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1 Introduction

The proposed upgrade of the SND@LHC experiment [1, 2] for the High-Luminosity phase of the
LHC (HL-LHC) will inherit the current modular structure based on the synergy between a neutrino
target region, where the vertex of neutrino interactions are reconstructed, and a hadronic calorimeter
(HCAL) together with a muon identification system. Adding a magnetic field over the HCAL and the
muon system will allow for momentum and charge measurement of muons.

The magnetization of the HCAL/muon identification system will improve the neutrino energy
measurement and will allow discriminating between neutrinos and antineutrinos when muons are
produced in the final state. The magnet system will consist of two parts. The HCAL, consisting of 21
scintillating bar planes interleaved by 22 magnetised iron slabs for a total of 10 interaction lengths
(𝜆), will be equipped with the Hadronic Calorimeter Magnet (HCM). The muon identification system
will consist of an iron core magnet, referred to as Muon System Magnet (MSM), instrumented with
three tracking stations based on drift tubes. The overall layout of the proposed magnetized SND
detector is shown in figure 1, with dimensions included.

2 The experimental context

The new magnetized detector 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 [3] proton-proton
interaction point (IP1).
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Figure 1. Schematic layout of the proposed integrated magnetic system for the upgraded SND@LHC detector
for H-L LHC. Top: 3-D view; bottom: side view with dimensions.

Civil engineering is planned to accommodate the upgraded SND@LHC detector, including
enlarging the tunnel and rerouting the existing ventilation ducts, cable trays, and drainage systems.
Minimizing the overall dimensions of the spectrometer system is necessary to minimize the costs
associated with civil engineering works: a sketch of the integration of the upgraded SND@LHC
apparatus is presented in figure 2(a). The assembly of the magnet will have to be done on site, given the
difficulty in the transportation. Indeed, the closest access to the LHC tunnel is through building 2155, as
shown in the bottom drawing of figure 2. Moreover, the transportation path foresees walking along the
tunnel for about 500 m and crossing the LHC machine in UJ18 to reach the TI18 tunnel. The crossing
of the LHC machine requires either sliding the pieces underneath the machine or lifting them through
the small hoist available. Hence the need to decompose the magnet into pieces and the limits on the
size and weight of each piece. Nevertheless the location allows profiting from the LHC as a neutrino
factory, in particular making measurements with neutrinos coming from decays of charmed hadrons [4].
The expected momentum distribution of muons from muon neutrino interactions in the upgrade of the
SND@LHC detector is shown in figure 3, normalized to an integrated luminosity 𝐿 = 1 fb−1.

2.1 Physics goals and requirements

The main parameters used to define the spectrometer specifications are the muon momentum resolution
and the geometrical acceptance, i.e. the fraction of muons which are fully reconstructed by the tracking
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(a)

(b)

Figure 2. Sketch of the integration of the upgraded SND@LHC detector in the TI18 tunnel. Civil engineering
works, required to accommodate the detector in the tunnel, are highlighted, such as the TI18 enlargement and
rerouting of services (a). Map of the area around the LHC (b): the TI18 tunnel where the upgraded is foreseen
to be placed as well as access points.

stations. These two parameters improve, respectively, increasing the length and the cross-section of
the spectrometer, which is constrained by the available space in the TI18 tunnel. Moreover, safety
rules and the vicinity to LHC impose limitations on the stray field.

The magnetic spectrometer system design can be regarded as a constrained optimization problem,
with the muon momentum resolution maximization as the primary goal. Beside the momentum
resolution, ancillary goals are to minimize the overall cost, the power consumption and usage of raw
materials, aiming for the most sustainable option. The design variables are the geometrical parameters,
such as the shape and size of the magnets, the coil configuration and yoke thickness, number of coil
turns, as well as the 𝐻–𝐵 magnetic characteristic working point.
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Figure 3. Expected muon momentum distribution from muon neutrino charged current (CC) interactions in the
upgraded SND@LHC detector for an integrated luminosity of 1 fb−1.

The constraints are:

1. geometrical physics acceptance above 90%;

2. major limitations to magnetic system size and shape, due to available space in the tunnel,
minimizing civil engineering;

3. stray field compliant with safety regulations to allow human interventions in the proximity of
the detector, and to avoid the interference with the LHC [5, 6].

The required magnet acceptance is accommodated by adapting the spectrometers’ upstream and
downstream apertures to the expected muon track origin and angles from the neutrino interactions
in the target region. Given the required integrated bending field, the minimization of the detector
length is primarily tackled by already magnetizing the hadronic calorimeter. Both magnet systems
are proposed with iron cores in order to minimise the magneto-motive force and hence the power
consumption for a given field. Hence the calorimeter is made of iron slabs interleaved with sensitive
detector layers. The muon system magnet may also be filled with an iron core since the effect of
multiple scattering on the momentum resolution is small at the LHC energies. As a result, the required
electrical power is about three orders of magnitude less than the corresponding air-core solution.
Moreover, the resulting low heat dissipation makes air cooling a viable solution, as it will be discussed
in detail below. Figure 4 schematically shows the structure of the whole detector. In particular the
proposed MSM configuration belongs to a new magnet class, referred to as flux-symmetric conical
magnets, which considerably reduces the total volume of magnets with a sloping core, without relevant
drawbacks [7]. In the specific MSM case, the magnet core is pyramidal-frustum shaped.

