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Disclaimer
ÁάPerformance limitationsέ ƛǎ ŀ ŘŜƭƛŎŀǘŜ ŎƻƴŎŜǇǘ Ҍ

Á This is a very complex topic, with challenges from conductor to coil +

Á{ƻΣ ƭŜǘΩǎ ƳŀƪŜ ŀ ǎƭƛƎƘǘ ŎƘŀƴƎŜ Χ
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Outline
Á A few lessons learned from UHF tests

Á/ƻƴŘǳŎǘƻǊΩǎ ƳŜŎƘŀƴƛŎŀƭ άlimitsέ

ÁMechanical implications of UHF

Á Conclusions and perspectives

Factual: 
ƳŜŀǎǳǊŜƳŜƴǘǎΣ ƻōǎŜǊǾŀǘƛƻƴǎΣ Χ

Conceptual: 
estimatesΣ ŎƻƳǇǳǘŀǘƛƻƴǎΣ Χ



Target & 
capture 
solenoid

Muon beam 
cooling 
solenoids

Accelerator & 
collider 
magnets

23 solenoids: 20 T, 1.4 m bore 

3000 solenoids: 2 to 14 T, 90 mm to 1.5 m bore

Slide courtesy of L. Bottura, HFM WP6.2 ςMuon Collider solenoids and other magnets ς12/2/2025

Solenoids for a Muon Collider

17 solenoids: 40 T, 60 
mm Ø, 0.5 m

Final Cooling 
40+ T solenoid(s)
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Hybrid LTS - REBCO

UHF REBCO solenoids: state of the art
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Q. Wang et al, 2022 SUST 35 023001

X. Zhang et al, 2024 SUST 37 085003

S. Yoon et al, 2016, SUST 29 04LT04

26.4 T

26.86 T

S. Hahn et al, 2019, Nature 570

48.7 T

32.5 T

32.35 T

32.4 T

Hybrid resistive - REBCO All -REBCO
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Where are we ?

NHMFL 40 T

5.7 T - Ø400

32.35 (30.1) T, Ø43 
MC FC solenoid

43 T ςØ14
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A few lessons learned
1. Ic-degradation P high hoop stress

2. Hoop stress enhancement due to SC

3. Slit-edge orientation and Jc gradients

4. Local burnouts concomitant with delamination

5. Weakness of electrical joints

6. Kinks developed during quench transients

7. Quenches: turn-to-turn resist. Ąmechanical loads 
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18.7 T insert

L. Shao et al, 2023, IEEE TAS 33 5 4300306

Hoop stress

S. Gao et al 2025 SUST 38 035001

X. Hu et al 2020

J. Bang, 2024

T Lécrevisse et al 2018

P. Michael, 2019
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Outline
Á Lessons learned from UHF tests

Á/ƻƴŘǳŎǘƻǊΩǎ ƳŜŎƘŀƴƛŎŀƭ άlimitsέ J. Van Nugtereen, 2016
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Longitudinal strain limit
Á Critical current, Ic, under tensile strain was measured at 77 K using the same loading machine in self-
ŬŜƭŘΦ(Sugano et al., 2005):

Á RepeatedquenchesǊŜǇƻǊǘŜŘ ƴŜŀǊ ǘƘŜ ŎƻƴŘǳŎǘƻǊǎΩyield point.

Á SEM inspections revealed discontinuousyielding(Lüdersbands) in Hastelloy grains, which emerged 
through the buffer and caused crackingof the REBCOlayer.

M. Suganoet al 2005 Supercond. Sci. 
Technol. 18 S344

M. Suganoet al 2005 Supercond. Sci. 
Technol. 18 S344

Loading direction

quenches

Grains of Hastelloy 
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±ŀǊƛŀōƛƭƛǘȅ ƻŦ ˋy among manufacturers
±ŀǊƛŀǘƛƻƴǎ ƛƴ IŀǎǘŜƭƭƻȅΩǎ ỳ investigated by Liu et al.:

Á /ƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǎǳōǎǘǊŀǘŜΩǎ ȅƛŜƭŘƛƴƎ ǎǘǊŜƴƎǘƘ όỳ) and the Kernel Average Misorientation (KAM), 
a qualitative measure of the geometrically necessary dislocations density.

Adapted from Y. Liu et al, 2025 
Physica C, 629 1354643

Adapted from Y. Liu et al, 2025 Physica C, 629 1354643

ϝƳŜŀǎǳǊŜƳŜƴǘΩǎ ǳƴŎŜǊǘŀƛƴǘȅ ƴƻǘ ǊŜǇƻǊǘŜŘ ƘŜǊŜ



Á Bare tapes (no copper) 
survived up to ~900 MPa

Á But the limit stress decreases 
as a function of the Cu 
thickness.

Á Ilin et al., 2015, found stress 
ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŀǘ ŀƴǾƛƭΩǎ ǘƛǇǎΦ
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Loads causing delamination

ÁSeveral test methods were proposed:

Áanvill, pin pull, ...
Ápeel off, cleavage test, ...

ÁLarge variability of measured strengths.

Y. Yanagisawaet al., 

Physica C, 2011
A. Gorospe et al.

