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Alternating polarity solenoids create an oscillating field B, in z.
21tz

) + B, sin (fnz) + B3 sin (6“) + ..
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This field can be described by harmonic components, B, = B sin (L
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Review Solenoid Operating Environments

Single Solenoid Single Cell, 1 m Cell in a Lattice

R; =400 mm
L =250mm
Th = 100 mm
] =150A/mm?
in coil
26T

41T

21T
B,(r =




Review @ 9 T on-axis should be easy, right?

. how close together are the opposite polarity solenoids?
~what is the bore radius?
~what is the cell length?

Example, maintain 9 T peak on-axis

while: : :
Increasing R; Increasing the gradient (B,)
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o
ReVIGW Baseline Reference (MAP) Evaluation

~3000 solenoids per ~1 km long cooling chain | 18 unique solenoid types
On axis field 2.4 T to 13. 6 T | Bore size from 90 mmto 1.5 m

B, on axis (T)
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Un-optimized from engineering perspective
= Large average hoop stresses (peak 340 MPa)
= Tensile radial stresses (peak 20 MPa)

= |arge stored magnetic energies (up to 45 MJ in
one coil)

= Largest contributor to cost of magnets &
powering in 3 TeV machine

Bz on Axis




Design

Considerations

1. The solenoids should be designed to within reasonable engineering limits.

What are the limits on stresses, forces, magnetic energy density,
spacing of HTS solenoids in our size range?

2. Solenoid features (stress, energy, ..) vary depending if they are operated
stand-alone, in a single cell, or in a lattice.
mmm) Should solenoids be designed based on the worst-case scenario or
more optimistically with advanced protection mechanisms?

3. The most efficient/cost-effective (also operating costs) SC material should
be used.

mm) Can lower field cells be designed with LTS, or focus more on
uniformity using HTS throughout (cryogenic considerations)? 6
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Develop optimization tool
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2024 Confiauration Magnet initial design to fit desired on-axis field by optics. | |
gure Magnets not constrained, highly unrealistic. Analysis shows excessive:
& Analysis = Hoop stresses (> 800 MPa)
. B . . . . * Radial stresses (>80 MPa)
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- =  Stored energies (>300 MJ/m3)
%\SS\E = Peak fields in conductor (>30 T)
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Demonstrator magnet design
(providing valuable
input/feedback)

US-MAP optics optimization
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Workflow 2025

Solenoid spacing
requirements
(*input from
demonstrator)

RF Waveguide
Constraints

Input

Initial Magnet
configuration

Feasible
»  Solenoids

J

« Standardization
e Results for LTS
and HTS




Stresses
Hoop: gy
Radial: g,

~ Longitudinal: g,
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Visualization too| -y AB Plots
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Initial Magnet
configurations

5/6/2025
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Space
solenoids can
exist in

Solenoid in-Cell Optimization (SiCO)

a numerical optimization tool which can search for the best
solenoid solution depending on weighted design criteria and

technology options.

-

Desired
on-axis field,
tolerance

‘ Solution
Space

Millions of solenoids

Thousands of solenoids




Ex. US-MAP. Cell BT EAGR -

—» Optimization
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Results, US-MAP
Al-A4 B1-B3

Minimum
volume
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SIC
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Total Number of Solenoids in 1 chain;: 3026

Initial Magnet
configuration

Total Length: 945 m
On axis field from 2.5 Tto14.3 T (in Lattice)
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110.8 243.2 323.3 435 485.4 551.8 641.7 710.2 756.1 799.3
Cumulative z-axis [m]

27 unique Bore radius from 50 mm to 450 mm
solenoid . | ¢ngth from 70 mm to 600 mm
types = Jg from 32 A/mm2 to 255 A/mm2

= Cell Length from 0.76 mto 2.2 m

=  Number of cells from 23 to 146

831.3 870.3 910.9
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" Maximum longitudinal
.» Peak B in coil 16.5 force (F,)
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Peak Bnorm (@t Conductor) [T]
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. . operation stand-alone Z
Peak B in coil operation lattice |
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) JAC Minimum volume solutions ceiis A1to 52
mMucol  (SICO = Solenoid in-Cell Optimization)

Given coil geometries

Optimize coil geometries

A2 A3 A4 Bl

//
¥ B B

0.9 110.8 243.2 323.3 435

485.4




Total Coil Volume per Cell [m?]