2.2 Operational and assembly constraints, and CERN standards

The upgraded SND@LHC experiment is expected to operate during the High Luminosity phase
of the LHC, projected to start operation from 2029 [8]. The SND@LHC spectrometer system is
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Figure 4. Schematic representation of the upgraded SND@LHC detector and dimension parameters. The
detector is composed of the neutrino target, the Hadron Calorimeter Magnet (HCM), the Muon System Magnet
(MSM) with three tracking stations. A possible trajectory of a muon crossing the detector is represented by the
red dotted line.

expected to be permanently in operation throughout each year of data taking for up to ∼9 months
per year, including the commissioning phase.

Assuming that the upgraded SND@LHC experiment will profit from the entire duration of the
HL-LHC, the spectrometer will need to guarantee ten years of operation, i.e. 90 months. Maintenance
is possible during the planned year-end technical stops, lasting typically three months per year, and
during the longer 1–2 year stops every 3–4 years. For other accesses to the detector during the
operational year with the magnet powered, the magnet’s design must comply with CERN safety
regulations for human interventions in the proximity of magnetic fields [5, 6].

Given the complexity of access to the experimental area, as discussed above, the scenarios for the
assembly of the upgraded SND@LHC spectrometer system will be detailed in further design phases.

3 Electromagnetic design and optimization

3.1 Detector performance and geometrical requirements

In this section we briefly describe how the momentum is estimated using the measurement of the
particle position and how the momentum resolution is evaluated.

Consider again the layout of the spectrometer, as shown in figure 4. Muons produced in the neutrino
target are primarily detected in the neutrino target itself and, successively, by the tracking stations
located immediately after the calorimeter, and upstream and downstream of the muon system magnet.

The magnetic field deflects the muon, and its displacement, for a magnetic flux density 𝐵, is
given at the first order by

Δ𝑦 = 𝜃𝑦 Δ𝑧 +
𝑞𝐵

2𝑝
Δ𝑧2 + Δ𝑦𝜎 (3.1)

where 𝜃𝑦 is the angle of the muon momentum with respect to the 𝑧-axis, 𝑝 and 𝑞 are, respectively, the
muon momentum and charge, Δ𝑧 is the length traveled in the magnetic field, and Δ𝑦𝜎 is the expected
displacement due to the scattering in the material (tungsten, copper or iron).
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The equation (3.1) is re-written for each part of the detector (with or without magnetic flux
density). A linear combination of such equations gives, after some algebra, the momentum in the form

1
𝑝
=

2
𝑞

𝑧02𝑦4 − 𝑧02𝑦3 − 𝑧34𝑦2 + 𝑧34𝑦0 − 𝜎

𝑧02𝑧34 [𝑧34𝐵 + (𝑧12 + 2𝑧01)𝐵 𝑓HC]
(3.2)

where 𝑧𝑖 𝑗 = 𝑧 𝑗 − 𝑧𝑖 is the distance between the 𝑗-th and the 𝑖-th tracker, 𝑥𝑖 is the position at the
𝑖-th tracking plane, 𝑓HC is the filling factor of the calorimeter and 𝜎 is a linear combination of the
displacements due to scattering. The quantity between square brackets in equation (3.2) is the total
bending power of the spectrometer. By reciprocating equation (3.2), the momentum is estimated as

𝑃̂ =
𝑞

2
𝑧02𝑧34 [𝑧34𝐵 + (𝑧12 + 2𝑧01)𝐵 𝑓HC]
𝑧02𝑦4 − 𝑧02𝑦3 − 𝑧34𝑦2 + 𝑧34𝑦0

(3.3)

where 𝜎 is removed since it has zero average. Note that the first position 𝑦0 is measured in the neutrino
target, where layers of passive material and high spatial resolution trackers are alternated.

There are three main sources of error in the measurement of the momentum: (i) the energy
loss, (ii) the deflection due to the multiple scattering of the muon, (iii) the finite position resolution
of the trackers.

Energy loss mostly affects the low energy muons and causes an underestimate in the momentum
measured. The impact on the momentum resolution from multiple scattering is independent of the
muon momentum to first order. Finally, the finite resolution of the trackers introduces an additive error
on the measured displacements 𝑦𝑖. The intrinsic detector resolution mostly affects high momentum
muons with momenta up to 1000 GeV/c, which is the relevant range for the experiment purpose.

The momentum resolution is straightforwardly defined as the ratio between the standard deviation
of the momentum measurement and the momentum value, i.e. Δ𝑝/𝑝. While its precise evaluation
requires a numerical integration, a reasonably good approximation is obtained using a first order
approximation of equation (3.2), which yields

Δ𝑝

𝑝
=

2
𝑞

√︃
𝜀2
𝑠 [2𝑧2

02 + 𝑧2
34] + 𝜀2

𝑡 𝑧
2
34 + 𝜎2

Σ
(𝑝)

𝑧02𝑧34 [𝑧34𝐵 + (𝑧12 + 2𝑧01)𝐵 𝑓HC]
(3.4)

where 𝜀2
𝑡 and 𝜀2

𝑠 are, respectively, the variance of the measurement error of the trackers in the target
and around the magnets, and 𝜎2

Σ
(𝑝) is the variance of the error caused by the scattering.

The first order approximation provides accurate values of the resolution up to Δ𝑝/𝑝 ≈ 0.2, but
it underestimates Δ𝑝/𝑝 for higher values.

