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Keywords: Hadron therapy is a cancer treatment that employs hadrons: a crucial component of a treatment facility is the
Conduction cooling gantry, a rotating machine that irradiates the patient from multiple angles, significantly improving treatment
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effectiveness. Currently, several initiatives are developing the first European ion gantry using superconducting
magnets to reduce both weight and cost compared to existing ones. Among these initiatives, the EuroSIG project
is working on new technologies for this gantry, including the development of bending superconducting magnets
that guide the particles toward the patient, facing the challenge of combining strong curvature, moderate

Hadron therapy
ramp rate and conduction cooling. The project is manufacturing a demonstrator magnet for this application,
which will first be tested in a helium bath. The design, however, is also compatible with a subsequent test
in conduction, marking the first step toward developing the prototype. This paper presents the preliminary
design of the conduction cooling system of the EuroSIG dipole magnet, including both the demonstrator and
prototype, and its integration into the mechanical structure designed by INFN-Genoa. This work constitutes the
first step in assessing the feasibility of conduction cooling for this novel magnet layout. Experimental validation
of the proposed cooling concept, assembly and manufacturing approach will be the subject of future activities.
1. Introduction using superconducting magnets to reduce weight and cost compared
to existing systems, thereby favouring the diffusion of hadron therapy.
‘Hadron therapy [...] is a specific type of oncological radiotherapy, One of these initiatives is the EuroSIG project, a collaboration among
which makes use of fast hadrons [...] to obtain better dose depositions when CERN, INFN, MedAustron and CNAO, which develops new technologies
compared with the ones of X-rays used in conventional radiotherapy.” [1]. to demonstrate the feasibility of the new gantry layout [7]. One of
Among the different types of hadrons, carbon ions are the most effec- EuroSIG objectives is to demonstrate that the traditional Cosf magnet

tive, as they deliver more energy to a more localised area than other
hadrons. However, the use of carbon ions requires larger and more
expensive facilities than other hadrons. Indeed, the investment cost for
a treatment centre that uses both ions and protons is approximately
twice that of a proton-only centre [2,3]. In a treatment facility, a
rotating machine called a gantry (Fig. 1d) is used to irradiate the
patient from multiple angles, thereby significantly improving treatment
effectiveness [4].

The cost of the gantry can achieve 50 M$ [6] and the lightest ion
gantry in the world weighs ~200 tons [7,8]. For this reason, various
European initiatives are working to design the first European ion gantry considered. However, minimising the gantry weight is a key design

layout can be employed in the ion gantry [9]. In this configuration,
the dipoles sustain a unique combination of strong curvature (Fig. 3),
moderate ramp rate and conduction cooling via single phase, high-
pressure helium flow (see Section 3). These requirements are needed
to make the machine compact, follow the field profile required for
the medical treatment [10,11] and avoid using liquid helium, which
would cause several difficulties in a rotating gantry. For example,
guaranteeing contact and cooling of the coil along the rotation. Details
and additional motivations can be found in [12]. Cryocoolers were also
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Fig. 1. Overview of the HIT (Heidelberg Ion Therapy Center) facility, including the gantry. (A) Ion source and linear accelerator, (B) synchrotron, (C) treatment
rooms, and (D) gantry. The red arrows show the particle beam path, while the grey arrow indicates the gantry rotation.

Source: Figure adapted from [4,5].

Fig. 2. EuroSIG demonstrator magnet [15].

objective, and their exclusion could reduce the gantry mass by approxi-
mately 330 kg [13] compared with solutions based on cryocoolers such
as the QST design [14]. Additional motivations about the challenges of
employing cryocoolers in gantries are reported in [12].

The combination of strong curvature, moderate ramp rate and con-
duction cooling is uncommon in superconducting accelerator magnet
design and poses several challenges that are not typically encoun-
tered simultaneously in conventional superconducting magnets [16—
18]. In fact, conventional superconducting accelerator magnets feature
a straight geometry, operate at low ramp rates and are cooled by liquid
helium [19-22], which is in direct contact with the coil and provides
highly efficient heat extraction. In contrast, the EuroSIG dipole operates
in a curved configuration and relies on indirect heat removal through
cooling channels integrated into the mechanical structure. In addition,
the moderate ramp rate generates significantly higher AC losses than
those encountered in traditional accelerator magnets. For example,
the LHC main dipoles are ramped at ~5 mT/s [23], corresponding to
about 1% of the EuroSIG ramp rate. Under such a ramp rate, the AC
losses in the EuroSIG magnet would become negligible. Consequently,
the cooling system must remove significantly higher thermal loads
without liquid helium cooling and within a strongly curved geometry.
This combination represents a challenge not usually encountered in
conventional superconducting accelerator magnets [16-18].

The EuroSIG project will build and test a Superconducting Dipole
Demonstrator Magnet [9] (SDM-c, Fig. 2), with the primary objective
of evaluating the challenges associated with implementing a curved
geometry in this dipole magnet layout. For this reason, the demonstra-
tor will first be tested in liquid helium. The design also incorporates

Fig. 3. Curved Cosé coil for both demonstrator and prototype.
Source: Courtesy of INFN.

