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1. Design evolution FCC detector magnet baseline

Twin Solenoid + 
Balanced Forward Dipoles

Twin Solenoid + Balanced 
Forward Solenoids

Solenoid + Balanced 
Forward Solenoids

Solenoid + Forward Solenoids

Design evolution towards:

• Lower stored energy, smaller, lighter designs

• Less complexity, size reduction, fewer coils

• Cost-effective affordable design!

Accept no magnetic shielding (cavern at -300 m) 

--> no iron, no shielding coil

FCC 100 TeV = 7x  the 14 TeV of LHC, consequences?

CMS+ and ATLAS+, too heavy, too large, too expensive: ≈1 B€ magnets

Standalone muon tracker not needed

--> drop toroid design, define 1 detector

Drop balancing coils for simplicity

--> no balancing coils, deal with forces differently

Assume higher tracker granularity (factor ≈3) 

--> less BL2, smaller system

Limit calorimeter depth, not 12 but 11λ

--> less radial thickness
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2d Layout of reference detector - baseline
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2. Baseline 4T/10m Solenoid with Forward Solenoids

Design: 
• Main solenoid with 4 T in a 10 m free bore
• Forward solenoids, to extend the bending capacity for high eta particles
• Attractive force between solenoids need to be handled with tie rods (60 MN inwards)

Result:
• Relatively simple cold-mass structure, a scaling-up of existing and proven designs
• Stored energy: 13.9 GJ
• Significant stray field in main cavern, since no return yoke, nor shielding coil present (cost reduction)
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2. Magnet System - Cold Mass Specifications

• Numbers refer to cold mass (i.e. not the thermal shields, vacuum 
vessel, and support structure)

• Cold mass is radially symmetric and symmetric around z = 0 plane

• Main solenoid cold mass is 1070 t, Forward solenoids 48 t

• Total stored energy = 13.8 GJ

• Cold mass energy density = 11.9 kJ/kg
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r = 6.00, z = 9.5

r = 5.45, z = 9.5

r = 2.80, z = 12.3

r = 3.07, z = 15.7

Composition 
[vol.%]

Main 
Solenoid

Forward
Solenoid

Aluminum 95.4 92.3

Copper 0.8 1.6

Niobium 0.4 0.8

Titanium 0.4 0.8

G10 3.1 4.5

Mass per m3

cold mass 
[kg/m3]

Main 
Solenoid

Forward
Solenoid

Aluminum 2590 2508

Copper 75 140

Niobium 33 62

Titanium 17 32

G10 56 81

Average density 2771 2823
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2. Magnet System - Example Conductors

Aluminum-stabilized Rutherford conductors for nominal current of 30 kA

• Magnetic peak field on conductor 4.5 T

• Current sharing temperature 6.5 K

• 2.0 K temperature margin when operating at Top = 4.5 K 

• Nickel-doped Aluminum (≥0.1 wt.%): combines good electrical properties (RRR=600) with 
mechanical properties (146 MPa conductor yield strength)

• Peak stress in the conductor is 100 MPa

• 1 mm insulation between turns, 2 mm to ground

38.3 mm

65.3 mm

Main solenoid conductor

Al-0.1Ni

NbTi/Cu: 
40 x Ø 1.5 mm

62.5 mm

48.6 mm

Forward solenoid conductor Main 
Solenoid

Forward 
Solenoid

Current [kA] 30 30

Self-inductance [H] 28 0.9

Layers x turns 8 x 290 6 x 70

Total conductor 
length [km]

83 2 x 7.7

Bending strain [%] 0.57 0.68
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2. Magnet System - Main and Forward Cryostats

Heat loads
• Radiation: 360 W on cold mass, 6.8 kW on thermal shields
• Tie rods (Ti6Al4V rods, thermalized at 50 K): 

20 W on cold mass, 1.4 kW on 50 K thermalization points
• Acceptable heat loads, despite 60 MN force on forward solenoids

Materials and masses
• Main solenoid cryostat: ss 304L (high strength, minimal space), 875 t
• Forward solenoid cryostat: Al 5083-O (for minimal mass), 32 t
• Main cryostat mass 2 kt, forward cryostat mass 80 t

