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Subscale Stress-Managed Common Coil Design 
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Abstract—In the context of the High-Field Magnet (HFM) 
Programme, hosted at CERN, and the Swiss Accelerator Research 
and Technology (CHART) Initiative, hosted at PSI, the Magnet 
Development (MagDev) project aims to contribute to the Future 
Circular Collider (FCC) studies through, among others: (i) 
research on enabling technologies and (ii) high-field low 
temperature (LTS) and high temperature superconducting (HTS) 
magnets. After a first experience with the CD1 magnet, a canted-
cosine-theta (CCT) Nb3Sn demonstrator, a roadmap has been 
established with milestones ranging from enabling technologies 
tested in powered samples and coils, to ultimate-field and Hybrid 
LTS/HTS short magnets. This paper describes the conceptual 
design of the subscale stress-managed common-coils platform, 
which is an R&D vehicle for testing enabling technologies, 
innovative design concepts, and LTS and Hybrid LTS/HTS coils. 
The different aspects of the design will be discussed, including the 
concept proposed for this platform, magnetic design, coil-ends 
optimization and mechanical analysis. 

Index Terms— Superconducting Magnets, Magnet design and 
analysis techniques, Accelerator magnets. 

I. INTRODUCTION
ollowing the European Strategy for Particle Physics 
(ESPP) 2020 update [1] and Accelerator R&D Roadmap 
[2], the HFM Program and the CHART initiative finance 
the Magnet Development (MagDev) project, hosted at 

PSI, aiming to contribute to the high-field magnet efforts 
through a panoply of initiatives for the development of enabling 
technologies [3], powered samples, as well as LTS and Hybrid 
LTS/HTS demonstrators.  

Constructed in 2017-2019, the Nb3Sn canted-cosine-theta 
dipole CD1 was eventually tested in 2022 and 2023, 
constituting the first Nb3Sn dipole produced by 
CHART/MagDev [4]. In parallel to the CD1 test campaign and 
with the goal of improving training behavior and robustness of 
Nb3Sn stress-managed magnets, CHART/MagDev started 
developing and testing innovative impregnation systems in fast 
turn-around powered samples under background field thanks to 
the collaboration with the University of Twente (UT) [5]. The 
program led to the (re-)discovery of paraffin wax as an 
impregnant [6] that eliminates training in stress-managed 
samples. Following the wax-impregnated samples, a first PSI 
multi-turn Nb3Sn coil was tested under back-ground field in 
stress-managed configuration thanks to the collaboration with 
the US-MDP (Magnet Development Program) and the 
Brookhaven National Laboratory (BNL) [7]. 

This work was performed under the auspices of and with support from the 
Swiss Accelerator Research and Technology (CHART) program 
(www.chart.ch). D. M. Araujo (douglas.martins@psi.ch), B. Auchmann, A. 
Brem, T. Michlmayr, C. Müller, H. G. Rodrigues and D. Sotnikov are with the 
Paul Scherrer Institute (PSI), CH 5303 Villigen, Switzerland. B. Auchmann and 
A. Milanese are with the Center for European Nuclear Research (CERN), CH
1211 Geneva, Switzerland. 

The second phase of the ongoing CHART/MagDev project 
aims to deliver more powered samples tests, the conceptual 
design, prototyping, and test of a subscale Nb3Sn magnet, as 
well as the conceptual design of a 14+ T Nb3Sn magnet, as well 
as several contributions to the study of HTS cables and coils 
development.  

Concerning the dipole Nb3Sn demonstrators, a wide set of 
architectures are being studied by some of the National 
Laboratories contributing to the HFM Program: (i) CERN 
magnet group is studying a cosine-theta and block-type magnet 
[8], [9]; (ii) the Italian National Institute for Nuclear Physics 
(INFN) works on the cosine-theta dipole Falcon D [10]; (iii) the 
French Alternative Energies and Atomic Energy Commission 
(CEA) designed a set of tools (from racetracks to ultimate-field 
demonstrators) towards their ultimate-field block-type magnet 
F2D2 [11]; (iv) The Spanish Centre for Energy, Environmental 
and Technological Research (CIEMAT) completed, in the 
context of the European Circular Energy-Frontier Collider 
Study (EuroCirCol study), the conceptual design of a common-
coils demonstrator [12] and prepares a test of racetrack coils in 
a common-coil configuration. The standard common-coils 
configurations have been studied by the past [13] and is being 
considered as an option for the super proton–proton collider 
(SppC) [14]. 

