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Historical experiences of the ATLAS and CMS magnet projects

Very large superconducting detector magnet projects!
• Time-scale for engineering design and validation effort, the 

construction, and the commissioning: More than 15 years 
each

• Production of components (conductor, coils, support 
structure, etc) in industry, and subsequent assembly at 
CERN

• Designed, constructed, commissioned, and maintained with 
strong support from multiple institutes:
• ATLAS: CEA-Irfu, KEK, INFN-LASA, RAL, NIKHEF, JINR-

Dubna, IHEP-Protvino, ITAM Novosibirsk, CERN
• CMS: CEA-Irfu, ETH Zurich, INFN Genoa, University of 

Wisconsin, Fermilab, ITEP Moscow, CERN

Important lessons:
• For large superconducting detector magnets a long-term 

strategy is needed
• The historical importance of collaboration is evident

ATLAS 
Superconducting magnets

CMS 
Superconducting Solenoid

A. Yamamoto, CERN Workshop on S/C Magnets, 09/2022
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Detector Solenoid Challenges
Typical requirements for collider 
detectors
• Large volumes, length and radii O(few m)
• High central fields O(few T)
• As low mass as possible

Challenges
• stored energy is large O (GJ)
• large forces on conductor and support 

structures
• high stresses

„Standard“ technologies
• Al-stabilized Nb-Ti superconductors
• Cooling via L-He in cooling pipes on outer 

support cylinder exploiting 
thermoconductivity

• Coil windings and support structure 
integrated by epoxy based resin

• Support vessel / cryostat provides 
mechanical strength and carries the mass
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Table 1.1 Advances in thin/transparent solenoid magnet technology. 

Technology First Detectors of the 
  technology implemented 

Al-stabilized superconductor (soldered) and 
  indirect/conduction cooling ISR[2], CELLO[3] 

Secondary winding and quench back PEP4-TPC[4] 
Co-extruded Al-stab. superconductor CDF[5] 
Inner winding TOPAZ[6] 
CFGP outer vacuum vessel/wall VENUS[7] 
Thermo-siphon and indirect cooling ALEPH[8], DELPHI[9] 
2-layer coil and grading ZEUS[10], CLEO[11] 
Al-stabilizer w/ Zn, and Isogrid vacuum vessel SDC-Prototype[12] 
Shunted coil w/ conductor soldered to mandrel CMD-2[13] 
High-strength Al-stabilizer w/ Ni micro-alloying and 
   fast quench propagation w/ pure-AL strips and heater ATLAS[14] 

Hybrid conductor configuration using EBW CMS[15] 
Self-supporting coil with no outer support cylinder BESS-Polar[16] 

 
 

 
Fig. 1.1 Detector solenoids experienced in LHC 
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Al-stabilized Conductors
Aluminum as stabilizer
• has to absorb stored energy in case of a quench

• compensate forces
• protect superconductor

• good thermal and electrical conductor
• good mechanical strength
• minimum material and weight

Pure high-conductivity Al is rather soft
• High-strength pure Al: refined with metallurgical 

methods
• Hybrid structures using Al-Alloys

E/M ratio as figure of merit
• keep mass small (transparency)
• bring stored energy up

• large volumes, high fields
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2.1 Aluminum stabilized superconductor and superconducting coil 
Aluminum stabilization of the superconductor is a key technology in modern detector 

magnets. It contributes to the stability of the superconductor with minimum material and weight. 
The electro-magnetic forces generated in the coil winding are sustained by the conductors 

themselves in combination with the outer support cylinder. Since pure aluminum stiffness is rather 
low with a yield strength of about 30 MPa, the outer support cylinder made of aluminum alloy 
would need to contribute enough mechanical strength to keep the stress in the coil at a reasonable 
level. This means that reinforcement of conductor saves thickness of the outer support cylinder. 
Aluminum-stabilized superconducting conductors have benefitted from a number of 
improvements, notably regarding its mechanical strength over the last four decades. The evolution 
of conductors is summarized in Fig. 2.1. One approach has been to provide homogeneous 
reinforcement of the stabilizer itself; the other was to work with a hybrid configuration of soft 
high conductivity material with a strong alloy. 

 

Fig. 2.1 Evolution of conductors for detector magnets. From left to right: CELLO, CDF, ALEPH, 
ATLAS-CS, -BT and CMS. 

Homogeneous reinforcement was established by combining micro-alloying and cold-work 
hardening. It was found that nickel additive effectively contributes to mechanical strength while 
keeping a reasonably low electrical resistivity in the aluminum. FigureFig. 2.2 shows progress of 
mechanical strength of aluminum stabilizer as a function of electrical resistance at 4.2 K in 
comparison with typical oxygen free copper (OFC) as stabilizer.  It can be seen that the strength 
of the aluminum stabilizer has become comparable with that of copper, while maintaining its high 
RRR and the all-important advantage of lightness. The conductor clad with reinforced 0.5 % Ni 
aluminum stabilizer gives a one-third reduction in the thickness of the ATLAS central solenoid 
to when compared to a conductor using a pure aluminum stabilizer [18][19]. 

A hybrid configuration, which consists of a combination of pure aluminum stabilized 
superconductor with high strength aluminum alloy (A6082) blocks attached to both sides by 
electron-beam welding was developed for the CMS solenoid. Such a hybrid configuration is very 
effective in large-scale conductors because it can be welded. It allows a hoop strain of 0.15 % 
induced by a hoop stress of 105 MPa, and it is an essential feature of the 4 T CMS solenoid design. 
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The E/M ratios in various detector solenoid magnets are shown in Fig. 2.4 [1][19]. In early 
generations of thin magnets a typical E/M ratio was 5 kJ/kg. Based on the development of high 
strength aluminum stabilizer, ~10 kJ/kg was achieved for the SDC prototype. Using similar high-
strength aluminum stabilizer, the ATLAS central solenoid reached 8.1 kJ/kg at its test field of 
2.1 T. The CMS solenoid achieved an E/M ratio of 12 kJ/kg at its nominal field of 4.0 T. While 
it was not required to be a thin solenoid, there was a strong incentive to moderate the mass of the 
coil for reasons of physical size as well as cost containment. During testing, a prototype magnet 
for the BESS Polar program achieved E/M ≈13 kJ/kg without damage. 
 