Table 1
Parameters of EuroSIG demonstrator and prototype [9].
Parameter Demonstrator Prototype
Dipole field [T] 4 4
Curvature radius [m] 1.65 1.65
Bore diameter [mm] 80 80
Bending angles [° ] 30 45
Field ramp-rate [T/s] 0.15 0.40
Conductor Commercial NbTi Custom low-loss NbTi

Rutherford cable Rutherford cable

Cooling method Helium bath Indirect cooling

features that enable a subsequent conduction cooled test, provided
that the helium bath test is successful. The purpose of the conduction
cooling test is to obtain initial experimental feedback, which can be
used to further improve the prototype design. The demonstrator and
the prototype are expected to share similar mechanical structures and
generate the same magnetic field. The main difference between the two
magnets is that the prototype will use a custom cable designed to min-
imise losses (similar to the DISCORAP cable [24,25]). Since the custom
cable will not be available for the 2026 demonstrator, the system will
be tested at a reduced ramp rate of 0.15 T/s instead of 0.4 T/s. This
operating condition yields coil losses equivalent to those expected with
the prototype cable [9,16]. The total coil losses comprise persistent,
interfilament and interstrand current losses. A detailed description of
these loss mechanisms can be found in [9,16,26,27].

The parameters for both the demonstrator and the prototype are
listed in Table 1.
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Table 2
Static heat loads considering the cold mass at 4.7 K.
Category Source Demonstrator Prototype
Losses Losses Losses Losses
[W/m] W] [W/m] W]
Conduction Supports 0.29 0.25 0.29 0.38
Static Loads [30,31] Radiation from Thermal Shield at 80 K 0.14 0.12 0.14 018
HTS Current Leads at 4.7 K - 0.80 - 0.80

Currently, for the demonstrator, the collaboration has fully devel-
oped the mechanical design [15,28], produced a dummy coil, validat-
ing its tooling and procedures, and tested the manufacturing techniques
and the assembly procedure, building a complete mechanical mock-up.
Additionally, the first curved NbTi coil is at an advanced stage [9].

This paper presents the preliminary design of the conduction cool-
ing systems developed for the demonstrator and the prototype. The
systems consist of parallel cooling channels fed by a single cooling
circuit. The paper also describes their integration of the cooling systems
into the mechanical structure of INFN Genoa [15,28], comparing dif-
ferent cooling system layout and manufacturing techniques, analysing
their feasibility and impact on heat transfer.

2. Goal, starting point and methodology

The goal of the work presented is:

+ Design a cooling system, based on conduction, which provides a
temperature margin of at least 1 K for the NbTi coil [16].

» Integrate the cooling system in the mechanical structure designed
by INFN Genoa [15,28] (Section 3.2).

+ Identify the best manufacturing technique for this integration.

The work starts from the magnetic design of INFN [16,29], the
cryogenic design of CERN-TE-CRG (Cryogenics) and the mechanical
structure developed by INFN-Genoa [15,28]. Together, these elements
determine the heat loads and Lorentz forces, the constraints for in-
tegrating the cooling system and the heat transfer parameters. These
parameters include the contact area, contact pressure, the heat transfer
coefficient between the cryogen and the cooling tubes, the cryogen
temperature, and the thermal conductivity of the materials used in the
components of the mechanical structure.

To achieve the goal, thermal analyses are performed to dimension
the cooling system and analyse the impact of different manufacturing
techniques on mechanical contacts and heat transfer.

3. Starting point
3.1. Heat loads and cooling system

The heat loads of a single magnet applied to the demonstrator
and prototype are summarised in Tables 2 and 3. These values are
calculated by INFN, as reported in [16,30].

As shown in Table 2, the thermal shield is thermalised at 80 K,
which is a well-established cooling technique in cryogenics. A temper-
ature of approximately 80 K is commonly adopted in superconducting
magnet systems because it provides an effective reduction of the ra-
diative heat load to the cold mass while maintaining a relatively low
refrigeration cost. Simply using the blackbody relation g[W/m?] =
”(learm - Tc401 4)> We can observe that the heat transfer rate from 80 K
to 4.7 K is 200 times lower than that from 300 K to 80 K and from 300
K to 4.7 K. So, thermalisation at 80 K substantially reduces the heat
that must be extracted at 4.7 K, where cooling is significantly more
challenging than at high temperatures. These aspects are extensively
explained in [32,33]. Additionally, Temperatures in the range of 77-80
K are also readily achievable using liquid nitrogen. For these reasons,
an operating temperature of 80 K is assumed for the thermal shield.

Fig. 4. A quarter of the cross-section of the mechanical structure [15].

The pair of high-temperature superconducting (HTS) current leads,
which supply all dipole magnets connected in series, contribute a total
heat load of 0.8 W at 4.7 K (Table 2). The same HTS current leads are
assumed for both the demonstrator and prototype configurations; there-
fore, the associated heat load is unchanged. As discussed in [34-37],
the static heat load of HTS current leads is not significantly affected
by the magnet ramp rate. Consequently, the associated heat load re-
mains unchanged for the demonstrator and prototype configurations.
Details of the established HTS current lead characteristics, practises and
schemes are provided in [33-35,38].

The cooling system is composed of parallel cooling channels fed by
a single cooling circuit, to be integrated in the mechanical structure.
In the channels, single phase helium enters at 3 bar and 4.5 K, while
exiting at 4.7 K. Single phase is chosen because the gantry magnet
must rotate over a range of +180°. In this application, two-phase flow
is undesirable due to its flow instabilities and higher pressure drop
compared to single phase flow. Details of the advantages of single phase
forced flow cooling can be found in [12]. The layout of the cooling
system and its parameters are discussed in Sections 4 and 5.

3.2. Mechanical structure and assembly process

The mechanical structure (Fig. 4) and assembly process designed
by INFN Genoa are briefly recalled for the reader’s convenience (the
detailed description is reported in [15,28]):

1. Coil (orange), surrounded by insulation (red, green) and wedges
(blue).

. Coil protection sheet (stainless steel).