An additional interesting option, the stress-managed cosine 
theta (SM-CT) structure, has demonstrated its potential through 
a 2-layer 12 T demonstrator manufactured and tested at 
FermiLab [15]. In a next step, the two stress-managed layers, 
will be combined with conventional cosine-theta high-field 
layers, or serve as background-field layers in a Hybrid 
LTS/HTS magnet in the US-MDP program [16]. 

We would like to introduce a modified common-coils 
design, here presented as the stress-managed common-coils 
(SM-CC), in which the conductor is placed into a solid former, 
including ribs and spars as a unique solid (eventually split in 
several parts on the coil length direction), combining the 
advantages of the stress-management concept and the common-
coils structure. The SM-CC solution allows to have an efficient 
graded magnet, where the splices are done in the low-field 
regions. Others advantages include: low stress on the conductor 
due to efficient stress management, fewer coils for a double-
aperture magnet, axial forces distributed over a wider coil 
cross-section, and less field quality distortion thanks to the 
reduced coil movement in stress-management configuration. 
The main drawback is the higher transverse forces transferred 
to the magnet structure, when compared to other double 
aperture solutions and the limitation to double-aperture 
magnets. 

As first step in the development of the SM-CC 14+ T, this 
paper presents the conceptual design and engineering design 
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progress of the subscale stress-managed common-coils 
platform for the validation of materials, processes, and design 
choices in LTS and Hybrid LTS/HTS configurations. 

The paper is structured in four sections: Following the 
introduction, Section II describes the subscale platform goals 
and main parameters; Section III presents aspects of the 
magnetic design, including 3D coil-ends optimization; Section 
IV highlights the magnet’s structural concept and some of the 
mechanical analysis results and Section V discusses the 
progress on the R&D topics related to the project. 

II. GOALS AND PARAMETERS

The subscale magnet will serve as a platform for validating 
design and optimization tools, new enabling technologies and 
manufacturing processes. 

The target magnet field is > 4 T (bore field) @ 4.2 K with 
15% of load line margin on a 22-mm-diameter aperture without 
iron yoke. This aperture value comes from the existing 
magnetic rotating probe that will be used for field quality 
measurements [17]. The measurements will be used to study the 
impact of Lorentz forces on the field quality and to validate 
current distribution in ReBCO tapes, when the magnet will be 
tested with HTS racetracks. The straight-section length is 150 
mm and the intra-beam distance is 120 mm, which allows to 
reduce the amount of conductor used on coils. The maximum 
current at short sample is set to 10 kA to stay compatible with 
different test stations at CERN’s SM18 facility and other test 
facilities. Thanks to the collaboration with the Lawrence 
Berkeley National Laboratory (LBNL), the PSI subscale 
magnet uses the LBNL subscale CCT magnet cable [18], the 
operational current and peak field on the conductor is also 
similar. Table I shows some of the Nb3Sn wire and conductor 
parameters. 

TABLE I 
NB3SN WIRE AND CABLE PARAMETERS 

Parameter Value Unit 
Wire RRP 132/169 - 
Wire diameter 0.6 mm 
Strands per Rutherford cable 11 - 
Bare width 3.8 mm 
Bare thickness 1.3 mm 
Insulation thickness 0.155 mm 
Available unit length ~15 m 

Fig. 1 shows the measured Ic data and fitted curve of the wire 
sample XS-1a and the subscale load line. Since the RRP 
132/169 is not available, the next cabling run of subscale cable 
for both PSI and LBNL will be based on the RRP 144/169 
architecture [19]. 