The derivation of 𝜎2
Σ

in equation (3.4) is out of the scope of this work, and is presented in
reference [9]. We report here the formula

𝜎2
Σ =

𝑃2
0

𝑝2

[
𝑧2

34
3

(
𝑧3

01
𝑋W

+
𝑧3

12 + 3𝑧01𝑧12𝑧02

𝑋Fe
𝑓HC

)
+
𝑧2

02
3

𝑧3
34
𝑋Fe

]
(3.5)

where 𝑃0 = 15 MeV/c is an empirical constant, 𝑋W and 𝑋Fe are the radiation lengths of the tungsten
and the iron, respectively.

Using equation (3.4), it is easy to show that the resolution improves with the magnetic field
strength and the length of the magnetized regions. Since the calorimeter’s length, the gap length and
the total length are fixed, the muon system magnet can, at best, fill-up the remaining length.
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Figure 5. Momentum resolution as function of the muon momentum computed with the first-order approximation.
The region between the solid lines and the dashed lines represent, respectively, the resolution between 𝐵 = 1.5 T
and 𝐵 = 1.8 T.

The plot of the expected resolution is shown in figure 5, for 𝑧12 = 218 cm, 𝑧34 = 160 cm,
𝜀𝑠 = 140µm, and 𝜀𝑡 = 100µm. The actual resolution is expected to be slightly worse than the
prediction of the first order approximation [9], nonetheless the plot shows that fields in the range
1.5 T–1.8 T can achieve a resolution better than 25% for muon momenta up to 1000 GeV/c. Further
considerations on the chosen magnetic flux density are presented in the next sections.

3.2 Design optimisation

In the following we assume that the two iron core magnets are sufficiently separated to neglect the
reciprocal magnetic interaction, allowing us to carry out separate electromagnetic analysis. This
assumption is easily verified a-posteriori after the full electromagnetic analysis is carried out due
to the extremely low stray fields. Following the approach given in reference [10], we introduce
here the problem formulation, the scalings and the analytical formulas useful for optimizing the
muon system magnet.

3.2.1 Iron core magnetic properties and models

The iron core magnet, as proposed, requires carefully choosing the iron quality with cost versus
performance in mind, as well as proper modeling in the field simulation in order to correctly predict
the relevant region of the field map. Concerning the real magnetic characteristics of the candidate
iron types, we adopt the same conservative assumptions as done in [10]. We recall that, among the
yoke materials used at CERN there are, in order of performance (and cost), low carbon steels, such
as AISI 1010 [11], special grade low carbon steels of relatively high purity, such as ARMCO® Pure
Iron grade 4 [12], and cobalt iron. Reference [13] reports 𝐻–𝐵 curves of materials used as magnetic
steel as obtained from measured samples, in particular for different heats of the AISI 1010 steel and a
special grade. We consider their upper and lower bounds on the field strength 𝐵, which are labelled
ARMCO ATLAS and ST 1010 ATLAS [14] in reference [13]. Figure 6 shows the 𝐻–𝐵 characteristic for
those two bounding materials. Clearly, for a given desired 𝐵 in the magnet core, the corresponding 𝐻,
and hence the required electric current and power consumption, are rather different in the two cases.

– 7 –
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Figure 6. Best case (ARMCO ATLAS) and worst case (ST1010 ATLAS) 𝐻–𝐵 characteristic of iron materials
commonly used to build experimental magnets, obtained from measured samples [13]. The latter is used for all
our analyses, as it implies a robust and less expensive design. Reproduced from [13]. CC BY 3.0.

While ARMCO is clearly a superior material, it is significantly more expensive. Given the limited
power consumption of both the HCM and MSM magnets (of the order of 1–2 kW each, see tables 1–2),
a low cost iron choice is viable. Therefore we will consider AISI 1010 or an European equivalent
grade. Moreover, we orient our design toward weakly saturated iron mode, still in non-linear region,
in order, from one side, to relax the magnetic induction density uncertainties in the realization and, on
the opposite side, limit too high stray fields outside the magnet. This corresponds to 𝐻 ≈ 9 kA/m,
where most of the 𝐻–𝐵 curves of the mentioned AISI 1010 heats, including ST1010 ATLAS (figure 6),
converge to the same range of values of the flux density, that is 𝐵 ≈ 1.7 T [13].

Note that the character just described of 𝐻–𝐵 curves, in particular the reduced variability for
𝐵 ≳ 1.7 T within a family of various heats of a certain kind of iron, is not specific of just AISI
1010, but is valid more in general, as reported for instance for the iron type used for the OPERA
Magnetic Spectrometer, which is a S235 JR steel, UNI EN 10025 compliant, with prescribed impurity
content [15, 16]. The above considerations lead us to choose AISI 1010 or an European equivalent
grade as material and to use, for all our subsequent analyses, the 𝐻–𝐵 curve for ST1010 ATLAS
shown in figure 6, which correspond to the worst case scenario.

3.2.2 Muon System Magnet design

We analyze the Muon System Magnet first, as the corresponding results are also applicable to the Hadron
Calorimeter Magnet. For the MSM we propose a particular configuration that makes it belong to a new
magnet class that we call flux-symmetric conical magnets. Such a configuration, which for the specific
MSM case is pyramidal-frustum shaped, is specifically conceived for magnets with sloping cores to
minimize their total volume, as briefly reported further below and more in general in reference [7].