. Collars (stainless steel).

Yoke (iron).

. Plate (copper).

. Clamp (stainless steel).

. Rod (stainless steel).

NOoO U A WN

The main steps of the assembly process are:
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Table 3
Dynamic power losses [30] calculated at the regime, considering the cold mass at 4.7 K. The abbreviation SS means Stainless
Steel.
Category Central section In the two coil ends Tot. Demo. Tot. Proto.
[W/m] [W] 30°[W] 45°[W]
Conductor eddy 0.216 0.049 0.204 0.298
Conductor hysteresis 0.797 0.179 0.753 1.098
Collar eddy (SS) 0.006 0.003 0.007 0.010
Collar pins keys (SS) 0.098 0.010 0.081 0.123
Coil prot. sheet (SS) 0.000 0.000 0.000 0.000
End steel 0.000 0.001 0.001 0.001
Yoke eddy 0.056 0.008 0.047 0.072
Yoke pins keys 0.059 0.008 0.050 0.075
Yoke hysteresis (ARMCO) 0.911 0.079 0.734 1.128
Yoke hysteresis (Silicon steel) 0.396 0.034 0.319 0.490
Total ARMCO 2.143 0.335 1.878 2.804
Total Silicon steel 1.628 0.292 1.463 2.166
1. Coil assembly. 03 T ‘
2. Collaring process.
3. Assembly of the yoke around the collared coil. The yoke is 025
in direct contact with the collars (i.e. without clearance) to —
ensure continuous contact for efficient heat transfer in the next Ns 02
. . . . £
operational stages. A small clearance is left in the regions where &
the cooling tubes are located (see Section 4.1). 13
Q
4. Assembly of the clamp and application of pretension to the rod, %
closing the mechanical structure and ensuring contact between e 1) |
all components. This guarantees both mechanical integrity and
effective heat transfer throughout the assembly. 0.05¢ |
. 0
3.3. Mechanical FEM — Pressure of contact 0 10 20 30 20 50 60 70 80 20
P, [MPa]

To perform the thermal analysis and size the cooling system, contact
pressure data is extracted from the mechanical FEM analyses. Details
of the mechanical FEM model are provided in [15,28]. The contact
pressures are evaluated at the mechanical interfaces between the coil
and collar, collar and yoke, yoke and clamp and clamp and rod. These
interfaces are of particular interest because mechanical contacts intro-
duce an additional thermal contact resistance, which depends primarily
on the contact pressure and contact area. Regions with higher contact
pressure provide more favourable heat transfer paths and therefore help
identify the optimal locations for the cooling channels. Fig. 6a shows
the contact pressures at the coil — collar and collar — yoke interfaces,
which are the most relevant for the cooling channel layouts discussed in
Sections 4.1 and 4.2. Based on these contact pressure distributions, Fig.
6b identifies the preferred locations for the cooling channels to promote
efficient heat transfer from the coil to the cooling circuit. Mikié’s
model [39] (Appendix, Fig. 5) for elastic contact is adopted as an
engineering model to estimate the contact conductance at mechanical
interfaces. Given the preliminary design nature of the present study,
the objective is to compare cooling system configurations and assess
their thermal performance rather than to determine the exact value
of the contact conductance. In this context, the uncertainty associated
with the manufacturing and assembly conditions is expected to have a
greater impact on the results than the choice among established thermal
contact models. As discussed in the conclusions (Section 6), dedicated
experimental tests will be performed before magnet construction to
verify the assumptions adopted in the thermal analysis and validate the
effectiveness of the selected cooling system. An elastic contact model
is chosen over plastic contact because it provides a more conservative
estimate of the thermal contact resistance. In the case of elastic contact,
the contact surfaces are assumed to deform elastically only. In contrast,
plastic deformation causes the surface asperities to flatten, reduces
the surface roughness at the interface and increases the conformity
between the contacting surfaces. This results in a larger real contact
area [39] and enhanced heat transfer across the interface. As a result,
elastic contact generally predicts a higher thermal contact resistance
than plastic contact. Fig. 5 shows the thermal resistance as a function

contact

Fig. 5. Thermal resistance function of the contact pressure with the Mikié’s
model [39].

of contact pressure, obtained using Mikié¢’s model for elastic contact. A
contact pressure of 10 MPa corresponds to a thermal contact resistance
of 0.035K m?/W. The resistance decreases progressively towards zero
at higher pressures, whereas it increases rapidly at lower pressures.
Therefore, cooling channels should be located close to regions where
the contact pressure exceeds 10 MPa, avoiding the rapid increase in
thermal contact resistance observed at lower pressures. Fig. 6a shows
the contact pressure distribution at the coil-collar and collar-yoke
interfaces, which are the most relevant interfaces for heat transfer from
the coil to the cooling channels in the layouts analysed in Sections 4.1,
4.2,5. Fig. 6b shows the preferred locations for the cooling channels,
selected to minimise the overall thermal resistance between the coil
and the cooling circuit, thereby enhancing heat extraction from the
coil. This selection is based on minimising two contributions to the
overall thermal resistance: the thermal contact resistance at the me-
chanical interfaces, which depends on the contact pressure, and the
heat-conduction path length through the bulk material. Based on these
considerations, the best areas to place the cooling channels are:

+ The pole region.

+ The arc within the first 60 degrees with respect to the X axis (see
angle ¢ in Fig. 5a).

