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Abstract
The discovery of the Higgs boson marked a major mile-

stone for the Standard Model of particle physics. Neverthe-
less, several open questions remain, including the nature
of dark matter, neutrino oscillations and baryon asymme-
try of the universe. Many theoretical models predict new,
yet undiscovered particles; however, their detection remains
highly challenging due to their weak interactions with ordi-
nary matter. In this context, the SHiP experiment at CERN
aims to explore feebly interacting long-lived particles. This
paper presents the electromagnetic design of a magnetised
hadron stopper for SHiP, required to absorb residual sec-
ondary particles from the hadronic shower and providing
dipole strength to deflect muons trajectories. The design is
particularly challenging due to the high-radiation environ-
ment, stringent spatial constraints, and demanding magnetic
field requirements. The magnetic design is developed and
validated using finite-element models. The results prove that
the proposed design meets the magnetic requirements while
ensuring flexibility for manufacturing and maintenance, and
support the development of a reduced-scale prototype.

INTRODUCTION
The Magnetised Hadron Stopper (MHS) is part of the

Beam Dump Facility (BDF) upgrade [1, 2] within the
High Intensity upgrade for the ECN3 North Experimental
Area (HI-ECN3) of the Super Proton Synchrotron (SPS) at
CERN [3,4]. It is a key element of the Muon Shield (MS) [5]
for the Search for Hidden Particles (SHiP) experiment fore-
seen to be installed there. Figure 1 shows the layout of the
BDF target station, with the MHS highlighted by the orange
rectangle. It fulfills two primary functions: it absorbs resid-
ual secondary particles from the hadronic shower induced
by the proton beam interaction with the target and initiates
the deflection of the muon flux away from the SHiP detec-
tor acceptance. The MHS electromagnetic design poses
significant challenges. A compact geometry is required to
facilitate manufacturing, installation and maintenance. To
sufficiently deflect muons with momenta up to 350 GeV/c,
a magnetic flux density of 1.9 T is needed. In addition, the
proximity to the target vessel exposes the MHS to high radi-
ation levels, demanding a challenging coil design to enable
reliable operation over the 15 years of data taking foreseen
for the experiment. This paper presents the electromagnetic
design of the MHS, optimised to achieve the target magnetic
flux density while meeting spatial constraints and limiting
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manufacturing and operational costs. The 2D cross-section
and the coil design are presented and validated through 2D
and 3D Finite-Element (FE) simulations. To enable inter-
vention on the coil in case of failure, a careful optimisation
of the magnetic circuit to limit residual magnetization and
the associated magnetic forces is also performed.

Figure 1: MS complex layout [5].

MHS GEOMETRY
The MHS is an unconventional magnet as it does not

require a central aperture. The design follows an install-
and-forget philosophy, with coil failure representing the only
potential intervention (a part from disposal). The MHS is
manufactured with adjacent blocks to facilitate manufactur-
ing, transport and installation. The 2D cross-section of the
magnet is shown in Fig. 2. The core (dark blue) is made of
high-purity ultra-low-carbon steel (XC06) [6], with trans-
verse dimensions of 0.8 m × 0.8 m (𝑤0 × ℎ0). Its centre
corresponds to the beam axis. This material and its geome-
try are selected to concentrate the magnetic flux in the core,
enabling the 1.9 T target field to be achieved. To reduce man-
ufacturing costs, the return yoke (light blue) is assembled
from 1010 steel, which still provides adequate permeability.
The coil region (red) includes conductors, inter-turn and
ground insulation. To limit ionizing radiation damage, the
coil is positioned at 1.7 m from the beam axis. The iron block
between the coil windings is also made of XC06 to mitigate
local saturation. Green areas consist of non-magnetic steel.

While the yoke is normally demagnetised before interven-
tion, this may not be possible in the event of a complete
failure of the coil. Thus, non-magnetic sheets (black) are
placed between the coil insert and the uppermost block to
enable removal of the upper yoke block under residual mag-
netisation. To control the residual field and ensure man-
ageable magnetic forces during lifting, the thickness of the
non-magnetic sheet is 𝑔a,m = 6 mm. 1 mm air gaps (𝑔a) are
also included to account for contact imperfections between
adjacent iron blocks, increasing the reluctance of the mag-
netic circuit. The return yoke block widths (𝜔1, 𝜔2 and 𝜔3),
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Figure 2: MHS 2D cross-section. XC06 and 1010 steel
in dark and light blue, respectively, non-magnetic steel in
green, coil in red. Dimension of the air gaps not to scale.

selected to limit saturation and satisfy spatial constraints, is
0.615 m. The MHS longitudinal length, 𝑙m, is 2.3 m. Table 1
summarizes the MHS parameters.

