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What’s are particle accelerators?

Actually today we know quarks are point-like at ~ 10 zm!)
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But we are left with the task of explaining how the rich complexity that 
developed in the ensuing 13.7 billion years came about… a much complex task!

•Trip back toward the Big Bang: ts1/E2
Gev

•T  1 ps for single particle creation

•T  1 s for collective phenomena QGS (Quark-Gluon Soup)

Accelerators also bring us toward the Big Bang
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3) Identify created particles in 
Detector (search for new clues)

1) Concentrate energy on 
particles (accelerator)

2) Collide particles (recreate  
conditions after Big Bang)

Method of Particle Physics with Colliders

And both Accelerators (Colliders) 

and Detectors need 

Superconductivity!
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A new frontier: smashing atoms in Manchester 1909-11
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The other great frontier of Physics turning 1800s into 1900s

Heike Kamerlingh Onnes with  Johannes Diderik van der Waals in 

front the first Liquid Helium liquifiers

Leiden (NL): Onnes first liquifies helium in 1908He 

opened a new territory: 

low temperature → low thermal noise

A frontier of Physics turning 1800s into 1900s
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Superconductivity: a rare phenomenon?

The endless race toward high temperature 
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Superconduttori a pressione ambiente 

Superconduttori ad alta pressione

Superconduttori in forma modificata

SIF 107 Congress – 2021-09-17

10



L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-1711

Cortesy of D. Valentinis, 

KIT, Karlsruhe

Critical temperatures on the Mendeleev table



Precipitate 20-25vol.% a-Ti to pin vortex cores

Equilibrium Fluxoid
Spacing at 5T, 4.2K

Multifilamentary Cu/Nb-Ti
Composite SSC Type Strand
in Transverse Cross-Section

Start with 

homogeneous Nb-Ti

L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-1712

(P, V, T) → (B, J, T)

Optimal Nb-Ti properties developed by understanding the 

processing-nanostructure-Jc feedback cycle 
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Nb-Ti billets for LHC, courtesy Wah Chang

Nb-Ti: from HO (high 

homogeneity) ingots to wires
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Multi-wire cable: the way to 10-100 kA!

Very complex architecture

Thousands of fine Nb-Ti filaments well

separated along km of wires Cable of 15 kA!)
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Materiali innovativi: Nb3Sn ad alta Jc
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Materiali innovativi: HTS 

Bi-2212 e soprattuttoYBCO



Lucio Rossi – University of Milan   - Invited talk at 107 Congr. SIF 17 Sept. 2021

Resistive magnets of PS accelerator at CERN (1.5 tesla)

SC magnets at Tevatron at Fermilab (USA) 3 times more 

powerful!

2 m

Carrying a lot of current: what a difference for magnets! 
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• Circular Accelerators

Ebeam =  0.3  B r   [GeV] [T] [m]

Why looking for higher and higher magnetic field? 

18
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Why looking for higher and higher magnetic field? 

In un acceleratore circolare

Ebeam =  0.3  B r   [GeV] [T] [m]

L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-17 19
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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

•Tunnel 120 km

•Field : 1.8 T

•Dissipated power at collision: 

 2,200 MW

•Average power (0.4 

coefficient): 900 MW only for 

accelerator

•Superconducting LHC Normalconducting LHC

20
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Superconductors  (usually pure Niobum) are used to accelerate 

particles: electric fields in RF cavities
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And is snot enough to circualte particle or to send then stright: 

a beam need –strong- focalisation
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Dipoles, quadrupoles and higher order harmonics

(or multipoles) 



• The basic shape : cos shell

• Shells with const J is a very 

good approximation

• Field expansion
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LHC dipole

LHC 

quadrupoleField quality at 0.1÷1 10-4 level

→ Coil accuracy: 10÷50 µm 

over 15 m !

Accelerator Magnets: basics
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Reality

e.m. forces

NOT SELF-

SUPPORTING

How to contain them

More difficult in twin 

magnets!

Joverall  500 A/mm2 ! e.m. forces are not kept by 
conductors but tend to torn apart the winding.

Principle 

Accelerator Magnets: basics - II
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CERN & LHC
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More than 20 years to develop and build the LHC dipole magnets



CMS

ALICE

LHCb

ATLAS

LHC and its big four eyes

28
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Particle detectors may use huge SC Magnets: ATLAS@LHC

L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-17

Δp/p ~B L
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Z→ μμ

Z→ μμ event from 2012 data with 25 reconstructed vertices

1-2 Billions collisions/s!

Only 1/10 Bil we “can see” a Higgs 

boson!

It si really searching for the needle in 

a haystack!

30
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So have we finished our quest? NO!

Cosmology tells us that we still miss the most!



High Luminosity: a bright future for the LHC

Generate more light → machine upgrade

Better eyes to profit of higher luminosity → detector upgrade

L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-1732



Why not just keep going

with cons?