To determine the flux balance we neglect the stray flux which, for reasonable values of the
maximum stray flux density 𝐵∗

stray on the surface of the yoke (of O(10) mT), typically results in a
few percent error. In this respect, we note that the internal sloping traits of the coil do not contribute
to the flux balance, since 𝐵𝑥 symmetrically changes sign when moving vertically across the coil

– 8 –
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Figure 7. Three dimensional representation of the pyramidal-frustum-shaped flux-symmetric [7] Muon System
Magnet and definition of the geometrical parameters relevant for the analytical and numerical analyses.

traits. The flux balance is then obtained by considering the flux across the two net iron surfaces
(core and return yoke) defined by virtually cutting the magnet along the plane 𝑥 = 0. The net iron
surfaces have trapezoidal shapes (see figure 4 and figure 7). The approximate balance equation reads
as (𝑏u/2+𝑏d/2)𝑐

2 𝐵 =
(ℎu+ℎd )𝑐

2 𝐵ret, where the subscripts 𝑢 and 𝑑 stand for upstream and downstream,
and 𝐵 and 𝐵ret are the reference flux density in the core and the flux density in the return yoke,
respectively. We then consider the average quantities

𝑎̄ =
𝑎u + 𝑎d

2
, 𝑏̄ =

𝑏u + 𝑏d
2

, ℎ̄ =
ℎu + ℎd

2
,

that correspond geometrically to the centre of the magnet (𝑧 = 0). The resulting flux balance is then

𝑏̄𝐵 = 2ℎ̄𝐵ret . (3.6)

The name flux-symmetric refers to achieving the flux balance by considering a design where the
top surface of the two mentioned surfaces is a doubly-mirrored version of half of the one corresponding
to the core, and both those surfaces have quite similar areas. The main advantage of the flux-symmetric
configuration is in the volume minimization. This becomes clear when comparing it with the ‘canonical’
or ‘natural’ fully conical design, as discussed in reference [7].

The motivation to consider the latter lies in the fact that it should ‘naturally’ provide a less
distorted field configuration. However, in practice the flux-symmetric design does not convey sensible
performance degradation and hence it is preferred here since it is more compact. See section 3.3
for the quantitative details concerning the field quality of the flux-symmetric configuration and
reference [7] for a comparison with the canonical design. Also notice that the flux-symmetric conical
configuration has a general character. In particular, the word ‘conical’ is meant to state that the
cross-section can be of any shape, e.g. a circle, an oval or a polygon and, moreover, the concept
is applicable to magnets with air core too.

– 9 –
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The magneto-motive force F = 𝑁𝐼 required to obtain a flux density 𝐵 in the core is approximately

F (𝐵) = 𝑁𝐼 (𝐵) � 𝑎̄H(𝐵) + ℓMSMH(𝐵ret) = 𝑎̄H(𝐵) + ℓMSMH
(
𝑏𝐵

2ℎ

)
(3.7)

where
ℓMSM = 𝑎̄ + 2

(
𝑏̄

4
+ 𝑡

)
(3.8)

and 𝐻 = H(𝐵) defines the nonhysteretic nonlinear characteristic of the type of soft iron chosen
for the yoke, labeled as ST1010 ATLAS in figure 6. Equation (3.8) is adapted from reference [10]
by considering that in the present case the magnet has an iron core instead of an air core and 𝐵 is
intended as the mean of the flux density in the core.

The exact and approximate mean length per turn of the coil winding are

𝑙t = 𝑏u + 𝑏d + 2𝑑 − 2𝑟in

(
4
𝑑

𝑐
− 𝜋

)
+ 𝜋𝑡

� 𝑏u + 𝑏d + 2𝑐
(3.9)

where 𝑟in is the inner radius of the arc parts of the coil, taking also into account the thickness of the

resin and of the additional insulator and ancillary parts, and 𝑑 =

√︂
𝑐2 +

(
𝑏d−𝑏u

2

)2
is the hypotenuse

of the trapezoid representing the inner iron core (figure 4). This corresponds to the virtual case in
which the corners are not rounded, 𝑟in = 0. In our specific case it is 𝑑

𝑐
� 1.002 and the approximate

expression of 𝑙t in equation (3.9) underestimates its exact value by about 3%.
The minimum value of 𝑟in, required to avoid the keystone effect on the conductors, is specified in

terms of the geometry of the conductor itself. Specifically, if 𝑎cond is the edge length of the conductor
cross-section in the horizontal direction and 𝑟Cu min is the minimal bending radius of the conductor
(note that 𝑟Cu min = 𝑟in + additional thicknesses, as stated), for copper conductors the keystone effect is
considered small (less than 3.6% in relative terms) when 𝑟Cu min > 3𝑎cond [17]. We also recall that for
conductors made of aluminum, the latter condition may be less strict [18, 19].

The current density, the volumetric power density and the net volume occupied by the electrical
conductor are 𝐽 = F

𝑓 𝑎u𝑡
, 𝜌𝐽2 and 𝛺 = 𝑓 𝑎u𝑡𝑙l, respectively, where 𝑓 is the global coil filling factor

(which takes into account insulators and ancillaries) and 𝜌 is the electrical resistivity of the conductor.
The electrical power consumption is then

𝑃 =
𝜌(𝑇)𝑙tF 2

𝑓 𝑎u𝑡
(3.10)

where the dependence of the resistivity on the temperature is marked. In the hypothesis of the other
parameters being constant, equation (3.7) allows expressing 𝑃 approximately as a function of the
core reference flux density 𝐵 (figure 8). The maximum stray flux density 𝐵∗

stray on the top and lateral
surface of the iron (evaluated at symmetry points [10]) is given by

𝐵∗
stray = 𝜇0𝐻

∗
stray =

𝐵ret
𝜇r(𝐵ret)

. (3.11)

The coil is made with 42 turns of copper conductor having cross-sectional area of 26 × 26 mm2. This
choice implies two facts: (i) the current density 𝐽 is sufficiently low so that air-cooling is possible and
(ii) power converters of a certain CERN standard class can be used, see section 4.1.