» The wedges, which can be modified to include the cooling chan-
nels (Section 4.2).

4. Prototype

This section presents the thermal analyses carried out to size the
cooling pipes of the prototype for two possible design solutions, en-
suring a temperature margin of 1 K [16], while avoiding an excessive
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number of channels and limiting pressure drops to a few tens of mbar.
This constraint is imposed by the cryogenic systems currently under
evaluation for supplying helium gas to the gantry. Although the final
cryogenic architecture has not yet been selected, the objective is to
adopt a compact and cost effective solution suitable for installation
in a small hospital environment. Therefore, the cooling channels are
designed to limit the total pressure drop to a few tens of mbar, ensuring
compatibility with the commercial cryofans currently under evalua-
tion and avoiding the need for larger and more expensive circulation
systems. The resulting pressure drops are reported later in the text.

The analyses are performed using ANSYS Mechanical in 2D. A 2D
model is adopted because the transverse dimensions of the magnet
cross-section are approximately 10% of the curvature radius. This ratio
decreases to about 3% when considering the coil, which is the main
focus of the analysis. Under these conditions, curvature effects on the
thermal, mechanical and electromagnetic behaviour of the cross-section
at the magnet centre are expected to be negligible, and the curved
magnet can be locally approximated as a straight structure [15,16,40,
41]. In fact, the curvature effects become significant only when the
cross-sectional dimensions are comparable to the radius of curvature.
Furthermore, the objective of this work is a preliminary comparison of
alternative cooling layouts. For this purpose, a 2D model provides an
appropriate representation of the dominant heat-transfer paths while
significantly reducing the computational complexity of the analysis.
The simulations assume steady-state conditions, as the objective of the
analysis is to evaluate the equilibrium temperature distribution and
compare the thermal performance of the different cooling layouts under
nominal operating conditions. Owing to the symmetry of the geometry,
loads and boundary conditions, only one quarter of the cross-section
is modelled. The ANSYS model also includes the following boundary
conditions and thermal resistances (Fig. 7):

» Convection applied to the inner surfaces of each cooling channel
interface. To adopt a conservative approach, the temperature is
fixed at 4.7 K along the entire channel length, corresponding to
the maximum helium temperature in the channels. For the same
reason, the heat transfer coefficient is assumed constant along the
channel and set to its minimum value (the one at the entrance).
Heat flux applied to the surfaces of the stainless steel clamp,
which represent the interface where the supports are connected
to the magnet [31].

Thermal radiation from the 80 K thermal shield to the external
surfaces of the mechanical structure.

Thermal contact resistance at interfaces where heat is trans-
ferred through frictional mechanical contact (coil-collar, collar—
yoke, yoke—clamp, and clamp-rod; Fig. 7). The thermal contact
resistance is evaluated using Miki¢’s model (Section 3.3).

Physica C: Superconductivity and its applications 648 (2026) 1354896

Best places
for the cooling channels

b)

(a) Pressure of contact at energisation and (b) best places for the cooling channels.

The temperature margin to quench of the coil is calculated as the
difference between the temperature limit (calculated via the Bottura’s
fit, Table 4) and the temperature calculated by ANSYS.

4.1. Option 1 — Channels in the collars

The first solution for the prototype consists of placing the cooling
channels on the outer diameter of the collars. This configuration avoids
the complexity of routing the channels around the coil ends and can be
easily integrated into the assembly process after collaring.

The first step of the analysis aims to identify the optimal number
of channels and their dimensions. For this reason, at this stage, the
thermal conductance at the mechanical interface between the channels
and the collars is assumed to be ideal. The effect of thermal contact
resistance, which strongly depends on the selected manufacturing and
assembly technique, is evaluated in a subsequent stage of the analysis.
This includes the interfaces between the cooling channels and the
collars, the collars and the yoke, and all other interfaces where heat
is transferred through frictional mechanical contact.

The initial configuration considers three channels made of AISI 316L
stainless steel, with inner diameters of 1.5, 2 and 3 mm and a wall
thickness of 0.5 mm. Stainless steel is selected because it is compatible
with several manufacturing techniques, including brazing, welding,
mechanical fit and gluing. The grade AISI 316L is selected because of
its relative permeability close to unity (4, = 1.01), which minimises
the perturbations to the magnetic field. Furthermore, the collars are
also made of AISI 316L [15,28]. Using the same material for both the
collars and the cooling channels avoids differential thermal contraction
during cool down and ensures compatibility between the components.

To maintain a temperature of 4.7 K while removing the expected
power losses, the channels carry a total mass flow rate of 2.88 g/s. The
resulting pressure drops range from 0.4 mbar (3 mm diameter) to 13
mbar (1.5 mm diameter). The heat transfer coefficient at the channel
inlet varies between 505 W/m2K (3 mm diameter) and 1780 W/mzK
(1.5 mm diameter). These values are calculated using an in-house 1D
Python code for heat transfer and pressure drop analysis developed by
the CERN Cryolab.

The selected channel diameter is 3 mm. Although its heat transfer
coefficient is more than three times lower than that of the 1.5 mm
channel, the corresponding thermal resistance is only 5 - 1074 K/W,
which tends to zero. At the same time, the pressure drop is significantly
reduced, corresponding to approximately 3.5% and 15% of the values
obtained for the 1.5 mm and 2 mm diameters, respectively.

