the magnetic,
thermal and mechanical behaviour of the Q1 beam screen subject to a mag-
net quench. In section 6, conclusions and some practical applications outside
the intended use of the model are presented.



2. Constitutive and governing equations

2.1. Electromagnetic physics

An electromagnetic problem subject to certain boundary conditions can
be formulated through the well known Maxwell’s equations [45]. The dis-
placement currents of the application, described in this paper, are neglected
according to the quasi-static approximation because of the low frequency of
the exciting magnetic field [46]. The Maxwell’s equations are formulated
through the magnetic vector potential A so that:

B= ¢))

where B is the magnetic flux density. The model neglects the magnet coils
generating the field as the discretisation of these would considerably increase
the complexity and the computational load of the multiphysics algorithm.
Therefore, the magnetic field decay has been conveniently considered as a
known background field by which only a non-conducting region containing
the beam screen needs to be modelled. For this purpose, the reduced mag-
netic vector potential (RMVP) has been adopted [47] [48] [49]. The magnetic
vector potential is split in two terms, namely the reduced potential, A g,
and the known background field, Aext, SO that A can be written as:

A = Ared + Aext. @3]

The strategy is to solve Aeq only. Therefore, the governing equation in the
conducting region becomes:

o 0 (Ared + Aext)

_l XX Ared + Aext) = jo +js +j| = - 3t

©)
while the equation of the non-conducting region is:

_l Ared + Aext) =0 (4)

where o is the electrical conductivity and p is the magnetic permeability. In
general, the current density, j, is composed of three terms: the contribution
of the eddy currents j0 = —00(Areq + Aext)/0t, the current source j° which
is not present in the problem, and the Lorentz currents j' = ov x ( C<1A)
that is deemed negligible for this application, where v is the velocity of the
conductor. Assuming the regions homogeneous and isotropic, constitutive re-
lationships are needed to define the physical properties of the medium and to
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The highest value of the specific heat losses are 1.6 W/mm? for the inner
layer, 96 mW/mm?3 for the heat absorber, 67 mW/mm? for the cold bore
and 19 mW/mm? for the octagonal pipe, see Fig. 15d.

The radial component of the Lorentz forces integrated in a quarter of
the assembly is shown in Fig. 15e. In general the largest forces are induced
between 55 and 60 ms. These are 58 N/mm for the cold bore, 210 N/mm
for the heat absorber, 4.7 N/mm for the octagonal pipe and 36 N/mm for
the copper layer. As for the currents, the forces induced in the heat absorber
are higher than those induced in the inner copper layer. Moreover, according
to the general expression of the Lorentz forces f = j x B, the magnitude
of these also depends on the strength of the magnetic field which increases
linearly from the origin. Therefore, the volumetric Lorentz forces depend on
the third power of the distance between the component and the origin.

The largest displacement of the beam screen components are shown in
Fig. 15f. The heat absorber, which is simply laid on the octagonal surface,
moves independently from the rest of the assembly impacting on the cold
bore multiple times during the quench. From such impact one can determine
two main phases: the first one is characterised by rapid oscillations, up to 10
ms, while the second one by a steady contact. The largest displacement of
the cold bore, equal to 0.2 mm, occurs in the first phase at 2.7 ms. At this
stage the forces induced in the absorber are only 25.7 N/mm. In the second
phase, the largest displacement is 0.16 mm and takes place at 55 ms where
the induced forces in the absorber are 210 N/mm. This means that the most
severe deformation of the cold bore is mostly determined by the impact of
the heat absorber rather than the intensity of the force itself. The reason
why larger Lorentz forces cause smaller deformations is because in the second
phase the cold bore and the absorber are in steady contact and, therefore,
the kinetic energy is negligible. However, the largest displacement of the
cold bore is within the safety margin (1.5 mm) to avoid contact with the
delicate magnet coils. The heat absorber oscillates synchronously with the
cold bore attaining a peak of 1.7 mm at 2.7 ms (1.5 mm original clearance +
0.2 mm cold bore displacement). The octagonal pipe, not being involved in
the impact, gradually deforms. The maximum vertical displacement reached
by the octagonal pipe is about 0.7 mm leaving a free gap between itself and
the heat absorber equal to 1 mm. Fig. 17 shows the distortion of the cold
bore and the octagonal pipe at 55 ms under a 10 magnification factor.

The peak values of the von Mises stress mirrors the dynamics of the
displacements. Therefore, two phases can be distinguished. In Fig. 16a
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Figure 15: Electromagnetic, thermal and mechanical quantities of each component of the
beam screen derived from the 2D version of the numerical model.
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Figure 16: Comparison of the von Mises and principal stress between each component of
the beam screen.
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