Table 1: MHS 2D Cross-Sectional Parameters

Parameter Value Unit

Core width × height, 𝑤0 × ℎ0 0.8 × 0.8 m2

Coil width × height, 𝑤c × ℎc 0.225 × 0.255 m2

Coil distance to core, 𝑦coil 1.7 m
Return yoke, 𝜔1, 𝜔2, 𝜔3 0.615 m
Coil-to-coil distance, 2𝜔4 1.58 m
Sheet thickness, 𝑔a,m 6 mm
Surface contact air gaps, 𝑔a 1 mm
Longitudinal length, 𝑙m 2.3 m

COIL DESIGN
With the proposed geometry, a magnetomotive force of

44 000 A turns is required to achieve the target flux of 1.9 T
in the centre of the MHS core. This, with the limited space
for the coils, requires a current density above 1 A/mm2, mo-
tivating the use of water-cooled conductors. The coil de-
sign features 8 double-pancakes connected in series, with
one cooling circuit each. One double-pancake consists of
2 layers of 15 turns each. The winding, shown in Fig. 3 in
red, results in a total of 240 turns. A square conductor of
12 mm×12 mm with a circular 8.5 mm diameter cooling hole
is selected. To provide the required magnetomotive force
(44 000 A turns), the coil operates at 183.3 A. This can be
maintained even in the case of a 50 % failure of turns by
doubling the current to 367.7 A and blocking off the faulty
pancakes. The Polaris 2P power converter [7] is selected
to supply the MHS coils, providing a maximum current of
500 A with 100 kW maximum power. The electrical and
cooling parameters under nominal and failure conditions,
computed following [8,9] and summarised in Table 2, are
compatible with the operational requirements and existing
cooling infrastructure. Due to space constraints in the MS
complex, the coil is fully inserted in the MHS yoke assembly,
as illustrated in Fig. 3, resulting in an increased flux density
in the coil insert.

Figure 3: 3D MHS view from the top (left) and 2D cross-
section of the coil (right). Coil insert as modeled in the
mechanical design. Ceiling blocks displayed transparently

Table 2: Electrical And Cooling Parameters In Nominal And
Failure Operation.

Parameter Nom. Op. Fail. Op. Unit
Operating current, 𝐼op 183.3 367.7 A
Current density, 𝑗 2.1 4.2 A/mm2

Max. T rise, Δ𝑇 15 30 ◦C
Average coil T, 𝑇avg 32.5 40 ◦C
Coil resistance, 𝑅c (𝑇avg) 386 197 mΩ

Inductance, 𝐿c 10.3 2.56 H
Joule power loss, 𝑃j,c 13.0 26.4 kW
Hydraulic circuits, 𝑛hy 8 4 –
Water flow rate, 𝑄w 1.55 3.78 l/min
Water velocity, 𝑣w 0.45 1.11 m/s
Pressure drop, Δ𝑝 1.15 5.51 bar
Reynolds number, Re 5.9 × 103 1.4 × 104 –