Total Coil Volume per Cell [m?3]

0.8

0.6

0.4

0.2

0.0

0.10

0.08

0.06

0.04

0.02

0.00

Minimum volume solutions ceiis A1to B2

(SICO = Solenoid in-Cell Optimization)

. 0.949
Optics 2025
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@) & MC Minimum volume solutions ceiis a1to e2

MEEEE mucol  (SICO = Solenoid in-Cell Optimization)

17.5 N Optics 2025
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@ /"C CERN Conclusions

I ternational

IUONCIId MuCol
lab

= A new optics (2025) has been produced following input spacing constraints.

= |nitial analysis shows some reasonable parameters, but to be studied further (forces,
spacing, radial tensile stress etc.)

= |nitial optimization has been performed on cells A1-B2.

Next steps
= Factor in correct waveguide spacing.
= |ncorporate standardization into optimization routine (for cost consideration).

= Continue implementing evolving understandings from the demonstrator design, such
as quench analysis.




Thank you

International

UON Collider MuCol Funded by
Collaboration the European Union

Funded by the European Union (EU).Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of the EU or European Research
Executive Agency (REA). Neither the EU nor the REA can be held responsible for them.

Progress in the Design of Magnets for a Muon Colliders, IPAC 2024 /S. Fabbri/ CERN



—

Analysis

Single Cell / Lattice

COMSOL

5/6/2025

. .
- % o) W o N i v AZ_SIngleCell.mph - LUMSUL Multiphysics - u ~ SI n Ie So I e n o I d
Definitions ~ Geometry ~Sketch ~Materials Physics Mesh Study Results Developer
A Application Builder /= Component 1 + P Variables + (A N MagneticFields + @ BuildMesh = Compute {130 Plot Group 27 =
Model Manager &> Add Component - Lo 5 AddPhysics Mesh1~  ~®Studyl - GAdd Plot Group -
Penmateny Geometry Materials 9Add Study () Add Predefined Plot  Layout

va =
Bl B~ * Refresh [= Export v
£ CutLine 20:
Cutline2D: | label [mage3 f
i CutLine Preset:  Current = «
1 CutLine
£ Cutline v Scene
| Cut Line 20
<] Cut Point 2L 4 % Model (root)
<] CutPoint 2L = Component 1 (comp1)
<] Cut Point 20 4 @ Results
[5] CutPoint 2L < Magnetic 30
< Magnetic 20
X Magnetic 1D
= Mechanics 2D
| Cut Line 20 < Mechanics 1D
B CutPlane 1 W 30 Plot Group 27
- Views
Derived Values
Tables Use as Source Y, Clear Source
30PlotGroup2 | sejected source:
@ Volume 1 ==
§ Filter 1 Wl 30 Plot Group 27
Contour 1 View:  From plot group - 5
4 [ Line1
. ¥ Filter 1 v Image
4 @ Export
2| Export Data Zoom extents
3] Field Export [ Antiskasing Messages Progress Log Peak Stresses Coil 1
| Image Expor VR
3 Image 3 ~ Output :
7 Reports [Mar 5, 2024, 1:50 PM] Number of degrees of freedom solved for: 1473451,
Torget: File - bbbty r s "

Set-up
« Homogenous material
* Fine mesh

* Rollers placed to
oppose net axial force

Analysis

« Peak field in coils

« Stored magnetic energy

e Stresses

 Forces

« ..Inductance, stray fields, ...
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Initial Magnet
configuration
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Total Number of Solenoids in 1 chain: 3030
Total Length: 849 m
On axis field from 2.6 Tto17.9 T (in Lattice)

20

15 Al A2 A3 Ad B1 B2 B3 B4 B5 B6 B7 ) B8 . B9 \ B1O
m Conls A\ A\ \ \ \
mowm/\ N\ I\ T\
S aggE i S NI DS Tosepeadan
;. Beam Pipe N V \*u ‘ ‘
-20 0.9 105 211.6 276.4 363.9 418.9 479.9 555.4 622.3 666.2 704.8 740.4 785.3 819.7 :
Cumulative z-axis [m]
26 unique = Bore radius from 25 mm to 400 mm

Spacing issues

solenoid . | ength from 75 mm to 287 mm

types = Jgfrom 58 A/mm2 to 327 A/mm2
= Cell Length from 0.63 mto 2.3 m
* Number of cells from 49 to 124 https://arxiv.org/abs/2409.02613
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Peak Bnorm (at Conductar) [T]
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