 
Fig. 2.4 E/M ratio as a function of stored energy (E). Diamond (blue) plots show half energy to 
be absorbed in the coil with E/M level of ~ ≤ 5 kJ.kg, and round plots show full energy absorbed 
in the superconducting coil. Diamond (light green) plots show future solenoids proposed. 
 

Another limiting factor for the E/M ratio is the quench protection. In the adiabatic condition 
temperature rise after quench can be expressed as, 
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where tquench is the time quench occur, tend is the time current is completely down, j is the current 
density, T0 is the operation temperature, Tmax is the maximum temperature, Cpave is the average 
volumetric specific heat of the conductor, and the ρave is the average electric resistivity of the 
conductor. The equation indicates that once the conductor material is determined the maximum 
temperature after quench is proportional to the square of current density times the current 
dischareg time (i.e., the concept so called MIITs) [20]. Since the detector solenoid has large stored 
energy and also contains sensitive detector electronics in its aperture, the discharge time may not 
be shortened too much. For the large-scale conduction cooling solenoid, to avoid the excess 
thermal stress in the structure, it is generally required to limit the maximum temperature to 
relatively low value with a range of < ~150K. From these reasons engineering current density of 
the detector solenoid is generally kept low. To achieve the transparent solenoid magnet with such 
low current density, use of Aluminum stabilizer is essential with its light weight and good electric 
conductivity. 
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ILD Magnet
Modelled after CMS experience
• 4T central field, 2.3 GJ stored energy
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Chapter 4. ILD Outer Detector

Figure III-4.6
ILD magnet cross sec-
tion, dimensions are in
mm (half upper part,
cylindrical symmetry)

4.2.2 Solenoid design

The ILD solenoid main parameters are given in Table III-4.3. The 7.35 m length of the ILD coil enables
to make it in three modules, each 2.45 m long. The reasons of this choice of three modules, rather
than two or one, are linked to the fabrication of the external mandrel, to winding and impregnation as
well as to transport and handling. Moreover, this enables to have shorter unit lengths of conductor,
of about 2.6 km, and to join the units in known positions and in low field regions, on the outer radius
of the solenoid. Each module consists of four layers, with 105 turns per layer.

Table III-4.3
ILD solenoid main
parameters

Design maximum solenoid cen-
tral field [T]

4.0 Nominal current [kA] 22.5

Maximum field on conductor [T] 4.77 Total ampere-turns
solenoid [MAt]

27.65

Field integral [T*m] 32.65 Inductance [H] 9.26
Coil inner radius [mm] 3615 Stored energy [GJ] 2.27
Coil outer radius [mm] 3970 Stored energy per unit

of cold mass [kJ/kg]
13.5

Coil length [mm] 7350

The conductor design uses a superconducting cable, electrically stabilised and mechanically
reinforced. The temperature safety margin is around 1.93 K, assuming a maximum operating
temperature in the coil of 4.5 K.

The winding will be done inside the coil mandrel, using the inner winding technique, similarly to
CMS [351]. This Al-alloy mandrel, about 50 mm thick, has several important other roles, as it will
also be used as a mechanical support, a path for the indirect cooling of the coil (done with cooling
tubes where liquid helium circulates welded on the outer radius of the mandrel), and a quench back
tube (induced currents in this mandrel in case of quench or fast discharge enable a uniform quench of
the coil and a limited radial temperature gradient). The anti-DID and the tie rods supporting the
whole cold mass will be attached to the mandrel. The cold mass will be indirectly cooled by saturated
liquid helium at 4.5 K, circulating in a thermosiphon mode.

The coil protection in case of quench uses an external dump circuit. With a dump voltage of
500 V, the maximum temperature within the coil does not exceed 82 K.
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delamination and heat deposit by friction in the module-to-module coupling region. This 
is particularly important for the innermost layer, where the field applied to the 
superconductor is at its maximum. 

 
Each module has 4 layers, with 103 turns per layer. The nominal current is 22.4 kA 

for the design maximum central field of 4 T. 
 

Tab. 2: ILD solenoid main parameters 
 

Design maximum solenoid central 
field (T) 

4.0 Nominal current (kA) 22.4 
 

Maximum field on conductor (T) 4.6 Total ampere-turns solenoid 
(MAt) 

27.65 

Field integral (T*m) 32.65 Inductance (H) 9.2 
Coil inner radius (mm) 3615 Stored energy (GJ) 2.3 
Coil outer radius (mm) 3970 Stored energy per unit of cold 

mass (kJ/kg) 
13 

Coil length (mm) 7350   
 
The magnetic flux density vector sum of the solenoid is shown in Fig. 6, for a field of 

4 T at the interaction point. The model is made using the ANSYS magnetic vector 
potential formulation with the nodal-based method, and infinite boundaries. The field 
map of Fig. 6 shows the region of Z=0 to 13m and R=0 to 10m where the coil and the 
yoke are located. The model is axisymmetric. Taking into account the median transversal 
plan symmetry, only half of the magnet system is modeled. The coil (and detector) axis is 
horizontal in Fig. 6. 

 

 
 

Figure 6: Magnetic field of the magnet system without the anti-DID 
 (numbers given are in T). 
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ILD Magnet
Conductor
• Rutherford Cable
• Aluminum stabiler

• Either CMS-like: Pure Al + Alloy
• Or homogeneous AlNi
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Figure 8: Possible options for the ILD solenoid conductor.  
 

The Rutherford cable will be made with the state-of-the art NbTi superconducting 
strands. It is proposed to use a cable with characteristics similar to the CMS 
superconductor, as indicated in table 3 [7, 8]. 

 
 

Table 3. Superconductor characteristics 
 

Superconducting strand in virgin state 
Strand diameter 1.28 mm 
(Cu+Barrier)/NbTi 1.1±0.1 
SC strand critical current density 3300A/mm2 at 4.2K, 5T 

Rutherford cable
Number of strand 36 
Cable transposition pitch 185 mm 

Final conductor
Overall bare dimensions 74.3 * 22.8 mm2 
SC strand critical current density ≥ 3000A/mm2 at 4.2K, 5T 
Ic Degradation during manufacturing ≈ 7 % 
Critical current 67500A at 4.2K, 5T 

 
Compared to the CMS conductor, the number of strands in the cable has been 

slightly increased to take into account the larger nominal current (36 strands instead of 
32), and the conductor width has also been slightly increased to take into account the 
larger hoop stress. The conductor load line is given in Fig. 9, showing that the 
temperature margin is around 1.85K, assuming a maximum operation temperature in the 
coil of 4.5 K. The load line ratio is around 67%. 
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ILD Anti-DID
DID: Detector Integrated Dipole
• Added outer dipole coils to align magnetic field with ILC crossing angle (7 mad)
• Could help to reduce beam-induced background
• Adds complexity to the engineering design and assembly procedures (see talk from Y. Makida)
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Figure 13: 3D view of the anti-DID (version 1). 