FINITE-ELEMENT MODELING
Magnetostatic simulations of the MHS were performed us-

ing Opera-2D/3D [10] FE models. The magnetic design was
conducted through 2D cross-section optimization to deter-
mine the main geometrical parameters, evaluate the transfer
function, and assess sensitivity to air-gap variations and
mesh-induced numerical errors. 3D simulations were con-
ducted to assess the flux compression in the coil insert. The
coils were modeled as current-carrying rectangular regions,
including inter-turn insulation, thereby neglecting conductor
spacing effects. The cross-sectional dimensions of the FE
MHS model correspond to those reported in Table 1. The
magnetic steel was assumed to be isotropic. Non-magnetic
stainless-steel regions (green in Fig. 1) were modeled as air.
2D FE simulations showed that a magnetomotive force of
38 000 A turns was sufficient to achieve the target flux. The
resulting 2D magnetic flux density distribution and field
lines are illustrated in Fig. 4, on the left. The core oper-
ates at approximately 1.9 T, while the return yoke reaches
about 1.6 T, remaining below saturation. The XC06 block
between the coil (blue in Fig. 1) operates at approximately
1.2 T. These results confirm that flux is concentrated within
the core, validating the flux-compression design principle.
In the core region, a vertical dipolar field is generated, pro-
viding a horizontal deflection to the muons. In the upper
stainless-steel area the leakage fields could be exploited for
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the integration of diagnostics.3D simulations were carried
out to quantify the effect of flux compression in the coil in-
sert. A magnetomotive force of 44 000 A turns was needed
to achieve the target magnetic flux. The 2D magnetic flux
density map from the 3D simulation at 𝑧 = 0 is reported
on the right in Fig. 4. Compared to the 2D model (on the
left), with the same field in the core centre (𝐵0 = 1.9 T), a
higher magnetic flux is observed in the upper XC06 block
due to the flux compression caused by the coil insert. The
MHS transfer function was defined as the variation of the
central field, 𝐵0, with magnetomotive force. Fig. 5 compares
the 2D and 3D results (blue and green curves, respectively).
For a given excitation, the 3D model yields a lower central
field due to higher reluctance from the coil insert. Therefore,
the target field is reached at approximately 38 000 A turns in
2D, while 44 000 A turns are needed in 3D.The FE analysis
confirms that the electromagnetic design of the MHS meets
the experimental requirements, while providing operational
margin for tuning and fault scenarios.

Figure 4: 2D magnetic flux density map and field lines in
the MHS from 2D (left) and 3D (right) simulations.

Figure 5: MHS 2D (blue) and 3D (green) transfer functions.

RESIDUAL MAGNETISATION STUDIES
The residual magnetic field in a dipole magnet with a total

air gap 𝑔 can be estimated using the scaling law [8]:

𝐵res =

(
𝑙m
𝑔

)
𝜇0𝐻c (1)

where 𝑙m is the average magnetic path length in the iron,
and 𝐻c is the coercive field of the magnetic material. In
this case, the average magnetic path length is approximately
8.5 m (under the assumption that it remains unchanged for
the remanent field), while the total air gap amounts to 12 mm,
including only the main gap, corresponding to a ratio 𝑔/𝑙m of
1.4 ×10−3. With a conservative 𝐻c value for AISI 1010 steel
of 200 A/m, a resulting residual magnetic flux density in the

Figure 6: Residual field at different values of 𝐻c versus the
𝑔/𝑙m ratio in per mill, computed with Eq.((1)).

gap of approximately 𝐵res = 0.18 T can be extrapolated from
Fig. 6, illustrating Eq.(1). By splitting the uppermost part
of the MHS in 10 blocks (as shown in Fig. 3), the magnetic
force acting on a surface of area 𝐴 = 0.75 m2 is:

𝐹mag =
𝐵2

res
2𝜇0

𝐴 =
0.182

2 · 4𝜋 · 10−7 · 0.75 ≈ 9.7 kN (2)

In addition, the gravitational force of a block with volume
𝑉 = (1.63 × 0.46 × 0.615) m3 ≈ 0.46 m3 is:

𝐹g = 𝑔𝑉𝜌 = 9.81 · 0.46 · 7.87 · 103 N ≈ 35.5 kN (3)

with 𝜌 = 7.87 g/cm3 the steel density. The total lifting force
needed to overcome both gravity and magnetic attraction
is therefore 45 kN. In practice, to apply a safety factor and
account for friction between adjacent blocks, two hydraulic
cylinders with 50 kN lifting capacity each are employed.

CONCLUSION
The Magnetised Hadron Stopper (MHS) is the first ele-

ment in the SHiP MS complex and is required both to absorb
the hadronic shower produced by the SPS proton beam in-
teraction with the target and to initiate the deflection of the
muon flux. The MHS electromagnetic design is challenging
due to the high-radiation environment, stringent spatial con-
straints, and the high dipolar magnetic flux density needed.
The cross-section is optimised to concentrate the magnetic
flux in the core while limiting saturation in the return yoke.
The coil is designed to ensure safe operation even in the
event of a 50 % failure of coil turns. The resulting electrical
and cooling parameters remain within standard values for
warm magnets. 2D and 3D FE simulations confirm that
the design meets the target magnetic field specifications.
To enable coil disassembly without prior demagnetisation,
the magnetic circuit and upper yoke structure are designed
in such a way as to control residual magnetisation and as-
sociated forces. These are kept within manageable limits,
allowing safe lifting using appropriate hydraulic cylinders.
The results support the feasibility of the proposed design and
will inform the development of a reduced-scale prototype to
enable material characterization and validation of the flux
compression principle and lifting forces.
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