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Introduction

• ‘Traditional’ prestress concept:

• Some experiments suggested that introducing a 
prestress in the magnet can reduce training

• These results refers generally to ‘impregnated’ coils. The 
debonding between coil/spacers (e.g. pole) is 
considered a training source.

• Other experiments demonstrated that, when the 
longitudinal prestress is not sufficient/missing, conductor 
degradation arise
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• Some recent experiments have suggested that (azimuthal) prestress might in fact not be 
necessary to reach desired performances

• The conductor can be allowed to detach from the pole

• In fact, many magnet tests suggest that the magnet can perform even if the conductor is 
detaching (11T, MQXF, SMC, FRESCA II…)

• What would happen if we would design cos(θ) magnets with: 1. no/low prestress, 2. Stiff
structure around, 3. Allowing for detachment and low-friction motion?

• Would the coil stresses be too high?

• Disclaimer: we are exploring design concepts, not full conceptual designs
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Conductor ‘Stress’ Limits

Coil stress limits (transverse pressure):

• Reversible critical current reduction: 150 MPa → high field region limit

• Irreversible (degradation) reduction: 175 MPa → low field region limit
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J. E. Duvauchelle et al., IEEE Trans., 2018

P. Ebermann et al., SUST, 2018
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Some Reference Magnets - Assumptions

• Let’s consider some reference magnets to 
understand what happens with some simplifying 
assumptions

• Assumptions:

• Detachment between the coil and the pole 
allowed

• Rigid structure

• Frictionless contacts between coil and structure

• Impregnated coil (cables/wedges/interlayer 
bonded)

• Cooldown neglected

• This should give us a best possible scenario for a 

‘low-prestress’ magnet

• These are idealized conditions that we can then 
try to approximate with more realistic structures 
and models - but if it doesn’t work here, it won’t 
work at all
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11T – Powering Stresses (1)

• Bore field @11 T

• Peak stresses ~ 123 MPa, azimuthal

– Local spike, unlikely to affect the conductor

– However, this should not be neglected, but 

considered a potential source of ‘bonding’ 

damage – would be better to avoid

– Also, if debonding happens, the actual stress 

distribution might be different
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M. Karppinen et al., IEEE Trans., 2012
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11T – Powering Stresses (2)

• For our analysis it might be better to focus only on the mid-plane

• Radial stress: range from 0 to 78 MPa. 

• Azimuthal stress: range from 90 to 108 MPa
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11T – Powering Stresses

16 T case on 11 T coil for reference/curiosity:

• Max radial stress: 161 MPa

• Average azimuthal stress: 223 MPa
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FNAL 15 T Magnet (MDPCT1)

• Field in the aperture: 15 T

• Max radial stress: 146 MPa

• Max azim. stress: 170 MPa

• The peak azim. stress is on the inner radius

• More dangerous (high field)

• This depends on the coil stiffness

• The inner  coil does not see a ‘rigid’ b.c.
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A. V. Zlobin et al., IEEE Trans., 2020
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FNAL 15 T Magnet – B.C.

What happens if we ‘fix’ the inter-coil insulation?

• Max radial stress: 146 MPa → 124 MPa

• Max azim. stress: 170 MPa → 159 MPa

• The peak azim. stress is on the outer radius of the inner coil now

• Removed the impact of the outer coil deformability on the inner coil stresses
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FCC 16 T Magnet

• Many thanks to S. Farinon for sharing the Roxie input for this model

• Field in the aperture: 16 T

• Max radial stress: 147 MPa (mid-plane) 

• Max azimuthal stress: 156/163 MPa (inner, outer radius)

• Again, high stress on the inner radius…
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V. Marinozzi et al., IEEE Trans., 2018
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A 2 Layer ‘Wide’ Cable 15 T

• ‘Wide’ cable 2 layers solution

• Field in the aperture: 15 T

• Max radial stress: 128 MPa (mid-plane) 

• Max azim. stress: 136 MPa (inner, outer radius)

• More coil is ‘glued’(no interlayer 3/4 sliding)

• Probably can’t be wound
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4 Layer Optimization

• Targets: main field, load line margin, 
b3/b5/b7, equivalent stress

• Same wire/cable parameters as FCC cos(θ) 
dipole
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4 Layer Optimization - Results

Field in the aperture: 16 T

Max radial stress: 147 MPa (mid-plane) 

Max azim. stress: 156/174 MPa (inner, outer radius)

• This is not better than the 16 T INFN magnet…

• Optimization code still a work in progress. Can 

it improve the final result?
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2D Studies - Summary

• Challenging picture:

• Even in ideal conditions, we are very close/above to our limits for most magnets 

at 15/16 T

• Ideally, different plots for low field/high field region, but the azimuthal stresses are 

very similar for most magnets
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Structure Cross-Section Studies

What is the best passive structure?