 
 

 

 
 

Figure 14: Dipolar field Bx = f(z) generated by the anti-DID (version 1).  
(Numbers on the vertical axis for Bx given are in T, labels on the horizontal axis for z 

are in mm). 
 

 
For integration reasons, the anti-DID is located within the same cryostat as the main 

solenoid, and benefits from the cryogenics of the main coil. It is located on the outside 
radius of the main solenoid, in the lower field region, which is favorable for the 
temperature margin of the superconductor. The anti-DID coils will be fixed on the 
mandrel of the solenoid. Details of the design are shown in Fig.15a and Fig. 15b. 
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solenoid, and benefits from the cryogenics of the main coil. It is located on the outside 
radius of the main solenoid, in the lower field region, which is favorable for the 
temperature margin of the superconductor. The anti-DID coils will be fixed on the 
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SiD
• 5T maximum central field
• Smaller volume as ILD, less stored energy

8

Chapter 6. SiD Superconducting Magnet System

Table II-6.1
SiD and CMS Supercon-
ducting Coil Comparison

Quantity SiD CMS Units

Central Field 5.0 4.0 T
Stored Energy 1.59 2.69 GJ
Stored Energy Per Unit Cold Mass 12 11.6 kJ/kg
Operating Current 17.724 19.2 kA
Inductance 9.9 14.2 H
Fast Discharge Voltage to Ground 300 300 V
Number of Layers 6 4
Total Number of Turns 1459 2168
Peak Field on Superconductor 5.75 4.6 T
Number of CMS superconductor strands 40 32
% of Short Sample 32 33
Temperature Stability Margin 1.6 1.8 K
Total Cold Mass of Solenoid 130 220 tonne
Number of Winding Modules 2 5
Rmin Cryostat 2.591 2.97 m
Rmin Coil 2.731 3.18 m
Rmax Coil 3.112 3.49 m
Rmax Cryostat 3.392 3.78 m
Zmax Cryostat ± 3.033 ± 6.5 m
Zmax Coil ± 2.793 ± 6.2 m
Operating Temperature 4.5 4.5 K
Cooling Method Forced flow Thermosiphon

6.2 Magnetic Field and Forces
6.2.1 Requirements and Design

The SiD magnet system requires a 5 T central field, an alternating 600 G field along the axis from
the DID, and a fringe field of less than 100 G at a metre distance from the outer iron surface [141].
An economic solution to the fringe field requirement has not yet been found. Two iron plates placed
around the barrel and overlapping the doors with a combined thickness of 14 cm drops the 1 meter
fringe field to 300 G. The 100 G at one meter is certainly achievable with the addition of su�cient
iron and air gaps. Some components such as the expansion turbines inside the helium liquefier will
most likely require additional local iron shielding.

Figure II-6.1
Magnet section show-
ing its principal ele-
ments.

Eleven 20 cm thick iron plates with 4 cm gaps form both the barrel and end wall portions of the
flux return. There is also a 5 cm gap between the barrel and endcap that is partially filled with barrel
iron connecting plates. These connecting plates are also part of the solenoid axial restraint system.
The iron plates of the endcaps are held together with an iron cylinder on the inner diameter and top
plates on the outer diameter.
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Figure 25. Overview of the SiD.

Figure 26. The SiD coil winding design. The cooling pipes are shown welded to the outer support cylinder;
the two modules are joined by bolting at the median plane.

4.2 Detectors for secondary particle experiments

4.2.1 COMET

The COMET experiment in J-PARC aims to explore the rare decay phenomenon of muons. Figure 28
shows the overview of COMET Phase-I beam line. In order to transport the muons effectively, the
superconducting solenoids are used throughout the muon beamline from the target to generate pion,
to the electron detectors, that is, the Pion Capture Solenoid (PCS), Muon Transport Solenoid (MTS),
Bridge Solenoid (BS) and Detector Solenoid (DS). A smooth variation of the magnetic field across

– 26 –
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Figure 27. Cross sections of CMS conductor and proposed SiD conductors.

the beam line is required, in paticular at the transitions between magnets where muons may be trapped
or reflected. Figure 29 shows the magnetic field distribution on the muon beam axis. The solenoids
are aligned in such a way that the ripple of magnetic field would be less than 5 % of averaged field
in each section. All the solenoids are covered by iron yokes, which are used as both radiation shield
and magnetic flux return yoke. Figure 30 shows the 3D view of DS for COMET Phase-I experiment.
The detector solenoid acts as a spectrometer of the electrons generated by the decay of muons, and
all the electron detectors are installed inside the magnet bore. The detector solenoid is conventional
solenoid wound by copper-stabilized Nb-Ti conductor cooled by GM cryocoolers. The total length
of superconducting coil is 1.9 m, the inner bore diameter of coil is 2.14 m. The superconducting coil
consists of 14 coils 170 mm in length and 8 mm in thickness. All the coils are connected in series,
and the nominal current is 189 A to generate the central field of 1 T. The inductance of the detector
solenoid is 236 H, which is too large to extract the stored energy into the dump resistor for the
quench protection, therefore, the quench protection by a passive heater is adopted. Figure 31 shows
the quench protection circuit of DS. Heater wire of 1.5 mm in diameter is wound on the outside of
superconducting coils, and the heaters are connected in parallel with coils as shown in figure 31.
When a quench is detected by the quench detection system, the power supply is cut off by the circuit
breaker, and the magnet current go through the heaters. Thanks to the quick quench propagation by
the heaters, the maximum temperature in the coil can be suppressed below 150 K during a quench.

The PCS is not a detector solenoid, but the technology of the detector magnet is adopted, such
as, the superconducting cable stabilized with high purity aluminum [66]. The PCS contains the pion
production target, and it is exposed to high radiation, meaning that large heat load is expected into
the coils, calculated to be 228 W at maximum in the Phase-II experiment. In addition, conduction
cooling scheme is applied in order to reduce the exposure of the liquid helium to direct radiation.
The Nb-Ti with copper stabilizer based thick aluminum stabilized cable is used in the PCS; 15 mm
in width, 4.7 mm in thickness and composition ratio of Al/Cu/Nb-Ti is 7.3/0.9/1.0. The magnets
are cooled down by cooling pipes flowing two-phase liquid helium on the outer surface of the coil
shell, and the pure aluminum strips are sandwiched between layers as shown in figure 32, to help the
removal of radiation heat.

