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Basic shape ; circular coils for cyclotrons
vs HEP slim long coils
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Canada (Chalk River) and K500 and K1200 at NSCL-
MSU and K800 MilanCatania;  1976-1989

Main feature 
• Circular split coil in iron yoke
• Field about 5 T (with iron pole)
• Iop about 1-2 kA
• Joverall about 20-40 A/mm2

• Cables with large amount of copper 
and LHe direct cooling (wet coils)

• Hoop stress containment system
• Issue: 

• split coils (friction on midplane)
• Subdivision of the coil into two sections 

with (also) opposite excitation)

Scheme of SC cyclotron of Chalk River
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CS (Sup. Cyclotron) designed and built by INFN-Milan, 
assembled (1991-93) and operated in INFN-LNS Catania
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SC coils of the CS-INFN-Milano 
c/o Ansaldo, Genova 1983 The CS installed in INFN-LNS , 

Catania, 1993



Second Generation SC Cyclotrons with impregnated coils and 
reduced stabilizing copper

Synchrocyclotron of Henry Blosser at NSCL-MSU

The Orsay-KVI Groningen Superc. 
Cyclotron – operated 1996

The SC magnet during power test at 
ANSALDO (now ASG) Genova, 1992
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Last generation under construction
CATANA- CS upgrade@INFN-LNS
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SC cyclotrons with closed loop cryogenics

AMIT @ CIEMAT Technology dept. (Madrid)
Energies < 15 MeV Short-lived PET isotope production:
18F, 11C, 13N, 15O. For on-site production (hospital)

First SC coil (4 T , high current density)
And coil-yoke assembly
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SC Magnet technology for large (long) accelerators –
Colliders for HEP

Magnets cover about 85% of the length
Dipoles field covers 65%: Ebeam= 0.3·B·Rbend (TeV, T, km)

Main dipoles (blue tubes) sequence in 
the LHC tunnel 
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Transverse field coils generate half filed than solenoid 
(with same coil thickness) 

Solenoids gives
In dipole and long magnets , force are 
not self contained 

• 𝑩𝑩𝒔𝒔𝒔𝒔𝒔𝒔 = 𝝁𝝁𝟎𝟎 𝑱𝑱 � 𝒕𝒕 • 𝑩𝑩𝒅𝒅𝒅𝒅𝒅𝒅 = 𝝁𝝁𝟎𝟎
𝟐𝟐
𝑱𝑱 � 𝒕𝒕

t
t
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First HEP accelerators using Superconductivity 4 T
Colliders  slow ramp up and then steady state 

CERN ISR quadrupoles (1981-83)
Tevatron (1984): winning technologies 
Use of large cables (∼ 5 kA), collars…
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Superconductivity: > 100 y of progress…
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Superconductivity: > 100 y of progress…
We use only thes
two in practice...
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Why we need superconductivity

Superconducting LHC

• Tunnel: 27 km
• Field : 8.3 T
• Cryoplant power at the plug: 40 

MW: always on
• ∼ 70 MW for LHC. 150 MW for  

the accelerator complex
• 180 MW for the whole CERN 

complex

Normalconducting LHC

• Tunnel 120 km
• Field : 1.8 T
• Dissipated power at collision: ∼

2,200 MW
• Average power (0.4 coefficient): 

900 MW only for accelerator
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• Tunnel: 27 km
• Field : 8.3 T
• Cryoplant power at the plug: 40 

MW: always on
• ∼ 70 MW for LHC. 150 MW for  

the accelerator complex
• 180 MW for the whole CERN 

complex

Normalconducting LHC

• Tunnel 120 km
• Field : 1.8 T
• Dissipated power at collision: ∼

2,200 MW
• Average power (0.4 coefficient): 

900 MW only for accelerator
However, power is required only when operating 
while power in SC magnets is needed to keep it 

cold… a factor 2 favorable in energy for NC
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The unfair advantage of Superconductivity: Jcoil
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The unfair advantage of Superconductivity: Jcoil

Small
solenoids

Transverse
fields

Electromagnets
Joverall ∼ 5 -20 A/mm2 

B < 1.5 - 2 T
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ITER
Det. Magnets
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Very complex architecture
Thousands of fine Nb-Ti filaments well separated along km of wires