The selected number of channels is three (A, B, C, Fig. 8a), as
this configuration provides a minimum temperature margin across
the cross-section of 1.06 K. Increasing the number to four channels
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Heat from supports

Radiation

Thermal
resistance due
to mechanical

contact

Fig. 7. FEM thermal model. The red lines indicate the locations where conductance due to mechanical contact is applied. The purple line shows where the heat
load through the magnet supports is introduced. The yellow lines represent radiation from the 80 K thermal shield, while the green circle indicates the convection
boundary condition. Thermal insulation is applied along the edges at X =0 m and Y = 0 m.

Table 4

Bottura’s fit parameters for an optimised cable to reduce losses [42].
Jerer Cy By Ty a p 14 n
2295e6 A/m2 28.35 14T 8.9 K 0.7858 0.9995 1.56 1.7

a)

Fig. 8. (a) Position of the cooling channels and (b) final configuration, highlighting the thermal conductance due to mechanical contact (orange line). The inset
in (b) shows a 0.2 mm clearance between the cooling tubes and the yoke. This clearance prevents the yoke from compressing the tubes during magnet assembly
and operation, avoiding additional stress in both the tubes and the bonding medium that attaches them to the collars. The clearance is a preliminary design value
based on previous assembly experience at CERN [43]. In regions without cooling tubes, the yoke remains in direct contact with the collars.

(A, B, C, D, Fig. 8a) improves the minimum temperature margin by
only 4.3%. Reducing the number to two channels (A-B, A-C or B—
C) decreases the minimum temperature margin by only 5%. Despite
this limited sensitivity, three channels are retained since the present
analysis assumes ideal thermal contact.

After defining the channel layout, the manufacturing techniques
used to assemble the channels to the collars are evaluated. The aim
is to assess how these techniques affect the conductance across the
mechanical contact interface (Fig. 8b). The candidate techniques are:

* Brazing.

+ Spot welding.

* Gluing.

» Mechanical fitting.

From the perspective of thermal performance, brazing would be the
best option, as it maximises the heat transfer area and employs a filler
material with high thermal conductivity, thus maximising the conduc-
tance at the interface between the tubes and the collars. However,

brazing requires temperatures of ~800 °C. At such high tempera-
tures, the filler material could flow into the collar gaps and damage
the kapton layer inserted between the collar laminations to reduce
eddy currents. The filler could even reach the coil block, potentially
compromising the coil insulation. Therefore, brazing is not a viable
option.

The second candidate technique is laser spot welding, which has
already been successfully implemented for the beam screens in the
Hi-Lumi project at CERN [44]. It allows for highly localised heat,
thereby avoiding the risk of damaging the coil or the insulation. From
a thermal point of view, spot welding provides a continuous metallic
path between the cooling tubes and the collars through the filler
material, eliminating the thermal contact resistance associated with
frictional mechanical interfaces. In addition, the weld spots can be
distributed along the entire collar length, promoting heat transfer
over the full length of the magnet. Finally, the thickness of the filler
material (dimension L in Fig. 9a) is limited to approximately 0.035 mm
(see discussion below), resulting in a very short conduction path and



G. Ceruti et al.

Physica C: Superconductivity and its applications 648 (2026) 1354896

2.09

0.84

X [mm]

Fig. 9. (a) Modelling of the spot weld [44] and (b) temperature margin [K] obtained.

&

Fig. 10. Change of collars shape to facilitate spot welding.

therefore a low thermal resistance through the filler material. To model
the contact between the collars and the tubes, the approach proposed
in [44] is employed (Fig. 9a), where the spots are modelled as periodic
prism. The parameters selected for the prism are: L = 0.035 mm, W
=28 mm, H=[0.5+ 1] mm, D = 0.15 mm. W is set by the collar
thickness, D by the space between the collars, H can range between the
minimum and maximum values achievable [45]. L is set equal to the
value obtained from tests performed on the Hi-Lumi beam screens [46].
The minimum temperature margin achieved in this case 0.84 K (Fig.
9b). The difference in margin between the cases H = 0.5 mm and H =
1 mm is negligible. Moreover, the collar shape modification shown in
Fig. 10 is proposed to facilitate the use of spot welding. This approach,
thanks to the similar thickness of tubes and collar protrusion, would
allow better control of the geometry and weld penetration, while
reducing the risk of porosity and stress concentrations [45].

The third candidate is gluing. The selected glue is Stycast 2850FT,
which offers good thermal conductivity (Appendix, Table A.1) com-
pared to other available glues. In addition, gluing maximises the heat
transfer area, as the adhesive can cover the entire contact surface
between the tube and the collar along the full length of the magnet.
Because the exact thickness of the glue cannot be predicted accurately,
a conservative value of 1 mm is assumed. In this configuration, the
temperature margin is 0.93 K (Fig. 11a). Since the gluing process
does not involve high-temperature operations or melting of the tube
material, copper tubes are preferred over stainless steel. Copper offers
much higher thermal conductivity, which slightly improves the tem-
perature margin. At the same time, the small tube dimensions (3 mm
outer diameter, 0.5 mm wall thickness) ensure that the associated eddy
current losses remain negligible: twelve copper tubes generate only
0.01 W/m of losses. The tubes do not serve a structural function, and
using glue eliminates the need for welding, so the lower mechanical
strength of copper and its more challenging weldability do not pose
limitations. With copper tubes of the described dimensions, the coil
achieves a minimum temperature margin of 0.96 K (Fig. 11b). Although