– 27 –
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CLICd
Similar design as ILD/SiD
• With end-cap coils to reduce iron size
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Figure 18. Vertical cut through of the CLICdet detector model showing the QD0 final focusing quadrupole
positions outside the detector.

quite comparable to CMS, with a bit larger conductor. The conductor will have to be reinforced to
accommodate large magnetic forces applied to the winding. Both options of ATLAS CS and CMS for
a reinforced conductor are considered at this stage, respectively the structural cold worked Ni-doped
aluminum stabilizer [18] and the Electron-Beam welded aluminum alloy reinforcement [41]. For
both options the Rutherford Nb-Ti superconducting cable will be co-extruded with the high RRR
aluminum stabilizer. Feasibility programs were led on the structural doped aluminum with a
large cross section [51]. Other studies of reinforcement proposed ways to increase the mechanical
properties of the conductor, based on the ATLAS CS and CMS reinforcement concepts [28, 52].

Table 7. CLICdet magnet parameters.
Property Value

Magnetic field at IP (T) 4
Inductance (H) 12

Nominal current (kA) 20
Stored energy (GJ) 2.3

Average energy density (kJ/kg) 13
SC cable number of Nb-Ti strands 32

Conductor cross section (mm2) 83 ⇥ 20
Coil inner radius (mm) 3650

Coil length (mm) 7800

The magnet will be inside a cryostat supported by the central barrel yoke, similar to CMS.
The CLICdet coil will be built using the inner winding technique inside a 50 mm thick external

– 21 –
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Figure 20. Schematic RZ view of the CLICdet magnet. Only one half of the magnet section along its axis is
shown and calorimeters as well as other detector details are not represented.

Figure 21. The radial Br and the longitudinal Bz magnetic fields from the IR up to 10m along the beam axis.

are typical applications that can be developed using high temperature superconductors. Other
developments can also be performed for powering DC converters and dumping circuit. Dedicated
studies applied to the detector magnet applications will be needed. Specific equipment and tooling
for the conductor and coil manufacturing (cabling machine, cable brushing and preheating, co-
extrusion dies, continuous welding, winding, etc.) and quality control and measurement devices (e.g.
continuous quality control of the superconductor, impregnation quality, field mapping) will have to
be adapted or re-developed specifically ahead of this project during a pre-industrialization program.

4.1.4 ILD

The design parameters of the magnet for the International Large Detector (ILD), as shown in figure 23,
feature a central field of up to 4 T, in a volume of about 275 m3 (useful diameter 6.88 m over a
length of 7.35 m) and its conceptual design has been undertaken by CEA, DESY and CERN [60–62].
The ILD magnet design is very similar to the one of CMS, except for its geometrical dimensions,
and the presence of the anti-DID. Consequently, many technical solutions successfully used for

– 23 –
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Figure 18. Vertical cut through of the CLICdet detector model showing the QD0 final focusing quadrupole
positions outside the detector.
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FCC-ee
Examples CLD and IDEA
• Both with 2T maximum field
• CLD: coil outside of the calorimeters
• IDEA: coil inside of the calorimeters
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Figure 10. Magnetic flux density as a function of location in the axisymmetric plane of the CLD (TOP) and
the IDEA (Bottom) detector designs.

prototypes. Furthermore, because they are in between different particle detectors it is not possible
to replace them in they break down. Therefore, it is crucial to have redundant quench protection,
even allowing for the case where quench detection fails. An example of the energy extraction layout
during a quench is shown in figure 11. Quench simulations for the CLD magnet showed that with an
extraction resistor or Run-Down Unit (RDU) the peak temperature after a quench is 60 K and the
magnet is fully discharged after 600 s [39].

The IDEA solenoid has a larger energy density, a smaller wall thickness and higher stresses than
the CLD magnet [39]. Therefore, a fully three-dimensional simulation of the IDEA magnet was
used to study quench protection measures. In addition to an RDU, quench heaters and high purity
aluminum (RRR = 3000) quench propagation strips (QP strips) were studied. These QP strips are
found in the ATLAS CS as well [37]. The results of 3D simulations for different quench scenarios
are shown in figure 12 [39]. The cases with an RDU have the lowest hot-spot temperature equal to
65 K. In all other quench scenarios without a protection resistor, the QP strips have a large effect on
the peak temperature. In some cases with QP strips, the peak temperature is decreased by more than
100 K compared to the case when the aluminum strips were not present. In addition, in cases with

– 15 –
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Table 5. Design parameters of the superconducting solenoids for the IDEA and CLD detector concepts at the
FCC-ee.

Property IDEA CLD Unit
Conductor

Conductor material Nb-Ti/Cu in Al/Ni cladding
Conductor height 36 36 mm
Conductor width 10 22 mm

Turn-to-turn insulation 1 1 mm
Number of strands 30 26
Strand diameter 1.1 mm

Cu:SC ratio 1: 1
Operating current 20 kA

Operating temperature 4.5 K
Coil

Inner radius 2.235 4.02 m
Length 5.8 7.2 m
Weight 12.5 49.5 t

Number of turns x layers 530 x 1 300 x 1
Support cylinder thickness 12 25 mm

Total coil thickness 53 102 mm
Central field 2 T

Stored energy 170 600 MJ
Energy density 14 12 kJ/kg

Figure 11. Example of the energy extraction circuit during quench.

QP strips, sixteen turns quench before the quench is detected while in the case without QP strips only
eleven turns quench before the quench is detected. This means that the quench propagation strips
have a large benefit in terms of quench protection. A benefit of the quench protection strips is that
they are fully passive and they even work in case the quench was not detected by the safety systems.