– 10 –
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Figure 8. Magnetomotive force F , maximum stray flux density (on the top and lateral surface of the iron) 𝐵∗
stray

and power consumption 𝑃, for the Muon System Magnet as a function of the reference flux density 𝐵 in the core,
in the case ℎ̄ = 𝑏̄

2 and assuming the other parameters are constant (e.g. the coil thickness 𝑡). The corresponding
curves for the Hadron Calorimeter Magnet are qualitatively the same as the ones shown here, with quantitative
differences mainly due to the different core cross-section and different 𝑁 and 𝑙t values.

Table 1 reports the main parameters of the Muon System Magnet. Figure 8 shows F , 𝐵∗
stray

and 𝑃 for the Muon System Magnet as a function of 𝐵, in the case ℎ = 𝑏
2 (to which corresponds

𝐵ret = 𝐵) and assuming the other parameters as in table 1.

3.2.3 The Hadron Calorimeter Magnet design

The Hadron Calorimeter Magnet is much simpler to analyze as it has parallelepipedal geometry. The
formulae reported above for the MSM remain valid, provided that 𝑎, 𝑏 and ℎ are used in place of
𝑎̄, 𝑏̄, ℎ̄, etc. The mean length per turn in particular becomes

𝑙t = 2𝑏 + 2𝑐 − 2𝑟in(4 − 𝜋) + 𝜋𝑡

� 2𝑏 + 2𝑐
(3.12)

where
𝑐 = 22Δ𝑐Fe + 21Δ𝑐D ,

and Δ𝑐Fe, Δ𝑐D are the thicknesses of the iron slabs and of the air gaps aimed at housing the scintillating
bar planes. In the expression for F , equation (3.7), the quantity ℓHCM = 𝑎 + 2

(
𝑏
4 + 𝑡

)
has to be used in

place of ℓMSM = 𝑎̄ + 2
(
𝑏̄
4 + 𝑡

)
. Table 2 reports the main parameters of the Hadron Calorimeter Magnet.

3.3 3-D electromagnetic analysis

In this section a full 3-D numerical analysis of the two components of the magnetic detector system
is given. A Finite-Element Method (FEM) formulation based on edge elements and a non-gauged
magnetic potential vector formulation [20, 21] have been employed to find the DC steady-state magnetic
nonlinear solution for the total field through the Magnetic Fields interface of the AC/DC module of the
COMSOL Multiphysics® [22] software package. Boundary conditions have been imposed by infinite
elements. The numerical solution of the non-linear equation system has been obtained using a flexible
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Table 1. Main parameters of the Muon System Magnet. The subscripts 𝑢 and 𝑑 stand for upstream and
downstream, respectively (see figure 7).

Description Symbol(s) Value

Total magnetized longitudinal iron length [m] 𝑐 1.60
Total cross-section (both upstream and downstream) [m2] 2𝑥max × 2𝑦max 1.60 × 1.78
Core upstream cross-section [m2] 𝑎u × 𝑏u 0.70 × 0.70
Core downstream cross-section [m2] 𝑎d × 𝑏d 0.90 × 0.90
Core mid cross-section (𝑧 = 0) [m2] 𝑎̄ × 𝑏̄ 0.80 × 0.80
Return yoke thickness [upstream mid downstream] [m] [ℎu, ℎ, ℎd] [0.45, 0.40, 0.35]
Total coil thickness (including dampers/insulators) [mm] 𝑡 92
Conductor cross-section [mm2] 𝑎cond × 𝑏cond 26 × 26
Total number of turns [—] 𝑁 2 × 21 = 42
Inner coil curvature radius (see text after eq. (3.9)) [mm] 𝑟in 90
Mean turns length [m] 𝑙t 5.0
Total conductor length [m] 𝑁𝑙t 208
Reference flux density (magnetized sloping core) [T] 𝐵 1.75
Field in-homogeneity @ 94% volume [%] Δ𝐵/𝐵 ≤ 3
Stray field [@ iron surface, @ 𝑑 > 2 m] [mT] [≲ 10,≲ 1]
Voltage at the coil terminals [V] 𝑉 3.0
Electrical current [A] 𝐼 500
Current density [A/mm2] 𝐽 0.74
Magnetomotive force [kA] F = 𝑁𝐼 21.0
Electrical power [kW] 𝑃 1.5
Total conductor mass [t] 𝑚Cu 1.25
Total iron mass [t] 𝑚Fe 33

generalized minimum residual method (FGMRES iterative solver). For the solution of each linear
step, an iterative method based on the geometric multi-grid coupled 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 COMSOL built-in tool has been preliminarily performed in order
to compute the current flowing within the coil elements.

As discussed in section 3.2.1, the 𝐻–𝐵 curve we use for all simulation is the ST 1010 ATLAS
shown in figure 6.

3.3.1 The Muon System Magnet

In order to reduce the computational burden, the symmetry of the geometrical and physical problem
has been exploited and only one quarter of the whole structure has been modeled (figure 9(a)).