III. MAGNETIC DESIGN

The initial 2D magnetic design was performed using 
PyMBSE [20] in a workflow that allows for the coupling 
between models conceived with different software, writing 
scripts for optimization, dockerization of numerical tools, with 
the goal of ensuring the maintenance of models over prolonged 

time periods and through all project phases. Fig. 2 shows the 
2D optimized cross-section. 

Due to the short magnet section of 150 mm, the multi poles 
computation in 2D and 3D can be very different. By integrating 
the total magnet contribution, the integral values are too high 
and certainly prohibitive for an accelerator magnet.  
Therefore, Fig. 3 shows the adopted 3D optimization scheme. 
First, with the 3D magnetic model, the contribution of each of 
pair of blocks to the multi poles is computed along the magnet 
axial axis. The contribution at several axial positions is fitted to 
create a function. This function has a variable, which is the pair 
of blocks position on the axial direction (Fig. 4). Secondly, the 
set of analytical functions (one function per pair of blocks) is 
optimized with the goal of minimizing the integral multi poles 
[21] while limiting the coil length. Finally, a re-optimization of
the cross-section is performed to further decrease the integral
multi poles. Cross-sectional and integral multi poles are shown
in Table II.

Fig. 1. RRP 132/169 strand Ic curve and magnet load line. 

Fig. 2. First 2D optimized cross-section and block’s label. 
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TABLE II 
CROSS-SECTIONAL MULTI POLES AFTER THE FIRST 2D 

OPTIMIZATION 
- 3D CS 3D  Integral 

b3 +0.6 +4.3
b5 +8.6 +5.3
b7 +4.2 +2.8
b9 -0.8 -0.6
a2 -35.4 -3.2
a4 +11.3 -3.7
a6 -1.0 -0.3
a8 +0.2 -0.3

Fig. 3. Optimization scheme including interpolation, multi 
poles computed with the 2D model and with the 3D model 
(green). 

Fig. 4. Interpolation and displacement of Blocks 0 & 1 skew 
multi poles contribution. 

The platform was intentionally designed to accommodate a 
variety of test configurations. The initial two tests will focus on 
the common-coils (blocks 2-13, as illustrated in Fig. 2) and all 
coils (blocks 0-13). The test with all coils may be performed 
with both LTS or HTS racetracks (blocks 0 and 1 in Fig. 3). To 
provide a comprehensive overview, Table III outlines the 
parameters for both testing scenarios: all coils (I) and common-
coils (II). 

TABLE III 
Aperture field B0, Peak field Bp, Short sample current Iss, 

Magnetic Energy Emag and Lorentz Forces acting on half of the 
magnet. 

Bo Bp Iss Emag Fx / Fy / Fz 

T T kA kJ kN 
I 5.15 6.45 8.2 15.2 280.4 / -4.7 / 50.7 
II 5.1 6.3 9.2 16.4 270.6 / -5.1 / 51.7 

IV. MECHANICAL ANALYSIS

Fig. 5 shows the cross-section of the subscale stress-managed 
common-coils. The four common-coils, as well as the pole 
coils, are placed into a stainless-steel former. The former 
separates the coil-blocks with ribs which belong to the former 
piece, thus, providing stress-management in the horizontal, 
vertical, and axial direction. Between the common-coils and 
pads, a lateral plate is placed with the goal of providing 
flexibility to re-use the structure with additional coils, 
modifying only the lateral plate. The lateral plate could also be 
used as part of a conduction cooling system. The central pole 
separates the top and bottom pole coils. The end-plates, and its 
6 rods, are used to deal with the axial Lorentz forces.  

The coil former is divided in 5 pieces longitudinally: one 
straight-section, two end-pieces and two thin pieces on the 
straight-section. The two thin pieces are removable and can be 
changed in order to compensate the stretching or shrinkage of 
coils happening during the heat treatment on Nb3Sn Rutherford 
cables. 

Fig. 5. Subscale Stress-Managed Magnet Half Cross-section. 