In the previous paragraphs preliminary studies on the FCC-ee detector magnets are described.
One of the future problems for detector magnets is the availability of the aluminum stabilized

– 16 –
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FCC-hh
Study for FCC-hh detector
• Main solenoid

• 4T, 5m radius, 19m length
• 13.8 GJ of stored energy

• Forward solenoids
• 4T, 2.5m radius, 3.4 m length

• No return yoke
• Would be too heavy for molasse-type rock

11
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Fig. 4.4 Proposed FCC-hh detector base-line layout 

 

 
Fig. 4.5 Magnetic field map of the proposed FCC-hh baseline detector magnet configuration 

For this purpose, the FCC-hh detector magnet layout (Fig. 4.4) was proposed, featuring three 
powerful superconducting solenoids (Fig. 4.4 and Fig. 4.5) each generating 4 T in their bore [42]. 
Here the central solenoid features are a 10 meter free bore diameter and a length of 20 meters, 
whereas the forward solenoids features are a cold mass length of 3.4 meters and a free bore 
diameter of about 5 meters. 

This detector layout has some similarity to the CMS detector, featuring a tracker, electro-
magnetic calorimeter (E-CAL), and a hadron calorimeter (H-CAL) in the bore of the magnet, and 
muon chambers on the outside of the magnet. The muon chambers utilize the magnetic return flux 
generated by the main solenoid for the purpose of muon tagging. Unlike CMS, the FCC-hh 
detector does not feature iron yokes. 

The unique combination of a main and forward solenoids is proposed to enhance the 
momentum resolution for particles travelling nearly parallel to the bore tube, and for this purpose 
trackers and calorimeters are located both in the main and the forward solenoids (Fig. 4.4). Due 
to the close proximity of the main and forward solenoids, the forward solenoids are each exposed 
to an net attractive force of 60 MN towards the main solenoid. This force is transferred to the 

M. Mentink et al 2023 JINST 18 T06013
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Nb/Ti Conductor Production
Established process in industry

12

NbTi superconductor Production

All Rights Reserved, Copyright© FURUKAWA ELECTRIC CO., LTD. 2022 8

NbTi Sub-element
Assembling 

Hot Extrusion

Cold Drawing

Mono filament
Sub-element

Wire Assembling Hot Extrusion

Twisting NbTi Strand 

NbTi Strand Fabrication NbTi Conductor Fabrication

Stranding

NbTi Stranded Conductor

Furukawa Electric, CERN Workshop on S/C Magnets, 09/2022
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Bringing Al and Conductor together

13

Al-stabilized NbTi conductor production scheme

All Rights Reserved, Copyright© FURUKAWA ELECTRIC CO., LTD. 2022 7

Al-Stabilized NbTi Condutor

Co-extrusion/Combining
Schloemann’s type Extruder
Conforming Machine

Oxygen Free Copper NbTi

NbTi Strand

NbTi Conductor

Wire Design
Ic, AC loss, Cu ratio

Inhouse

???

High Purity Aluminum Additives (Ni, Zn, Ce…)

Aluminum Ingot

Aluminum Wire

Strength

Vendor

Furukawa Electric, CERN Workshop on S/C Magnets, 09/2022
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Combining NbTi conductor and Al Stabilizer

All Rights Reserved, Copyright© FURUKAWA ELECTRIC CO., LTD. 2022 10

Schematic view of 
conforming machine

https://bwe.co.uk/conklad/

Schematic view of 
Schloemann’s

cable cladding press

Item Schloemann Conforming
Al Source Billet Wire
Machine 

Size Large Small

Application Clad wires OPGW, AS
Al-stabilized NbTi conductor

Cross 
Section of 

Al
Large

Small
-170mm2

(Max 300mm2)
Length Limited by Billet Continuous

Historically, two types of machines are used for combining NbTi conductor and Al stabilizer.
One is Schloemann’s cable claddig press and the other is conforming (conklad) machine.

K.Saito et al., 
J. JILM, Vol. 35, No. 5 (2020), 297-303
in Japanese

Furukawa Electric, CERN Workshop on S/C Magnets, 09/2022
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Co-Extrusion Process is Heavy Metal

15

Manufacturing process

14/09/2022 Superconducting Detector Magnet Workshop                           benoit.cure@cern.ch 9

Co-extrusion
• done at Nexans, Cortaillod, CH (same press as 

CMS and ATLAS BT conductor coextrusion),
• Billet-on-billet co-extrusion process
• Double piston system, top and bottom, no stop,
• Atlas BT conductor die re-used,
• Rutherford cable from Atlas BT production used 
100-m of good leftover cable, 

• 5N8 Al billets leftover from CMS production used.

Atlas BT conductor : 
• 57 x 12 mm2

• 40 strands
• Strand Cu/SC1.2
• Strand 1.3mm

B. Curé, CERN Workshop on S/C Magnets, 09/2022
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Status of co-extrusion in industry

Currently no manufacturer in Europe, Japan or US available
• PANDA is working with institutes in Russia

• no alternative anymore

16

Companies that performed coextrusion for the LHC 
detector magnets

13/09/2022 Superconducting Detector Magnet Workshop                           benoit.cure@cern.ch 3

ATLAS Conductors:

Barrel and End cap toroids: 
• VAC Vacuumschmelze , Hydro aluminium (Seneffe, B) (later EAS). Facility closed in 2014.
• Alcatel Cable Suisse (later Nexans). Facility dismantled (2022). Expert left company in 2016.

No more contact or information available.

Central Solenoid: (Japan)
• Furukawa Electric Co. Ltd,
• Hitachi Cable Co. Ltd.
Ref: H. H. J. Kate, "ATLAS superconducting toroids and solenoid," in IEEE Transactions on Applied Superconductivity, vol. 
15, no. 2, pp. 1267-1270, June 2005, doi: 10.1109/TASC.2005.849560.

CMS Conductor:

• Alcatel Cable Suisse (later Nexans). Facility dismantled (2022). Expert left company in 2016.
Ref: B. Blau et al., "The CMS conductor," in IEEE Transactions on Applied Superconductivity, vol. 12, no. 1, pp. 345-348, 
March 2002, doi: 10.1109/TASC.2002.1018416.

Status of communication to date

13/09/2022 Superconducting Detector Magnet Workshop                           benoit.cure@cern.ch 4

Investigation on other potential suppliers:

No new company identified yet.

Looking for manufacturer with coextrusion capacities:
• Continuous process,
• Semi-continuous process (short stop)
• With Rutherford cable exposed to max temperature < 350°C for short time.
• Using typically extrusion press or Conform process.

We expect to find such companies in the high power cable market.
→ These are mostly global corporations, or subcontractors of them, inside international 

groups.
→ The compatibility of the production plans of these companies with our needs (and our 

schedules) should be considered, once potential companies are identified.