Figure 10 reports the mesh used for the Finite-Element (FE) analysis. For the discretization of
the coil, iron yoke and surrounding air domains, tetrahedral elements are employed. In particular, in
figure 10(a) it can be seen that the surrounding air domain has been limited to a sphere with a radius of
6 m whereas externally an infinite boundary layer has been considered [22]. This is the reason why the
outermost region has not been meshed. Figure 10(b) provides, instead, a detail of the inner region of
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Table 2. Main parameters of the Hadron Calorimeter Magnet (HCM).

Description Symbol(s) Value

Total longitudinal length (iron + gaps + coil) [m] 𝑙igc 2.54
Total magnetized longitudinal iron core length [m] 22Δ𝑐Fe 1.76
Total cross-section [m2] 2𝑥max × 2𝑦max 1.20 × 1.50
Core cross-section [m2] 𝑎 × 𝑏 0.60 × 0.60
Return yoke thickness [m] ℎ 0.30
Total coil thickness (including dampers/insulators) [mm] 𝑡 92
Conductor cross-section [mm2] 𝑎cond × 𝑏cond 26 × 26
Total number of turns [—] 𝑁 2 × 18 = 36
Reference flux density (magnetized core) [T] 𝐵 1.76
Field in-homogeneity @ 98% volume [%] Δ𝐵/𝐵 ≤ 3
Stray field [@ iron surface, @ 𝑑 > 2 m] [mT] [≲ 10,≲ 1]
Voltage at the coil terminals [V] 𝑉 3.1
Electrical current [A] 𝐼 500
Current density [A/mm2] 𝐽 0.75
Magnetomotive force [kA] F = 𝑁𝐼 18
Electrical power [kW] 𝑃 1.5
Total conductor mass [t] 𝑚Cu 1.3
Mass of a single iron slab [t] 𝑚Fe

22 1.02
Total iron mass [t] 𝑚Fe 22.5

(a) (b)

Figure 9. (a) 3-D view of one quarter of the whole magnet: in grey, the iron yoke; in orange, the coil. The
surrounding air domain is not sketched here. (b) Modulus of magnetic flux density (expressed in Tesla [T]) for
the muon system magnet.

the mesh. The mesh approximately consists of 1.34 million elements of which 18 000 elements in the
coil and 500 000 in the iron yoke, respectively. Figure 9(b) shows the 3-D distribution of the magnetic
flux density norm |𝐵| within the active region (iron core), the iron yoke and the coil. Figure 11 shows
the 2-D distribution of the magnetic flux density norm |𝐵| within the magnet and the surrounding air
domain on the 𝑥 − 𝑦 plane upstream (a) and downstream (b) of the magnet.
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(a) (b)

Figure 10. Mesh used for FE analysis. On the left (a), the whole mesh. The outermost domain, which is made
of air, is non-meshed since an infinite boundary layer has been employed. On the right (b), a detail of the mesh
with the magnet and the innermost fine-meshed air domain.

(a) (b)

Figure 11. The |𝐵| 2-D mapping in the 𝑥 − 𝑦 plane upstream (left) and downstream (right) of the magnet. The
point (0, 0, 0) corresponds to the centre of the magnet.

In the active region (iron core), the average value of the desired magnetic flux density component
along the 𝑥-axis is 1.75 T.

A synthetic but comprehensive figure of merit for the field uniformity can be defined as the
variation Δ𝐵/𝐵 in the whole active volume. The results provided by numerical analysis demonstrate
that the field is within 3% of the desired level over more than 94% of the active volume, and
that large distortions are only found at the very periphery of the active region. Figure 12 reports
the distribution of the 𝐵𝑥 component in the core, whereas figure 13(b) shows its line integral∫ 𝑧=𝑐/2
𝑧=−𝑐/2 𝐵𝑥 𝑑𝑠 distribution, where 𝑠 is the arclength evaluated along a set of lines represented in

figure 13(a). Such lines are defined by their initial (upstream) and final (downstream) points,
respectively given by (𝑥u𝑖 , 𝑦u 𝑗 , 𝑧u) =

(
𝛼𝑖

𝑎u
2 , 𝛽 𝑗

𝑏u
2 ,− 𝑐

2

)
and (𝑥d𝑖 , 𝑦d 𝑗 , 𝑧d) =

(
𝛼𝑖

𝑎d
2 , 𝛽 𝑗

𝑏d
2 , 𝑐2

)
, where

𝛼𝑖 ∈ {0, 0.2, 0.4, 0.6, 0.8, 1} and 𝛽 𝑗 ∈ {0, 0.2, 0.4, 0.6, 0.8, 0.9, 1}. It is worth to underline that the
integrals calculated values have been graphically reported to the upstream 𝑥–𝑦 cross-section.
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Figure 12. Volume distribution of magnetic flux density, 𝑥-component 𝐵𝑥 within the active iron region.

(a) (b)

Figure 13. (a) Lines along which 𝐵𝑥 has been integrated (muon system magnet). (b) Cross-section distribution
of

∫ 𝑧=𝑐/2
𝑧=−𝑐/2 𝐵𝑥 𝑑𝑠, 𝑠 being the arclength along the lines (the values calculated along lines have been reported into

the upstream 𝑥–𝑦 cross-section).

The 3-D FEM analysis allows evaluating the stray field outside of the magnet volume. Figure 14(a)–
14(b) shows the distribution of the flux density in the planes 𝑧 = 0 (a) and 𝑥 = 0 (b), respectively.
In particular, it can be seen that the norm of the stray flux density is anywhere lower than 25 mT,
and its maximum value is attained right outside the coil, close to its vertical strokes. The fast decay
of the stray flux density outside the magnet could also be appreciated in figure 14, the scale being
logarithmic. As a general rule, a stray field smaller than 2 mT is expected at distance larger than
2 m from the magnet system.