this represents only a modest increase compared with stainless steel
(0.03 K), copper is preferred because it maximises the temperature
margin without introducing any significant drawbacks in terms of
power losses and manufacturing processes. The last step to assess the
feasibility of gluing, is verifying via a FEM mechanical analysis the
stresses of the glue are limited. Since the function of the glue is simply
to maintain the attachment between the tube and the collar while
providing a thermal path for heat transfer, the only significant stresses
acting on the glue joint arises from the differential thermal contraction
between the collars (9.48-107° 1/K [30]), the glue (14.9-107% 1/K [47])
and the copper tubes (10.5-1076 1/K [48]). As a stress limit for the glue,
a value of 100 MPa, corresponding to the tensile strength of Stycast
2850FT measured at 77 K [49], is adopted. This value is conservative,
since the glue operates at temperatures close to 4.7 K. The tensile
strength at cryogenic temperature is considered more relevant than
the room temperature value since the differential thermal contraction
reaches its maximum at the end of the cool down process. Since
Stycast is a brittle material, the equivalent stress is evaluated using
both the Tresca and Galileo-Rankine criteria to compare the results
with the tensile strength. The Tresca criterion is preferred over the
Von Mises criterion because it provides a slightly more conservative
estimate, yielding a smaller admissible stress domain. This conservative
approach adds a modest safety margin without significantly affecting
the overall conclusions of the analysis. For both Tresca and Galileo—
Rankine cases, the maximum equivalent stress is approximately 40
MPa, resulting in a safety factor of 2.5, which is considered acceptable.
The maximum shear stress in the glue is limited to 10 MPa, giving
a safety factor of 5 relative to the 50 MPa shear strength of Stycast
2850FT bonded to stainless steel at 77 K [49]. Consequently, there
is no risk of debonding, confirming the mechanical integrity of the
glued joint under the expected thermal loading conditions. Thermal
cycling is also not expected to be problematic, as the machine will
undergo only about 60 cycles over its lifetime. Combined with the
conservative safety factors, this makes cracking of the glue unlikely.
Similarly, quench events are not expected to compromise the glue, as
it is bonded directly to the cooling tubes. Temperature increases during
a quench are anticipated to be only a few kelvins, which is insufficient
to cause damage.

The last candidate for tube fixation is mechanical fit, where the
tubes are held in place by interference with the collars and yoke.
Before performing a FEM analysis, an initial interference is estimated
analytically. The tolerance achievable in the collars and yoke through
machining is IT0.06 (+0.03 mm), while the tube manufacturing tol-
erance is IT0.2 (+0.1 mm). The worst-case scenario for mechanical
contact occurs when the yoke and collar diameters are at their largest
(4.03 mm) and the tube diameter is at its smallest (3.9 mm). After
cooling to 4.5 K, the diameters would change to 4.02 mm and 3.88 mm,
respectively. This results in a minimum compression of 0.14 mm at
room temperature to maintain tube contact with the structure. To verify
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the stresses on the tube at room temperature, where material resistance
is lower, a simple FEM model (Fig. 12a) using a bilinear isotropic
hardening model for stainless steel is applied.

The results show a Tresca stress significantly exceeding the 200
MPa yield strength of stainless steel, peaking at 400 MPa (Fig. 12b).
If compression increases by just 0.1 mm, the peak stress rises to 450
MPa. Given these high stresses, mechanical fit is not advisable, as it
could damage the tube. Even if the stress only reaches the yield point,
it would permanently alter the tubes shape, affecting their compres-
sion and, consequently, the contact pressure and heat transfer during
each thermal cycle. Additionally, the compression and pressure, factors
critical to heat transfer, would be sensitive to component tolerances.

Summarising the options, gluing is the preferred method for assem-
bling the tubes, offering the highest temperature margin and simplicity.
Spot welding is a secondary option, providing a positive margin but
with greater complexity. Brazing and mechanical fit are not feasible
due to the risks of insulation damage and excessive stress, respectively.

4.2. Option 2 — Channels in the wedges

Option 2 integrates the cooling channels within the wedges, as this
configuration would minimise the thermal path between the coil and
the cooling channels. Wedges 1 and 2 (Fig. 13) are selected because
they provide sufficient space to accommodate the channels and avoid
crossing the outer coil layer, which would be required if the wedges in
the inner coil layer were used.

Since this solution presents the manufacturing challenge of routing
the channels around the coil ends, a thermal analysis is performed
to quantify its potential benefits and assess whether they justify the
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(a) Simplified FEM model to simulate the tube compression in the collar slot and (b) Tresca stress in the tubes applying u = 0.14 mm.
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Fig. 13. Position of the channels in the wedges (W), in the collars and the
peak field area.

increased complexity of the construction process. Five different config-
urations are analysed, with the channels in the following positions (Fig.
13):

. WL, A, B, C.
W1, W2, A, B, C.
W1, B, C.

W1, W2, C.

. W1, W2.

gos N e
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Fig.

Configuration 4 is identified as the optimal solution. It provides
the highest temperature margin (Fig. 14a), with only a negligible
difference compared to Configuration 2, while minimising the channels.
Configuration 5 provides a temperature margin above the limit in the
peak-field region but shows a negative margin in the region close to the
magnet midplane; it is therefore discarded. Compared with Option 1,
configuration (Section 4.1), Configuration 4 improves the temperature
margin in the peak field region (the most critical area) by 10% to 25%
(Fig. 14b).