B. Curé, CERN Workshop on S/C Magnets, 09/2022
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TOLY Electric - China

17

machine

打造全球领先的绕组线企业building the best enterprise of magnet wires in the world             Superconducting Detector Magnet Workshop,Sep.12

Items Value

Wire numbers 12×4=48

Diameter φ0.5~1.5mm

Rutherford cable

Diameter φ0.5~1.5mm

Wire tension 0~40N

The speed of rotary 
movement

12.5rpm

The speed of production 0~10m/minmachine

6

building the best enterprise of magnet wires in the world             Superconducting Detector Magnet Workshop,Sep.12-14, 2022 CERN

TOLY Electric, CERN Workshop on S/C Magnets, 09/2022
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TOLY Electric - China
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Al rods/cable releaser Ultrasonic cleaning

打造全球领先的绕组线企业

Cooling system Caterpillar tractor

building the best enterprise of magnet wires in the world             Superconducting Detector Magnet Workshop,Sep.12

Al-stabilized superconductor

Ultrasonic cleaning Extrusion machine

Caterpillar tractor Take-up machine

9

building the best enterprise of magnet wires in the world             Superconducting Detector Magnet Workshop,Sep.12-14, 2022 CERNTOLY Electric, CERN Workshop on S/C Magnets, 09/2022
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Fig. 2. Schematic diagram of the conductor.

Fig. 3. Manufacturing of rutherford cable.

thermal conductivity, Aluminum is commonly chosen as the
stabilizer for the superconducting cable. Considering the high
Lorentz forces that the large aperture coil superconducting cable
will experience, the design experience of the CMS conductor
was referenced[4], [5], and a self-supporting structure cable with
better mechanical strength was chosen.

As shown in Fig. 2 , two configurations conductor have been
assessed in detail, one is the block-type similar to CMS, and the
other is the box-type conductor. The results of the FEA indicate
that after excitation the stress borne by pure aluminum materials
is roughly the same in the two configurations, while stress borne
by aluminum alloy and superconducting cables in the box-type
conductor is relatively small. Taking into account the technical
capabilities of the manufacturing aspects, the box configuration
appears as the preferred choice. The overall dimensions of
conductor is designed as 22 mm∗ 56 mm.

III. CONDUCTOR DEVELOPMENT

The CEPC conductor is wrapped around purity Aluminum
and Aluminium alloy reinforcement with a two step co-extrusion
process by which the Rutherford type cable be enclosed inside
the Aluminium stabilizer.

A. NbTi Strands

The superconducting strand is a multi-filament wire made of
192 Nb/Ti filaments supplied by WTS. The main parameters of
the strand are listed in Table II.

TABLE II
PARAMETERS OF STRAND

Fig. 4. Schematic diagram of co-extrusion.

B. Rutherford Cable

The 32 strands Rutherford cable was manufactured by Wuxi
Toly Co.

The stranding process includes twisting, shaping, and form-
ing. The strands of wire passed through a stranding machine
under a certain tension. The stranding machine and the wire
spool rotate synchronously around the axis, causing the wire to
spiral around a core rod, forming a helical shape. Then the wire
enters the rolling mill for shaping.

The main challenge in the stranding process lies in maintain-
ing consistent tension for each strand of wire. After multiple
adjustments and experiments, the 32 strands Rutherford cable
was completed with the thickness of 2.15mm, and width of
20.5mm. The fill factor is 86%. Before and after stranding, the
niobium-titanium wire’s critical current decay is less than 5%,
and the RRR value of copper declined by about 1/3 after the
stranding process.

C. First Co-Extrusion Process

The aluminum co-extrusion process mainly includes the
cleaning of the Rutherford cable and aluminum substrate ma-
terial, extrusion molding, cooling, and collection. Fig. 4 shows
a schematic diagram of the cable coating process.

The forming mold is preheated to about 450 °C before the
co-extrusion process starts. The Rutherford cable is cleaned with
alcohol and dried. It is then passed through the center of the
forming cavity of the mold. The aluminum substrate material,
after removing the oxide layer and cleaning, enters the extrusion
wheel groove. It is pulled into the welding chamber by the
friction force of the groove wall. After welding, it forms a closed
tubular shape around the cable, creating an Aluminum stabilized
conductor [4].

Authorized licensed use limited to: CEA. Downloaded on April 26,2024 at 09:45:41 UTC from IEEE Xplore.  Restrictions apply. 

CEPC R&D
Cooperation with Wuxi Toly
• Rutherford cable manufactured
• 2 Al co-extrusion processes

• Cable cladding
• Box-conductor produced with pure Al stabiliser

• Test samples look promising
• Still work in progress
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Development of the Aluminum Stabilized
Superconductor for CEPC Detector Magnet

Ling Zhao , Menglin Wang , Zhilong Hou , Feipeng Ning , Zian Zhu , Yu Zhao , and Hean Liao

Abstract—A huge superconducting magnet is proposed for the
future detector of Circular Electron Positron Collider (CEPC) at
the Institute of High Energy Physics, Chinese Academy of Sciences
(IHEP,CAS). The design center field of CEPC detector magnet is
3 Tesla, the coil length is 7.6 m, and the free bore is 7.2 m. The
coil is divided into five modules, with each module consisting of
four layers of Al-stabilized Rutherford type conductor winding. An
Aluminum stabilized Rutherford type conductor with the box con-
figuration is developed for the CEPC detector magnet. This article
presents R&D process and the main features of the Al-stabilized
superconductor.

Index Terms—Aluminum stabilized conductor, detector magnet,
CEPC, Rutherford cable.

I. INTRODUCTION

THE Circular Electron Positron Collider(CEPC), to be
hosted in China in a circular underground tunnel of ap-

proximately 100 km in circumference, is designed to operate at
around 91.2 GeV as a Z factory, at around 160 GeV of the WW
production threshold, and at 240 GeV as a Higgs factory.

The large detector superconducting solenoid magnet serves
as a key component of the large electron collider, providing a
uniform and stable magnetic field for the detector. In CEPC con-
ceptual design report (CDR) [1], the superconducting solenoid
is designed with cold bore of 7.2 m in diameter and 7.45 m in
length and provides 3 T magnetic field.

The CEPC detector magnet follows the same design concept
of the BESIII(Beijing Spectrometer III) solenoid magnet [2],
[3]. The Aluminium stabilized superconductor with indirect LHe
cooling will be adopted. The superconducting coil is designed
with 5 modules wound with 4 layers. The three middle coil
modules and the two end coil modules are wound with 78 and
44 turns, respectively. The operating current is 15,779 A for each
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Fig. 1. Geometrical layout of magnet. The model consists of the supercon-
ducting coil and the iron yoke with a barrel yoke and two end-cap yokes.