Cable of 15 kA!)
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Coil cross section of main dipoles for colliders

Tevatron HERA RHIC LHC

Main dipoles of various colliders put in operation
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LHC magnets: cold mass contain two dipoles…
Two-in-One  or Twin dipoles

27 June 2022 Lucio Rossi - SC Magnet Challenges -@ HIAT 2022 - Darmstadt 17



Austenitic collars counteract magnetic forces
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Zones with issues… coil saddle shape ends
and magnet connection/end 
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Zones with issues… coil saddle shape ends
and magnet connection/end 

6 superconducting bus 
bars 13 kA for B, QD, QF 
quadrupole

20 superconducting bus 
bars 600 A for corrector 
magnets (minimise 
dipole field harmonics)

42 sc bus bars 600 A for corrector 
magnets (chromaticity, tune, etc….) 
+ 12 sc bus bars for 6 kA  (special 
quadrupoles)

13 kA Protection 
diode

To be connected:

• Beam tubes
• Pipes for helium
• Cryostat
• Thermal shields
• Vacuum vessel
• Superconducting
cables  
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But Industry can make it… when there is a series… 
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Accuracy : order of 20-30 µm
for Field Quality and for mechanics
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Installation – Incident – recovery and successful operation 
from 2010
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Installation – Incident – recovery and successful operation 
from 2010
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And discovery of Higgs boson… 4 July 2022
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Technology landmarks

Actually the next step started in 2010…The High Luminosity 
LHC project aims at increase the luminosity by 10 time



Lucio Rossi - SC Magnet Challenges -@ HIAT 2022 - Darmstadt 24

Technology landmarks

Actually the next step started in 2010…The High Luminosity 
LHC project aims at increase the luminosity by 10 time



Lucio Rossi - SC Magnet Challenges -@ HIAT 2022 - Darmstadt 24

Technology landmarks

LHC is already
highly optimized… 
an upgrade need a 
broad spectrum of 
new technologies, 
especially (not only) 
for magnets…

HL-LHC is a 
technology
intensive project!

Actually the next step started in 2010…The High Luminosity 
LHC project aims at increase the luminosity by 10 time



With HiLumi we prepare the new technology for 
a future leap in hadron colliders…
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Nb3Sn : high Je also at 12- 16 T but it is brittle and needs 
thermal treatment of whole coil @ 700 °C !
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New way to keep the stress : HiLumi paves the way to 
reach a controlled precompression of ∼130 MPa

New concept: bladders and keys Cross section of the Quad for HiLumi
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The HiLumi Quad: 12 T in ∅=150 mm
∼ equivalent to a dipole 15 T-∅50 mm
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E. Todesco CERN &  G. Ambrosio , Fermilab



Other development with classical Nb-Ti: nested X-Y dipole
Steering – Bending with compact magnet, space is precious…
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Thanks to F. Toral, Ciemat



Superferric magnet technology: 2-3 T iron drive by SC coils
very convenient in terms of performance/cost

Sextupole Octupole Dodecapole

Skew quad

OD=320 mm OD=320 mm OD=320 mm OD=320 mm

OD=460 mm Decapole

Physical lenght:
- 90-120 mm from 6-pole to 

10-pole 
- 430 mm 12-pole normal
- 840 mm 4-pole skew

Conductor type: NbTi
Peak field on cond.: 2-3 T
Operating current: 120-180 A
Margin on load line: 40%
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Thanks to M. Statera, INFN-LASA



Next step for superferric: going cryogen-free
HTS or RCSM design with MgB2
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S. Mariotto and R. Valente
INFN-Mi-LASA
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Can we extrapolate linearly from the past
beyond HiLumi: 16-20 T  FCC? ⇒ ELN?
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beyond HiLumi: 16-20 T  FCC? ⇒ ELN?
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ELN

2050
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Future Circular Collider

LHC FCC
Circumference (km) 26.7 97.5
Dipole field (T) 8.33 16
C.o.M. energy (TeV) 14 100

Courtesy of M. Benedikt, FCC
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2020 Update of the ESPP
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2020 Update of the ESPP
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L. Bottura, CERN