• Rigid structure: 107 MPa. 

• Elliptical buffer

– Best case ~104 MPa, similar to rigid results

• Varying gap between coil and collar

• Best case: small gap (closed at the mid-plane, 

opened at the pole): 104 MPa. 

• Blocking the mid-plane/allowing radial motion on 
the pole
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Material t_buffer Gap 0 Gap 90 Sr St

/ mm um um MPa MPa

G10 0 0 0 77 107

G10 0 0 -100 100 146

G10 0 0 -300 154 223

G10 0 -100 0 68 113

G10 0 -75 0 70 109

G10 0 -50 0 72 104

G10 0 -25 0 75 104

G10 40 -25 0 77 108

Material t_buffer Ratio Sr St

/ mm / MPa MPa

G10 40 0.8 77 109

G10 40 0.7 76 112

G10 30 0.7 75 110

G10 30 1.1 80 105

G10 40 1.1 80 104

G10 10 1.3 81 110

CFRP 10 1.3 78 108

Steel 20 1 78 108

Resin 50 1 79 144

Resin 100 1 79 163

Resin 150 1 80 175

Resin 500 1 81 214



12/14/21

2D Structure – Potential Design

• Only a design concept

• Main features:

– G10/Al. filler around the coil pack – good 
contact everywhere after cooldown

– CFRP collar to close the gap between 
the yoke and the filler (radial fibers)

– G10 collar (might be CF), not glued to 
the other collar part

– Closed iron yoke – adding a gap would 
increase the freedom, but would add 
control challenges

– Aluminium bronze wedges and poles 
match coil thermal contraction to 
improve contact after cooldown

Closed yoke

CFRP Collar

G10/CF Collar

Al/G10 Filler

Aluminum bronze

Contact Plate
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2D Structure - Interfaces

• Frictionless contact assumed 
everywhere for now

– We would need to check the 

impact of friction everywhere

• Friction has to be minimized between 

the filler and the coil to avoid 

quenches

– Not so important on other interfaces

• The contact plate might allow some 

friction

• Contact plate necessary to allow 

sliding?
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DS 15 T – 2D Structure – Coil Stress

• Rigid → Structure: 

• Radial: 128 MPa → 132 MPa

• Azimuthal: 136 MPa → 162 MPa (143 MPa on 

the mid-plane)

• Eqv.: 130 MPa → 144 MPa

• As expected, higher stresses w.r.t. rigid

• But stress reduction at the inner radius

• Several structure parameters not optimized: 

e.g. carbon/G10 fiber, collar thickness, etc. 
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4 Layer 16 T – 2D Structure – Coil Stress

• Rigid → Structure (neglecting local spikes): 

• Radial: 147 MPa → 133 MPa

• Azimuthal (inner/outer radius, mid-plane): 

156/174 MPa → 90/182 MPa (close!)

• Eqv.: 158 MPa → 158 MPa

• Might further improve optimizing coil/structure
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3D Study – 2 Layer Coil

• Investigate the effect of azimuthal and longitudinal constraints on the conductor 

stresses

• Conditions considered: 

• 1. fixed (rigid), 2. free (ends), 3. prestress, 4. structure, 5. structure + prestress

• With and without cooldown

• Investigation started on an 2 layer 11 T coil

• Roxie 3D input available, used as a starting point to get a feel for the problem
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2 Layer Coil - Rigid Structure - Stresses

• Rigid constraint (azimuthal + longitudinal), no cooldown

• Peak equivalent stress: 121 MPa

• 2D peak was 108 MPa (on mid-plane)

• This ideal rigid structure can keep the stress below our 

limits
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Rigid Structure – Displacements and Gaps

• Rigid constraint (azimuthal + longitudinal), no cooldown

• Peak coil displacement: 0.271 mm

• Max. gap between coil/pole: 0.231 mm

• Technological challenge: how to introduce no-stick spacers that can go 
thorough heat treatment?
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2 Layers - Rigid Structure + Cooldown