TABLE I
MAIN PARAMETERS OF CEPC SOLENOID COIL

turn. The geometrical layout of magnet are shown in Fig. 1. The
main design parameters are given in Table I.

The self-supporting winding turn with Aluminium alloy re-
inforcement is suitable for the CEPC magnet. The box config-
uration superconductor is chosen for the magnet design and is
developed in the R&D project.

II. CONDUCTOR DESIGN

Due to operational constraints, large aperture high-energy
detector superconducting magnets typically have high operating
currents, enormous energy storage, and moderate magnetic field
strengths. In order to ensure high particle penetration and good

1051-8223 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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around 91.2 GeV as a Z factory, at around 160 GeV of the WW
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The large detector superconducting solenoid magnet serves
as a key component of the large electron collider, providing a
uniform and stable magnetic field for the detector. In CEPC con-
ceptual design report (CDR) [1], the superconducting solenoid
is designed with cold bore of 7.2 m in diameter and 7.45 m in
length and provides 3 T magnetic field.
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MAIN PARAMETERS OF CEPC SOLENOID COIL

turn. The geometrical layout of magnet are shown in Fig. 1. The
main design parameters are given in Table I.

The self-supporting winding turn with Aluminium alloy re-
inforcement is suitable for the CEPC magnet. The box config-
uration superconductor is chosen for the magnet design and is
developed in the R&D project.

II. CONDUCTOR DESIGN

Due to operational constraints, large aperture high-energy
detector superconducting magnets typically have high operating
currents, enormous energy storage, and moderate magnetic field
strengths. In order to ensure high particle penetration and good
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Fig. 8. Overview of the test facility.

to high-purity Aluminum, Aluminum alloy exerted significant
pressure on the inserts and always led to their breakage in the
co-extrusion process.

Different alloy Aluminum materials such as other 6000 series
Aluminum and different preheating temperatures of the forming
molds from 450°C to 550°C were tried but all failed because of
the fracture of of inserts. But we achieved the box configuration
superconductor from the electrical grade pure Aluminum and
4.7mm∗15mm insert by a second co-extrusion process. This
also proves that the high hardness of the aluminum alloy is
the main reason for the failure of the secondary co-extrusion.
Through simulation calculations, we found that this can be re-
solved by improving the forming mold structure. The secondary
co-extrusion process with an new mold structure is underway.

IV. CRITICAL CURRENT TEST & RESULTS

The measurement of the critical current of a conductor were
accomplished using the induction method [8], [9], [10].

In this experiment, the background coil and power supply
form the primary side, and the sample was weld into a loop to
form the secondary side. The critical current of the sample was
measured under a 0∼ 4T background field.

The critical current measurement experimental system con-
sists of three main parts: the testing system, the vacuum and
cryogenic system, and the data acquisition system. The testing
system is composed of a background magnet and a testing cavity.
As shown in Fig. 8, which illustrates the structure of the testing
system.

The cryogenic shield and sample holder adopt a suspended
structure with adjustable height. A soft connection is used be-
tween the second-stage cold head of the GM cryocooler and the
sample holder to reduce errors in Hall probe readings caused by
vibrations from the cryocooler during the experiment.

Two Hall probes are used to measure the magnetic field
generated by the sample loop. One is installed at the center
position of the sample, while another one is installed 5mm above
the sample cable.

Fig. 9. Critical current measurements for the second co-extrusion conductor.

When the sample undergoes a transition from superconduct-
ing to normal state, the Hall probe reading will experience a
sudden jump in a short time. Record the values of the Hall probe
before and after the jump, and consult the change in magnetic
field intensity ∆B. According to formula (1), the magnitude of
the induced current can be calculated:

I = (2r∆B) /µ0 (1)

Where r is the radius of the sample ring in meters, ∆B is
the difference in magnetic field intensity before and after the
sample ring undergoes the transition in Tesla, µ0 is the vacuum
permeability with a value of µ0 = 4π×10-7 N.A−2, and I is the
induced current in the sample ring in Ampere.

The cross-sectional area of the box-type conductor is reduced
by milling before welding, then the conductor is double-sided
welded using argon arc welding to form a circular ring with an
inner diameter of 300 mm. During the welding process, a water-
cooling structure is adopted to ensure that the cable temperature
does not exceed 220°C. The joint resistance should not exceed
1∗10−9 Ω.

The test results of the critical current are shown in the Fig. 9.
The critical current decay in the second co-extrusion process is
about 10%.

V. CONCLUSION

The stranding process for Rutherford cables and the co-
extrusion process for Aluminum-stabilized conductor have been
established.

A sample of box-type conductor with pure Aluminum by the
second co-extrusion process has been developed and tested with
about 10% critical current decay.

The box-type conductor is still under development, and more
performance tests are also underway.
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Co-extrusion R&D Facility at CERN?

20Aluminum stabilised conductor - how to move forward?                         9 November 2022                       Christoph Rembser

Plan/idea
• Set up a development co-extrusion line, including cold working, either in industry (if availability) 

or at CERN, for:

• R&D on aluminum-stabilized NbTi/Cu superconductors, future developments and 
applications of this technology.

• Project supported by CERN & KEK for setting up this co-extrusion R&D facility.

• Access to co-extrusion R&D facility for project and collaborations according to the priorities 
agreed in the HEP community;

4

● Sketch of a complete coextrusion line (with inputs from K. Miyashita @ KEK);
● About 25~30m x 10m minimum (not including: delivery, services and storage space areas);
● Infrastructure to be defined: electrical power, water, compressed air, N2 (or Ar) lines, crane.

C. Rembser, 09/2022
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Alternative Soldering?
Has been done in the past
• CELLO@PETRA magnet was the first large scale 

s/c magnet using Al-stabilized conductor
• Conductor was soldered to Al body

• Cu plating was required

Prototype tests also done for LHC detectors

Could be revived
• requires R&D
• Electron-beam welding might be an option

21

3

FIRST LARGE TRANSPARENT MAGNET

3Cello Conductor

One of the first aluminum soldered conductor 1979
for a solenoid of 1.5 T ( Øi= 1.6 m, length 4 m).