This improvement is considered significant. Therefore, a construc-
tion process is proposed to address the coil-end constraints related
to placing channels in the wedges. To overcome this challenge, the
following fabrication strategy is suggested, which could be further
explored and developed for the prototype magnet:

1. The wedges are produced by additive manufacturing, with the
cooling channels built directly into the structure during fabrica-
tion. The additive manufacturing technique considered is Selec-
tive Laser Melting (SLM), which is available at CERN. The avail-
able machine achieves dimensional tolerances between +0.1 mm
and +0.5 mm. Since the wedge dimensions directly affect the
coil position and, consequently, the magnetic field quality, the
additively manufactured wedges are subsequently finished by
machining to improve their dimensional accuracy. The machin-
ing equipment available at CERN can achieve tolerances of
+0.03 mm, significantly improving the dimensional accuracy of
the final component and bringing it into the range typically
achieved for magnet components [50,51]. The selected material
is AISI 316L stainless steel, chosen for its high electrical resistiv-
ity, which minimises eddy currents, and for its well-established

b)

Y [mm]

60

50

201

Physica C: Superconductivity and its applications 648 (2026) 1354896

Margin increase [%)]

s

24.75

20.00

[ |

15.00

10.00

0.57
20 30 40

X [mm]

50 60

(a) Temperature margin [K] for configuration 4 and (b) improvement of the margin [%] with respect to Option 1.

15. Single wedge sectors produced by additive manufacturing, showing the integrated cooling channels (orange).

Fig. 16. Brazed sectors of the wedge.

use in additive manufacturing processes [52]. Wedges are di-
vided into longitudinal sectors (Fig. 15) because their length ex-
ceeds the maximum build dimensions of both the CERN SLM ma-
chine and commercially available additive manufacturing sys-
tems, which are typically limited to 700-800 mm [45]. Man-
ufacturing the wedges as single pieces would therefore require
dedicated and large equipment, resulting in significantly high
costs. For this reason, multiple sectors are produced and subse-
quently joined by brazing. Additionally, the wedges are divided
into two halves (Fig. 16), each composed of brazed longitudinal
sectors, to assemble the wedge around the wound coil (Fig. 18).

. The manufactured sectors are brazed together to form two half-

wedges (Fig. 16). Details of the brazing procedure and its appli-
cation to similar components are provided in [13,53].

. Inlet and outlet tubes are welded to the ends of each half-wedge

to allow coolant circulation (Fig. 17).

. The two halves are then assembled horizontally onto the man-

drel, temporarily clamped in place and the winding process is
resumed (Figs. 18 and 19).
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First
layer of
coil

Fig. 18. (a) Halves of wedges, (b) their assembly around the mandrel and
first layer of coil and (c) cross-section of the assembly.

Fig. 19. Detail of the collar slot that allows the tubes to pass through and
exit the magnet.

5. Demonstrator

The primary objective of the demonstrator is to address the chal-
lenges associated with the curved geometry rather than conduction
cooling. For this reason, the initial test will be performed in a helium
bath. As mentioned in Section 1, if the helium bath test is successful, a
second test in conduction mode may be carried out to begin collecting
experimental data on conduction cooling. To ensure compatibility with
a potential conduction cooling test, while respecting the demonstrator
timeline, the project integrates the conduction cooling system with
minimal modifications to the mechanical structure currently under
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Fig. 20. Position of the cooling channels for the demonstrator.

construction. To this end, the cooling channels are located in the pole
region and in the slot for the pressing collars (Fig. 20).

Based on the results presented in Section 4.1, the parameters se-
lected for the channels are a diameter of 3 mm, a wall thickness of
0.5 mm and copper as material. The cooling system therefore consists
of six channels carrying single phase helium, with a total mass flow
rate of 2.88 g/s at an inlet condition of 3 bar and 4.5 K. Under these
conditions, the pressure drop is limited to 1.7 mbar and the mini-
mum heat transfer coefficient is 900 W/m?K. From a manufacturing
perspective, the hole in the pole region is produced by machining the
collars, after which the helium tube is inserted. A clearance of about
0.2 mm is left between the hole and the tube to facilitate insertion of the
tube through the collars during assembly. At this stage, the proposed
clearance is a preliminary design value based on previous assembly
experience at CERN [43]. The final value will be refined during the
experimental validation of the assembly procedure (see Section 6).
Examples of the tolerances and assembly requirements encountered in
superconducting magnets are provided in [50,54-57]. Subsequently,
the tube is expanded by pressurising water at about 100 bara inside
it. As the pressure increases, the copper tube expands until plastic
deformation occurs, causing it to adhere to the inner surface of the
collar hole. After expansion, the tube remains in contact with the
collar along the entire interface. Therefore, there is no interference
after pressurisation: the final contact between the tube and the collar is
not obtained through a conventional interference fit established before
assembly. Instead, it is created by the plastic expansion of the tube
inside the collar hole. The tube in the pressing slot can be installed
using one of the previously described manufacturing techniques. Due
to the results of Section 4.1, gluing is selected for this study.

The analyses performed for the demonstrator have the same loads
and feature described in Section 3.1 and Section 4 respectively. The
only difference are the parameters of the Bottura’s fit (Table 5) since
the cable of the demonstrator is different from the one of the prototype.

With the described configuration, the achieved temperature margin
is 0.87 K (Fig. 21a). This value is considered acceptable, as conduction
cooling is not the primary objective of the demonstrator, which is
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Table 5
Bottura’s fit parameters for the cable demonstrator [30].
Jere % Co By Ty a 4 n
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Fig. 21.

intended tackle the challenge of curvature and provide initial exper-
imental data on conduction. It is worth noting that reducing the ramp
rate from 0.15 T/s to 0.10 T/s increases the minimum temperature
margin to 1.08 K (Fig. 21b), which is above the goal of 1 K [16].