Mechanical aspects
• Bore tube of main cryostat supports 5.6 kt (Calorimeters & Tracker)
• Bore tube of forward cryostat supports 15 t (Forward tracker)
• Cryostats sufficiently strong to withstand: 60 MN net Lorentz force, 

mass of the calorimeters & trackers, gravity, seismic load of 0.15g, 
buckling load with multiplier 5

Main solenoid vacuum vessel

Forward solenoid vacuum vessel
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3. Option: 4T/10 m Solenoid with Forward Dipole Coils

Design 
• Main solenoid with 4 T in a 10 m free bore
• Forward dipole coils, to increase the bending capacity for high eta particles
• Forces  and torques need to be handled with tie rods and anchoring to the floor

Result
• More complicated cold-mass structure, largest superconducting dipole ever proposed
• Large forces &torques and loss of rotational symmetry, nasty for particle trajectory reconstruction
• Increased bending power for high eta particles, but also impact on crossing beams
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3. Option Forward Dipoles - Integrated Field (BdL)

Integrated perpendicular field
• For higher eta, the field is increasingly more 

parallel to the movement of the particles
• For higher eta, the distance travelled within 

the high field area increases

Integrated perpendicular field
• Dotted line: pure main solenoid field

• Dashed line: additional forward solenoid field
• Full line: the impact of forward dipole 

magnets
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4. Stray field and shielding – Field map

Service cavern 
location
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4. Stray field and shielding – Field map Service Cavern

option baseline

Option of near side cavern
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4. Stray field & shielding - Distance of Service Cavern

Stray field problem when service cavern is located too close to IP:
• Stray field between 8 and 60 mT --> above limit for rotating machinery of 5 mT (including fans!)
• Magnetic shielding is then required, iron plates around side cavern, thickness ranging from few 

cm to some 20 cm, costing some ≈ 30 M€
• This in addition to the more expensive civil construction of thick pillar, roughly another ≈ 30 M€!
• Thus close side cavern is technically and financially not an advantage

Option
CMS like with concrete pillar

Baseline
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5. Electrical Circuit and Quench Protection

Electrical scheme

• Main and forward magnets are 
powered in series

• Main solenoid decoupled from forward 
magnets during quench (bypass diodes 
parallel to forward solenoids)

• Requires three current leads

Quench protection (using Quench 2.7*, J. van Nugteren)

• Main solenoid: Extraction + Quench heaters
• Forward solenoids: Quench heaters
• Nominal Quench: 56 K in main solenoid, 89 K

in forward solenoid, 73% extraction
• Not-working heaters: 142 K in main solenoid, 

133 K in forward solenoids
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6. Cryogenics, Powering and Controls

Main Cryogenics equipment is on surface, not underground

• Intervention on critical installations on surface including
Main & Shield refrigerators

• Sending high pressure (20 bar) helium gas down the shaft

• In cavern JT unit producing LiHe and filling dewars

• Distribution of liquid over the main and forward systems

• All coils are conduction cooled using thermosyphon He 
circulation through pipe work on cold masses

• One cold box (shown) or three cold boxes (baseline), for the 
main and each of the forward magnets

Power converters and diode/dump are on surface

• feeding the coils through SC link down the ≈350m shaft

Control and safety systems (MCS and MSS) on surface
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7. Installation – main steps  (video available)

• Cavern requirement, dimensions 
and shaft sizes were determined. 

• Installation scenario of whole 
detector and service lines studied
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• Full 3d CATIA video film showing main steps of installation is available

• Inner detector cables and lines are routed to the exterior of the detector and then to side cavern

• Forward detectors use flexible chains placed on trenches allowing for longitudinal extraction

• For simplicity, only services routing to muon chambers in forward direction are shown

Just a few pictures of main steps



8. Conclusion & Outlook

 Baseline Design for the magnet system was accepted 
by the detector community, for the CDR-2018:
• Main Solenoid providing 4.0 T center field in a 10 

m free bore, 20 m long
• Complemented by two Forward Solenoids, 3.2 T 

center field in a 5 m bore, 4 m long
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 Also the option of using forward dipole magnets was developed:
• Same Main Solenoid as in the baseline
• But now using two forward dipole magnets, with 1.3 T center field

 Safe Quench Protection was demonstrated 

 Cryogenics based on using MR+SR on surface, 20b/20K into cavern, JT-liquefying in cavern 
into dewar and thermo-siphon cooling of cold masses through conduction  

 Cavern and Detector Installation studied in some detail confirming installation feasibility. 
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