CERN workshop– 12-14/09/2022

One year after Morpurgo magnet

4

CMS / ATLAS R&D FIRST MOCK UP

4

First  ATLAS Ractrack (MicroB)

Quench studies 
& inductive heater

CERN workshop– 12-14/09/2022

~2×5 mm

Existing Al. 
stabilizer with 

copper deposition

Groove  
machined by 
Turck head

Existing Rutherford 
& soldering by 

hand

~300×500 mm

C. Berriaud, CERN Workshop on S/C Magnets, 09/2022
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Alternative CICC?
Cable-in-Conduit Conductors
• S/C strands in conduits
• cooled by superfluid He

Advantages
• stable direct cooling situation
• established technology, e.g., in ITER

Challenges for detector magnets
• complicated cooling system
• pre-cooling requirements
• difficult to keep the material budget low

• But is this really an issue for LC 
detectors?

• Calorimeters are often inside the coil

22

capability among the different cooling channels. As a repre-
sentative example, figure 2 reports a sketch of the CICC
designed for the toroidal field (TF) coils of ITER: the main
features, from the superconducting filament inside each wire,
to the final conductor, are also indicated in the figure.

It is worth mentioning here the important class of con-
ductors represented by the so-called monolithic, forced flow
conductors, not strictly belonging to the CICC category, but
intimately related to it. These could be regarded as CICCs
where the VF in the cable bundle region is reduced to neg-
ligible values. Cooling is in this case obtained by forced
circulation of helium in separate channels, whereas super-
conducting and copper wires are indirectly cooled by con-
duction through the metallic matrix in which they are
embedded. Some monolithic or quasi-monolithic conductor
options will be discussed later within the review.

What makes the CICC concept attractive in different
application fields is that:

- it allows to design very high current conductors, with a
large flexibility in the layout, obtained by varying e.g.
number of strands, cabling pattern, conductor shape;

- cooling is achieved by the internal circulation of super-
critical helium in forced flow condition, which is
favorable in case of large magnets with large stored
energies with respect to bath cooling, especially because
the required He quantity is limited and its pressure during
a quench event can be controlled and contained;

- it is characterized by very large heat removal capabilities,
due to very high heat exchange coefficients between the
directly wetted strands and helium in turbulent flow. In
spite of the limited helium inventory available for
cooling, this allows to absorb large heat loads due, for
example, to ac losses in varying regimes and nuclear
heating, in case of magnets for nuclear fusion machines;

- the fluid containment structure (jacket) has a strong
mechanical function, and can be adapted to the specific
expected stress level, by varying its thickness and shape;

- electrical insulation is applied externally, without any
effect on the heat exchange efficiency between coolant

and current carrying elements, thus allowing high voltage
insulation levels.

The main drawback in the employment of CICC is their
relatively low engineering current density, since the current
carrying elements (superconducting strands) represent only a
limited fraction of the overall conductor cross-section, which
includes stabilization material (copper), helium, and structural
sections.

Such features match very well with the requirements of
conductors constituting nuclear fusion magnets and, as a
matter of fact, most of the research and development in the
field has occurred in this environment, where typical operat-
ing requirements for conductors are in the range: 20–70 kA
current; 5–12 T peak magnetic fields. The most recent nuclear
fusion devices based on the magnetic confinement concept,
either already in operation (EAST [25–27], K-STAR [28, 29])
or in construction phase (JT-60SA [30, 31], ITER [32], SST-1
[33, 34], W-7X [35, 36]), all rely on the superconducting
CICC technology. Without reviewing the whole history of
CICCs for fusion, however, which would be largely a repe-
tition of what previously reported in [19–24], we would like
to highlight here the main design aspects that drive the per-
formances of large-size CICCs for the specific requirements
of fusion magnets, with special regard to the Nb3Sn conductor
performance degradation with mechanical loading and
fatigue.

Among the industrially mature and available materials,
LTS Nb3Sn is the only feasible choice if operating in large
devices and with magnetic fields above about 6 T. However,
the superconducting performances of the wires (or strands)
are sensitive to mechanical loads [37–40] and, in addition,
Nb3Sn is a brittle material, and cracking of filaments has been
clearly observed, especially in case of tensile stresses [41–43].

Nb3Sn is subject to several strain components inside a
CICC [44]: a thermal strain, due to the mismatch of thermal
expansion coefficients between the structural material (steel
of the jacket), the stabilizing copper, and Nb3Sn, when a
conductor is heat treated at 650 °C, which is the reaction
temperature at which the superconducting phase is formed,
and then cooled down to 4 K, which is the operating tem-
perature; an operating strain, due to the fact that when a
magnet is electro-magnetically charged, the large Lorentz
forces involved (about 800 kNm−1 for the ITER TF con-
ductor [45]) induce movements of the cable inside the jacket,
owing to the fact that some VF has to be necessarily present
inside the conduit for the circulation of the refrigerating
helium. This translates into a mixture of bending strain and
contact stress on the wires [38, 46], and fatigue phenomena
start to appear, possibly leading to the fracture of fila-
ments [41, 43].

Concerning the first point, typical values of the axial pre-
compression strain (thermal strain) acting at the Nb3Sn fila-
ment level, as due only to cool-down from 650 °C to 4 K lie
in the range: −0.7% to −0.5% [44, 47]. Comparing this
number with the typical critical current versus axial strain
curve of a Nb3Sn industrial wire, as shown in figure 3, in such

Figure 2. Schema of a cable in conduit conductor.
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The Future - HTS?
Only choice for
• >16T fields
• cooling temps ~30K

• indirect cooling
• gaseous He cooling
• lower cryo cost

Active field of R&D
• Co-extrusion probably not 

the way to go here
• Soldering HTS on support 

could be a solution
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Conclusions
All future collider experiments rely on large scale magnets
• Al-stabilized conductors are an established technology, best adapted to our requirements

• high fields, large volumes, low material budget
• Unfortunately, industry in large parts of the world has abandoned the technology

• there are no available production sites with a proven track record (e.g. from LHC detectors)
• Russian institutes and industry are not an option anymore
• A newcomer from China (TOLY) is doing R&D for CEPC

• an on-going and promising process
• Ideas for R&D facility at CERN

Soldering/EB-Welding might be an alternative
• was used in the past, but has not being followed up for large detector magnets since decades

CICC might be worth to look into in more detail
• requires different magnet system design

HTS are attractive
• but the Al-stabilization is also a good idea for them

Need to push for R&D in labs together with industry to keep the timelines of future projects!
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