Activities – Topics matrix
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Towards the ultimate performance of Nb3Sn
Performance target for FCC-hh Jc(4.2K,16 T) = 1’500 A/mm2

Grain refinement from 120 nm (left) to 60 nm (right) 

Internal Oxidation Reference

Enhanced grain boundary pinning
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1750 A/mm2 @ 15T, 4.2K
≈ 1400 A/mm2 @ 16T, 4.2K

https://dqmp.unige.ch/senatore/
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Performance target for FCC-hh Jc(4.2K,16 T) = 1’500 A/mm2

Grain refinement from 120 nm (left) to 60 nm (right) 

Internal Oxidation Reference

Enhanced grain boundary pinning

REFERENCE SAMPLE

Bc2(T=4.2 K) = 29 T measured at
LNCMI-Grenoble

And record-high upper critical 
field !! 
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If advanced superconductors are there, magnets come

cos(θ) blocks common coil CCT
Current (A) 10000 11230 16100 18055
Inductance (mH/m) 50 40 19.2 19.2
Stored energy (kJ/m) 2500 2520 2490 3200
Coil mass (tons) 7400 7400 9200 9770

OD = 600 mm
L = 2 m
50 mm aperture
Bultimate = 16 T

27 June 2022 Lucio Rossi - SC Magnet Challenges -@ HIAT 2022 - Darmstadt 38



Exploring new coil lay-out (again with bladder-key system)
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HD2 (2-decks, 36 mm), 13.8 T

Exploring new coil lay-out (again with bladder-key system)
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HD2 (2-decks, 36 mm), 13.8 T

RMC/eRMC (2-decks, no aperture), 16.5 T
Exploring new coil lay-out (again with bladder-key system)

27 June 2022 Lucio Rossi - SC Magnet Challenges -@ HIAT 2022 - Darmstadt 39

L. Bottura, CERN



HD2 (2-decks, 36 mm), 13.8 T FRESCA2 (4-decks, 100 mm), 14.6 T

RMC/eRMC (2-decks, no aperture), 16.5 T
Exploring new coil lay-out (again with bladder-key system)
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New structure to support forces/stresses
Effort in making magnets with huge energy safe
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CCT Canted CosTheta design : 
from FCC  Hadron Therapy
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INFN-Mi-LASA
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CCT Canted CosTheta design : 
from FCC  Hadron Therapy
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High Temperature Superconductors – HTS: next technology  step

Plot courtesy of 
C. Senatore, UNIGE
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Opening a 
new page?

High Temperature Superconductors – HTS: next technology  step

Plot courtesy of 
C. Senatore, UNIGE
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High Temperature Superconductors – HTS
The dream of 20-25 tesla! (2 x HilumiLHC!)

A 5 T, 40 mm bore HTS based 
dipole demonstrator 43



logo
area

Trying the magnets of the future… 20 tesla or more...

Lucio Rossi - SC Magnet Challenges -@ HIAT 2022 - Darmstadt
J. Van Nugeteren – Little Beast Enginering,
Glyn Kirby CERN



A big leap forward by a private company…
Bruker Biospin
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The First 1.2 GHz (28.2 T) NMR Magnet Reached Full 
Field in 2019, with HTS insert coil

27 June 2022



The new frontier: why to insulate a coils?
The raise of NI (non-insulated) coil… 

Insulation
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The new frontier: why to insulate a coils?
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The new frontier: why to insulate a coils?
The raise of NI (non-insulated) coil… 

Insulation LNCMI/CEA Nougat 
HTS insert 

32.5 T in 50 mm 
(12. 5 T HTS + 20 T resistive)

Sunam NI one-body 
HTS magnet 

26.4 T in 35 mm 
(26.4 T HTS multi-width)

Need to understand and control transient effects 
and control Field Quality during ramping up
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SC Magnets for ramped operation 
RCS for hadrons, Muon-C acceleration, Hadron Therapy

B= 0.3 T
dB/dt ∼ 300 T/s
RepRate: 10 Hz
For RCS, for Muon-C…
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Series of industry manufctured (BNG – Wurzburg) SIS-100 dipoles for FAIR!
(courtesy of C. Roux and P. Spiller, FAIR)
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