3.3.2 The Hadron Calorimeter Magnet

The high degree of symmetry of the HCM magnet allows the computational burden to be reduced
and the quality of the results to be improved by modelling only one eighth of the whole structure.
The mesh used in the calculation consisted of 275 911 tetrahedral, 8 554 pyramidal and 155 568
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(a) (b)

Figure 14. Stray magnetic flux density, in modulus (|𝑩 |), for the muon system magnet (expressed in [mT],
logarithmic scale) within the external air domain in (a) 𝑥 − 𝑦 plane at 𝑧 = 0 and (b) 𝑧 − 𝑦 plane at 𝑥 = 0.

(a) (b)

Figure 15. Mesh of the HCM components: brown = coil, yellow = coil insulation and additional space for
electronics; green: particle detectors; gray = iron core. Magnetic flux density for the calorimeter magnet
(expressed in [T]).

hexahedral elements for a total of 5 645 868 unknowns. Figure 15(a) shows the FE model used
for the HCM components.

In the assumed coordinate system, the active core region is limited in the area 0.3 m < 𝑥,
𝑦 < 0.3 m. The average value of the magnetic flux density x-component in this region is 1.76 T.

Figure 15(b) shows the 3-D distribution of the magnetic flux density norm |𝐵| within the active
region (iron core), the iron yoke and the coil. Figure 16 shows the 2-D distribution of the magnetic
flux density norm |𝐵| in the 𝑥 − 𝑦 plane at 𝑧 = 0.055 m.

Also for the HCM the field homogeneity has been analyzed in detail. The analysis here is more
straightforward, since no frustum shape is involved. In figure 17(a) we show the distribution of Δ𝐵/𝐵
in % in the active area plane, just to give a clear picture of it, evidencing the regions where it exceeds
3%. A further detail is evidenced in figure 17(b), where the region exceeding 3% is zoomed out: it
shows how at the extreme corner such value increases to 14%. The same synthetic figure of merit
previously defined for the field uniformity, i.e. the variation Δ𝐵/𝐵 in the whole active volume, shows
that the field is within 3% of the desired level over more than 98% of the active volume, and that
large distortions are only found at the very periphery of the active region.
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Figure 16. The |𝐵 | 2-D mapping in the 𝑥 − 𝑦 plane at 𝑧 = 0.055 m. The point (0, 0, 0) is the centre of the
magnet.

(a) (b)

Figure 17. 2-D mapping of the Δ𝐵/𝐵 ratio in the cross-section 𝑧 = 0.055 m of the active region: (a) Δ𝐵/𝐵 < 3%
high uniformity region (98% of the cross-section) and (b) detail of the remaining region Δ𝐵/𝐵 > 3% (2% of
the cross-section).

Figure 18(b) shows the distribution of
∫ 𝑐/2
−𝑐/2 𝐵𝑥 𝑑𝑧. In particular, the 𝐵𝑥 component of the magnetic

flux density has been integrated along the set of lines represented in figure 18(a). Such lines, that are
parallel to the 𝑧 axis and for which 𝑧 ∈ [−𝑐/2, 𝑐/2], have coordinates in 𝑥–𝑦 the cross-section equal to
(𝑥𝑖 , 𝑦 𝑗) =

(
𝛼𝑖

𝑎
2 , 𝛽 𝑗

𝑏
2

)
, with 𝛼𝑖 ∈ {0, 0.2, 0.4, 0.6, 0.8, 1} and 𝛽 𝑗 ∈ {0, 0.2, 0.4, 0.6, 0.8, 0.9, 1}.

As shown in figure 19(a), the maximum value of 15 mT for the stray magnetic field is attained
at a distance of 2 cm from the vertical legs of the coil. At a distance of 1 m from the yoke, in the
𝑥 − 𝑦 plane, the stray field is limited to 4–5 mT (see figure 19(b)). From the latter analysis, it can
be concluded that no special effort is needed to reduce the stray field. Figure 19(a) shows also that
in the air region between the two magnets, the maximum stray magnetic field is limited to about
5 mT at a distance of 1 m from the vertical leg of the coil.
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(a) (b)

Figure 18. (a) Lines along which 𝐵𝑥 has been integrated (hadron calorimeter magnet). (b) Spatial distribution
of

∫ 𝑐/2
−𝑐/2 𝐵𝑥 𝑑𝑧.

(a) (b)

Figure 19. 2-D mapping of the stray magnetic field in the cross-sections. (a) Longitudinal section at 𝑥 = 0 and
(b) transverse section at 𝑧 = 0.

4 Complementary design aspects and cost estimate

4.1 Power converters

As stated in section 3.2.2, the coil has been designed so that air-cooling is possible (see below) and such
that power converters of a certain CERN standard class can be used. The whole power converter system
would then be composed of: (i) a single LHC600A-10V rack including two power converter slots
running on FGC2 (Function Generator/Controller embedded controller) with four installed DC current
transformer units (DCCT) [18, 23] for high accuracy current measurement, (ii) four LHC600A-10V
power module units, two of which are needed in the rack plus two units as spares. Two DCCTs per
converter module are used to improve reliability and minimize potentially destructive failures in case
of an issue with the measurement accuracy of the DCCTs.