Physica C 2013

Adapted from P. Gao et al., Supercond. 2023
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Delamination under Lorentz force

Courtesy of Y. Askar, A. Perez, S. Sgobba CERN ïEN-MME-MM

Slit edge side

1 ˃ m 

Al2O3

Hastelloy® C-276

Y2O3

EuBCO

Ag

MgO

Delamination

2.5 ˃ m 
Hastelloy® C-276

EuBCO

Al2O3

Y2O3
MgO

Ag

Al  Kh 1 Y My 1

Eu  Mh O  Kh 1

2.5 ˃ m 

2.5 ˃ m 2.5 ˃ m 

2.5 ˃ m 

Mixed 
crack./delam.

Slit edge side

laser-cut 
side
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/ƻƴŘǳŎǘƻǊΩǎ ƭƛƳƛǘǎ (take-home messages)

1. Longitudinal tensile stress/strain limit seems driven by:
plastic deformation of Hastelloy.

2. Transverse compression measurements seem affected 
by stress concentrationΣ ŜƴƘŀƴŎŜŘ ōȅ ŎƻǇǇŜǊΩǎ ǘƘƛŎƪƴŜǎǎ

3. Delamination-type stresses seem driven by local defects:
cracks, delamination nucleation sites, inclusionsΧ

Additionally:

2.5 ˃ m 

Cracks + Delamination

Slit edge side

Stress 
concentration at 

crystallites

Cracks at slit 
edges
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Outline
Á A few lessons learned from UHF tests

Á/ƻƴŘǳŎǘƻǊΩǎ ƳŜŎƘŀƴƛŎŀƭ άƭƛƳƛǘǎέ

ÁMechanical implications of UHF

Á!ƴŀƭȅǘƛŎŀƭ ŜȄǇƭƻǊŀǘƛƻƴ ƻŦ ǇŀǊŀƳŜǘŜǊΩǎ ŎƘƻƛŎŜǎ
Á Numerical estimates: SCIS and quenches

Case study: 
MC FC solenoid



Analytical framework
1D ςAxisymmetric Generalized Plane Strain analysis (GPS)

Free-body 
diagram 

‰

z r

‰

z r

ttot t i

Cu

Substrate

REBCO

Cu
*eventually 
including 
insulation

ECu, EReBCO, EHastelloy

C˄u, ˄ ReBCO, ˄ Hastelloy

GCu, GReBCO, GHastelloy

Conductor homogenization (ROM) transverse isotropy

Internal and 
external 
pressures

GPS 
assumption

Lorentz force 
density

Thermoelasticity

Analytical solution
based on radial displacement field (u)

Stress localization scheme, 
based on combined stress & strain components
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Optimal design configuration(s) ?

ÅMI soldered
Å unsupported
Å single panc.

40 T Ø 60 mm

Take home messages:

1. No single optimum (Pareto front): trade-off between hoop  and radial stresses.

2. Tensile radial stress (delamination-type) is the most stringent constraint.

3. Today, we should go for compact (high-J) windings, with low Cu-non-Curatio.

ŎƻƛƭΩǎ
thickness

Cu/Non-Cu:

Vcu /(Vtot -VCu)
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from Y. Suetomiet Al., 2024

Outward Lorentz F.

Inwards Lorentz Force

Loads in UHF REBCO magnets
Screening currents

250

-250

0

‰̀‰/ MPa 

Ramp-up 40 T FC solenoid

Quench of MI coils

M. Wang, 2019

X. Hu et al 2020

Zhao et al. IEEE TAS 2022
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(In coll. w. Tim Mulder)



Magneto-mechanical
coupling

A note on the computations

19

less Jc at non-slit 
edge

Jc -gradient Impact on SCIS

Y. Yan et al., SUST 2021
J. Bang et al., Nature Scientific reports, 2024

(non-covered in this study, only numerical).

ÁStrongly multiphysics phenomena (electrodynamics + mechanics)

ÁExtensive characterization and measurements needed to calibrate models 

ÁThese results are meant άǘƻ ƘƛƎƘƭƛƎƘǘ ǇƻǘŜƴǘƛŀƭ ŎƘŀƭƭŜƴƎŜǎΣ ǎƻƭǳǘƛƻƴǎ ŀƴŘ ǇƻǎǎƛōƭŜ 
ƳƛǘƛƎŀǘƛƻƴ ƳŜǘƘƻŘǎΦέ (T. Mulder)



For this specific case study (compact and rigid structure):

ÁҌнл ҈ IƻƻǇ ǎǘǊŜǎǎκǎǘǊŀƛƴΣ ǎǘƛƭƭ ǿƛǘƘƛƴ ǘƘŜ ŀǎǎǳƳŜŘ ŎƻƴŘǳŎǘƻǊΩǎ ƭƛƳƛǘǎΦ

Á+90 MPa Tensile radial stress (×7) Ą delamination

Á+ 190 MPa Shear stresses (×10) Ą delamination

Analysis of the SC-induced stresses

3 identical coils at 

different axial location

(screening currents effects)

ÁThe inclusion of screening currents opens the doors to new stress components. 
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Unprotected scenario
ÁAre there configurations for which the 40 T 

FC solenoid is self-protectedfrom a 
mechanical point of view ?
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