• Cooldown, then rigid constraint (azimuthal + 
longitudinal)

• Peak equivalent stress: 144 MPa

• Not working anymore (or close to) – some prestress 

needed to avoid gaps after cooldown

• This is with an ideal ‘infinitely rigid’ structure
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Cooldown Powering

Powering

Cooldown
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3D – Structure Description

• Collar/Filler in Al./G10 to guarantee good contact after cooldown

• Closed yoke to provide radial stiffness (can be closed with keys)

• Azimuthal prestress as key/shim between steel pad and iron yoke

• Pushing radially on the mid-plane

• Long. constraint as fixed plate or adding a prestress (e.g. prestress 
rods)

• With a low azim. prestress is easier to ‘reach’ the coil ends 
(otherwise absorbed by friction)
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Closed yoke

Filler

Steel

Pad

Steel 

End Plate

Prestress

Shim
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Low-Prestress Structure

• Low prestress condition with ‘real’ structure

• 74 MPa after cooldown

• Neglecting a local spike (endshoe end), max is ~60 MPa. This is very close to the 

‘free’ cooldown value

• 128 MPa peak stress during powering. Very close to the ‘rigid’ value!

• The key is to ‘balance’ carefully azimuthal and longitudinal prestress
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Cooldown Powering
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What is the best condition?

• Legend: R: radial, Z: long., u: fixed boundary, F: prestress, 
k: structure stiffness, /: free

• No cooldown/prestress: 

• Ideal case: 121 MPa. Can go to 150 MPa when 
considering the structure stiffness.

• Cooldown:

• The fixed boundary is not the ideal case anymore

• Prestress needed to ‘reduce/close’ the cooldown gaps

• Prestress levels have to be selected to minimize the 
peaks stress – radial/longitudinal cross talk
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R Z Eqv. Stress

/ / MPa

u u 121

u / 210

u F 133

k u 137

k F 148

k k 152

R Z seqv seqv cd

/ / MPa MPa

u u 144 57

k k 190 55

i200 u 163 54

i200 k 164 54

i200 F20, k 159 100

i300 F10, k 128 75

No Cooldown Cooldown
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4 Layer 3D – Ends Design

• Work in progress – presenting current status

• Plan: testing the best options found on the 2 layer dipole on a 4 layer dipole

• End design with ‘aligned’ coil ends – trying to avoid local peaks in the end region
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4 Layer 3D – Rigid Boundary

• No cooldown + rigid structure

• Peak eqv. stress: 

• Layer 1: 113 MPa. Layer 2: 228 MPa

• Layer 3: 156 MPa. Layer 4: 93 MPa

• How this is affected by the end region design?

• Can we bring it down moving or splitting the critical 

coil block(s)?
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Conclusion

• Low-prestress solutions are promising when studying the cross-section behaviour

• Stresses acceptable up to ~15 T. Limits exceeded for 16 T.

• After this, some solution is needed to increase the coil stiffness (or strength…)

• Technological challenges:

• How do we allow ‘good’ (frictionless?) sliding on the coil outer radius?

• No-stick spacers that can go trough heat treatment?

• When considering 3D effects, the designs get even more challenging

• 2 layers at 11 T have very high stresses until a critical prestress is reached

• 4 layer results look promising

• Rigid structure case shows that a dedicated end design is required to 

minimize peak stresses – no guarantee that it will work, but worth exploring

• These low prestress consideration/configurations might still be useful if the outer 

coil (layer 3, 4) are stress managed and the inner two not (Idea by A. Zlobin)

• Applying a ‘full’ prestress with this configuration might be challenging
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A side note – New Tools

• As a part of this collaboration, several tools were developed…

• Cos(θ) 2D mechanical model generator

• Starting from cable/block definition (similar to Roxie input)

• ANSYS model generator starting from MagNum inputs

• Automatic ‘strand’ model generator

• Integration with MagNum in progress (with Ic reduction as a function of strain)

• 3D coil generator for ANSYS (but can convert to step) starting from Roxie cnc files

• Seems much more stable than the current ansys2roxie tool, allows Booleans

• Potential for 3D magneto/mechanical optimization of coil ends

• 3D element coordinate system generator for cos(θ) magnets

• Needed to apply anisotropic properties in coil ends
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Thanks for your attention!
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