6. Conclusions

To the best of the authors’ knowledge, this paper presents the first
proposal for integrating conduction cooling into a collared Cosf magnet
layout, which combines strong curvature and moderate ramp rates.
Building on the magnetic and mechanical design developed by INFN,
the paper outlines the complete conduction cooling system for both the
prototype and the demonstrator, addressing the challenges posed by
high losses and indirect contact with the coil. It also proposes a fabri-
cation strategy for integrating the cooling system into the mechanical
structure.

The paper investigates different layouts for the cooling channels to
ensure the required temperature margin for the coil. Several channel
configurations are analysed, evaluating the effect of parameters such
as channel position, size and material on heat transfer. Additionally,
different manufacturing techniques for integrating the channels into
the mechanical structure are also assessed to evaluate their impact on
heat transfer. Through these analyses, the cooling channel layout and
the corresponding assembly approach that maximises the temperature
margin while minimising the number of channels are identified.

For the prototype, a first solution is identified: twelve copper tubes
glued to the collars, providing a simple and effective method for
integrating the cooling channels into the mechanical structure. A sec-
ond solution is also developed, in which the cooling channels are
incorporated into the wedges. This configuration provides a higher tem-
perature margin, up to 25% greater than the first option, but requires
a more complex fabrication process due to the need to route the chan-
nels around the coil ends. To address this challenge, a manufacturing
approach based on additively manufactured formers is proposed.

For the demonstrator, the cooling system proposed is designed
with minimal changes to the mechanical structure under construction,
to avoid affecting the current schedule for testing in a helium bath.
The proposed layout consists of six channels: two located in the pole
region, adhering to the surrounding area through pressurised water,
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Temperature margin for the demonstrator at (a) 0.15 T/s and (b) 0.10 T/s.

and four glued to the slot used for the collaring process. Although the
temperature margin does not meet the target value at the reduced ramp
rate of the demonstrator (0.15 T/s), the proposed design enables a
second conduction-cooling test, providing the first experimental data
on the feasibility of conduction cooling for this magnet layout. In
addition, the ramp rate required to achieve a temperature margin of
at least 1 K is identified as 0.10 T/s.

The work presented provides the basis for the next steps toward
demonstrating the feasibility of conduction cooling for this magnet
configuration, including the experimental validation of the proposed
design and the definition of the costs, resources, and schedule required
to build the prototype and the demonstrator. A key next step is the
experimental validation of both the modelling results and the proposed
fabrication approach. Experimental activities will focus on evaluating
the feasibility of producing the wedges by additive manufacturing,
quantifying the impact of dimensional tolerances on the magnetic field
quality, performing leak tests on the integrated cooling channels and
assessing the performance and reliability of glue used to bond the
cooling channels. Other tests will focus on verifying the assembly pro-
cedure of the tube via clearance and pressurised water, and validating
the contact conductance assumptions adopted for interfaces involving
frictional mechanical contact. In addition, the thermomechanical prop-
erties of the coil will be measured to verify the values calculated by
the authors (Appendix). Finally, an important parameter for further
design iterations is the allowable total dynamic power loss dissipated
in a single magnet (see Table 3 for the individual contributions to these
losses), which will be defined once the cryogenic plant for the gantry
is definitively selected.
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Appendix. Material properties and Miki¢’s model

The thermal conductivity of the coil is calculated following the
approach adopted in DISCORAP [58]. In this method, the conductor
is assumed to have the thermal conductivity of the matrix material
(copper for the demonstrator and Cu0.5wt%Mn for the prototype)
scaled with the actual matrix contents in the strand, the filling factor of
coil and the ratio between the conductor width and the strand length
in half transposition pitch (see Table A.1):

. . Nstrands T 2
Keoit = Kmarrix - Sin6 - %Mat”xsrrand(cose A sttrand) (A1)
* kparrix = thermal conductivity of matrix material.
» 0 = pitch angle.
* %Matrixy,,,, = percentage of the matrix material in the strand.
* Nyands = Dumber of strands in the Rutherford cable.
+ A = Cross-sectional area of the Rutherford cable (trapezoidal
shape).
* dgyanq = diameter of the strands
Eq. (A.1) can be rewritten as:
sinf ) ¢ .
Keoit = Komatrix * o0 FMatrix 4 = Kygyrix - 0/ %Matrix 4 (A.2)
Where:
* w, = cable width.
* p. = transposition pitch.
* %M atrix , = Fraction of matrix material in the trapezoidal cross-
section of the Rutherford cable.
Table A.1
Thermal conductivity of materials at 4.7 K.
Material k [W/mK] Source
Coil Prototype 0.36 Calculation
Coil Demonstrator 100 [16]
Insulation 0.06 [48]
Copper RRR10, 1.8 T 65.9 [48]
Iron RRR10 10.2 [59]
Aluminium 6.36 [60]
Stainless Steel 0.33 [60]
Stycast 2850FT 0.086 [61]
CuMn 4 [58]
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According to the Miki¢ model, the thermal resistance due to elastic
contact is expressed as [39,62]:

—-0.94
V2p

*
E*my

[m?K /W] (A.3)

o, = Equivalent roughness = {/6? + 62

- m, = Equivalent surface slope = {/m? + m3

+ p = contact pressure

* k, = effective thermal conductivity = %
1 2
. . 1-v2 1-v2 -1
» E* = effective elastic modulus = (E—1 + 5 2
1 2

E,;, v;, k; = Young’s modulus, Poisson ratio, and thermal conduc-
tivity of body i.
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