The LHC600A-10V converter type allows four-quadrant operation and its main nominal ratings are
±10 V, 600 A. Effective ratings to be considered to ensure controllability are then limited to±9 V, 550 A.
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The conductor chosen operates in DC at a fraction of the voltage, that is about 3 V (see tables 1–2).
The voltage difference with respect to the rating is left for the ramp-up phase (turn-on transient).

The LHC600A-10V converter is water-cooled and is typically able to withstand a radiation
absorbed dose up to 50 Gy, which is expected to be enough for the magnets lifetime, according to
radiation measurements performed in the TI18 tunnel [24–26] and extrapolated to High-Luminosity
LHC operation.

4.2 Coil cooling

Following the choice of the iron core magnets, and consequently the very low electrical power needed
in the order of 1.5 kW for both MSM and HCM, air cooling has been adopted for the coil. Further
margin is also given by the very large heat exchange surfaces. With respect to the underground
location of the detector, this clearly brings significant advantages in terms of reduced complexity and
increased reliability, compared to the relatively small penalty in terms of slightly larger coil sizes.
The choice of a current density of 0.75 A/mm2, which is less than the typical values considered for
air-cooled normal-conducting magnets, i.e. 1 A/mm2 [17, 27], guarantees that natural convection is
sufficient to keep the temperature of the magnet low enough to avoid overheating of any sensitive
part, in particular of the resin. A detailed thermal analysis of the designed system is out of the scope
of this paper and should be considered for the following design phases.

4.3 Magnet assembly aspects

The mechanical design of the magnet system is partly driven by the constraints arising from the
planned location in the TI18 tunnel, that is, limitations related to the access to TI18 and limitations on
the handling of large and heavy pieces within the tunnel. Size and weight need to be considered in
the design of each piece. As a result, the magnet system is planned to be transported and assembled
in situ from segments.

With presently known constraints, and in particular the foreseen payload of the crane in the
experimental area of 1.2 tonnes, a certain hypothesis of segmentation is given for the iron magnetic
structure and the coils.

For the HCM, even in case of single iron yoke slabs of 8 cm thickness, the resulting mass is of
1.02 tonnes, well within the limits of the crane load capacity. Moreover, in order to install the coil,
each slab has necessarily to be divided into two parts, as shown in figure 20.

For the MSM, the yoke is longitudinally split into 32 slabs, each one 5 cm thick. Also in this
case, the iron slabs are divided in two parts each of the same shape as for the HCM. In this way, the
maximum weight never exceeds 1.0 tonnes, again meeting the crane load capacity.

The final considerations concern the coils, which in total correspond to 1.3 tonnes (HCM) and
1.25 tonnes (MSM), respectively, i.e. slightly above the crane load capacity. However, they may both
be divided in two coils, electrically connected in series, without major impact from the design point of
view. Alternatively, one can consider the aluminium solution for the coil, at the price of a larger coil
height. This solution has been discarded up to now in order to limit the overall size.

4.4 Cost estimate

A preliminary cost estimate has been prepared for the HCM and the MSM spectrometer magnets
of the upgraded SND@LHC detector, following the standard approach given in reference [28], and
used as well in reference [10]. It has to be emphasised that the choice of the core filled with iron,
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Figure 20. Segmentation of HCM with an upside-down F-L structure.

with the corresponding electrical power in the order of 1–2 kW, results in a negligible operational
cost related to power. Consequently, only capital costs are considered.

The supply cost is evaluated based on present day pricing of raw materials, with specific (standard)
manufacturing factors applied that are typically different for iron (magnetic structure) and copper (coil)
and are assumed to account for possible manufacturing operations required to satisfy the design needs.
The cost of the power converters is not yet finalized, as it may sensibly vary depending on the expected
radiation levels in the TI18 tunnel that, as stated, are currently being evaluated [24–26] and extrapolated
to High-Luminosity LHC operation. An extra cost, at the moment difficult to evaluate, is due to the
local transport of the magnet system parts from surface to the TI18 tunnel, and the in situ assembly.

The estimated costs for the spectrometer system magnets are summarised in table 3. Costs
related to cabling and piping (AC and DC power lines, cooling-water and control bus (worldfip))
are also not included in the estimate.

Table 3. Cost estimates in kCHF for the magnets of the spectrometer system.

Unit cost Units Manufacturing factor Cost

Hadron Calorimeter Magnet
Coil (copper) 7.4/t 1.3 t 3 29
Magnetic structure (iron) 1.6/t 22.5 t 4 144

Muon System Magnet
Coil (copper) 7.4/t 1.25 t 3 28
Magnetic structure (iron) 1.6/t 33 t 4 211

Total 412

5 Conclusions

This paper reports on the design of the magnetic spectrometer system for the upgrade of the SND@LHC
experiment. It demonstrates that the proposed design with iron-core flux-symmetric magnets is an
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efficient solution, fully compliant with the physics requirements and the constraints from logistics.
The problems of minimising the overall magnet size, low power, simplified coil (air) cooling and
design robustness versus uncertainties of the iron quality and heats, have been tackled with detailed
modeling, identifying a viable optimal set of design parameters. Accurate 3-D FEM electromagnetic
simulations have been carried out to validate the design, providing the magnetic field maps in the active
regions and the stray fields outside of the magnetic system. The design incorporates segmentation
to respect the limitations on the transport and assembly procedures at the underground location. In
total the magnet system is expected to cost below 0.5 MCHF.
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