A. Material Properties and Modelling Assumptions
The mechanical analysis performed considers three steps: 

axial pre-load at room temperature (note that the split stress-
management structure is loaded, not the coil, as there will be no 
gap between the former pieces during the loading process), 
cooling down, and operation (in this case the short sample 
current of Case I). 

As is the plan for the first prototype, all components 
surrounding the coil and belonging to the magnet structure are 
made from stainless-steel 316 L. The homogenized coil and 
structure mechanical properties can be consulted in [22]. Given 
the recent results of wax impregnated coils, which eliminates 
training, wax is the base line for the Sub-SM-CC magnet and to 
have a more realistic modelling, the individual coil turns are 
modelled individually and sliding with friction is considered on 
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between all turns. The formers and other components can also 
slide in respect to each other. 

B. Results
Since the maximum Von-Mises (VM) stress does not exceed 

50 MPa at room temperature (after applying the axial pre-load 
of 300 µm on the 6 rods) or after cooling-down, only the main 
results at short sample operation are highlighted in Fig. 6. 

The peak VM stress is 68 MPa on the coil. The peak happens 
on the intersection between the straight-section and the end-
piece of the former. The former end-piece peak of VM stress is 
347 MPa due to the axial Lorentz forces and the peak of VM 
stress is 450 MPa on the pads. 

V. R&D TOPICS

A. Stress-managed common-coils winding
In the context of Nb3Sn stress-managed magnets, winding is 

a challenging topic. It is difficult to place the conductor into the 
former’s grooves without introducing defects to the cable. To 
overcome this issue the developed method consists in winding 
the coil outside the former, with an independent tooling, and 
placing the coil into the former as a second step. Fig. 7 (left) 
shows the second block winding and the placement of ribs on 
the winding tooling.  
    The winding trials were performed with a dummy cable with 
a different geometry with respect to the final subscale cable. 
During those trials the winding tension was 100 to 150 N, the 
tension applied to the subscale cable will be smaller. 

B. Wax impregnated coils splice
Fig 7. (right) shows the NbTi – Nb3Sn splice trials with liquid 

nitrogen cooling to limit the temperature during the splicing 
operation and avoid melting the wax impregnated coils. The 
splice is performed with the addition of thin-lead and the 
cooling activated after reaching the melting temperature to 
avoid heat flowing towards the coil. Lower melting point 
soldering is under investigation as well as ReBCO tapes – 
Nb3Sn splices for the intra-layer coils connection. 

C. Magnet assembly mock-up
Fig 8. shows the instrumented mock-up used for trials. The 

dummy formers are assembled together and aligned with keys. 
The lateral plate is placed between the dummy formers and the 
pads (see Fig. 5). The pushers are used to transfer the forces 
from the press to the pads, closing the gaps between the dummy 
formers, lateral plates and central pole. Fuji paper is placed 
between the dummy formers to check that the gaps were closed 
after assembling. Most of the gaps have been closed thanks to 
the use of modelling wax between the dummy coils. 

Fig. 7. (Left) Coil winding with the external tooling. (Right) 
Splice trials with LN2 cooling for limiting the temperature. 

Fig. 8. Instrumented assembling mock-up. 

VI. CONCLUSION

In this paper we introduced the common-coils stress-
managed magnet type. In particular the PSI subscale platform. 
We plan to perform a total of three testing campaigns in 2024 
and 2025. The first test will be performed only with the 
common-coils (blocks 2-13). The second test is intended to be 
performed in hybrid LTS/HTS configuration, where the effect 
of ramping-rate on the field quality will be addressed by the 
mean of magnetic field measurements. The third test will allow 
us to explorer different impregnation systems under use at PSI 
[23], [24]. 

Outer pad 

Inner pad 

Strain 
gauge
 

Dummy 
formers 

Pusher 

Keys 

Fig. 6. Iss operation at 4.2 K: coil VM stress in Pa (left), Former VM stress in Pa (center) and structure VM stress in Pa (right). 
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