L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-1733
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Courtesy of M. Mangano , CERN

HL-LHC expands the Physics reach of LHC
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L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-17 35

June 2010 start HL-LHC 

Nov 2010: application EU
Approval whole

HiLumi project
Groundbreaking

cermony
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energy

Beam current

Beam size

Parameters governing the luminosity in H-Colliders
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L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-17 37

Technology landmarks

No accelerator

project has so many

absolute novelties

and in such a broad

technology

spectrum

Technology

intensive project!
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With HiLumi we prepare the new technology for a 

future leap in hadron colliders…



HL-LHC new equipment + service in the new gallees

1.2 km of new accelerator and 1 km new service tunnels ri

High Luminosity LHC Project: ten time more collisions than 

originally planned in the LHC (start 2026)

39
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11 T durig production installation delayd to LS3 to 

take care of the stress sensitivity of Nb3Sn



MBH-002 – first out of four 11 T dipoles.  

Coils after impregnation; 

magnet on test bench @ SM18 (July 2019)

L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-1741
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Breaking the LHC limit:  Large QUADRUPOLE for HiLumi

42
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IT quadrupole. Increase in field but also in size wrt LHC. 

Very relevant also for FCC magnets 



Construction of the 1st and 2nd long (7.5 m!) IT Quad in CERN; in 

USA winding 4th long magnet

L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-1744
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IT Quads

D1

D2

MCBXF

Skew quad

Octupole

Decapole

Dodecapole

D2 orbit

corrector

11 T

The HiLumi LHC new magnets zoo 
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Nb-Ti new technologies: CCT and SF magnets



D2 Dipole for HiLumi LHC (INFN Genova)

L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-1747



• 6pole – 8pole -10 pole tested 2016-2018

• 12pole first prototype built in industry tested 2018

• 4pole built in industry tested 20196pole 

Coils: LASA

Ass.bly: LASA

12pole prototype

Coils and ass.bly: 

Saes Rial Vacuum

quadrupole

tested @ LASA

From LASA to industry (SAES Rial)

54 High Order Corrector Magnets for HILumi

From INFN-Milano-LASA

L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-17
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MgB2 

superconductor

SC links : cable for 100 kA!

Amalia Ballarino, CERN
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80- 100 km circumference

Circular proton-proton collider

100 TeV collision energy (p+p)

Preceeded by a e+e- collider

Lepton-Hadron collider (like HERA)

(50 TeV p + 100 GeV e)

Circular electron-positron collider (VLEP)

(350 GeV c.m. energy, t-tbar threshold)

Circular collider in new tunnel

30 TeV p-p collider in LHC tunnel ?

(16 T magnets )

Alternatively:
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FCC is the natural evolution of HL-LHC with new technology advancement

51



CERN-ESU-014

52Available at https://cds.cern.ch/record/2720131/files/CERN-ESU-014.pdfL. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-17



53A true worldwide effort on Nb3Sn magnets

Nb-Ti

Nb-Ti
Nb-Ti

Nb-Ti

Note 1: High-field magnets 

are a long-term business 

and continuity is an asset

Note 2: HL-LHC technology 

was developed well before 

inception (1990’s to 2000’s)

4.5 K

1.9 K Magnet with bore

Magnet w/o bore Accelerator magnet

Courtesy  Luca Bottura, CERN

L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-17



New technology for High Luminosity LHC, first step toward  

FCC-hh: More powerful SC magnets in Nb3Sn

54
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Dstrand: 0.7…1 mm

JC (16 T, 4.2 K) > 1500 A/mm2

M (1 T,4.2 K) <150 mT (Dfil < 20 m)

RRR > 150

UL > 5 km

Cost(16 T, 4.2 K)  < 5 USD/kA m

Solid objectives for the FCC conductor R&D

The goal is ambitious but not impossible.

Cost wil be probably the most challenging 

Nb3Sn

L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-17

Nb3Sn: the workhorse of the “near Future”
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Cos-theta Blocks Common coils Canted Cos-theta

CERN FRESCA2 World record

Expanding the Sc limits beyond LHC and HiLumi

56
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But the route is long… a 16 T 100 km accelerator is not yet at hand and a 

long R&D is necessary.

In May 2020 in Budapest the new ESPP whas been approved…

Recent very successful 14 T magnet

reached by US MDP cos dipole at FNAL 



The Italian project for FCC-hh

L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-1758



We have to move in parallel along both fronts !

HFM Objectives (2021-2027)

59

Exploration of 

new concepts 

and technologies

Development of robust and 

cost-efficient processes

HL-LHC

Fresca2

MDPCT1

LHC

Ultimate Nb3Sn

HTS

Logical step for a next 

phase (2027-2034)

Robust Nb3Sn

L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-17
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Opening a 

new page?

High Temperature Superconductors – HTS: next technology  step

solenoids

Transverse

fields

60



High Temperature Superconductors – HTS

The dream of 20-25 tesla! (2 x HilumiLHC!)

A 5 T, 40 mm bore HTS based 

dipole demonstrator
61
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Trying the magnets of the future… 20 tesla or more...
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WP0 – Management 

and Communication

WP1 – Nb3Sn 

Conductor

WP4 – Ultimate Nb3Sn 

Magnet Technology

WP7 – HFM Magnet 

Protection

WP3 – Robust Nb3Sn 

Accelerator Magnet

WP8 – HFM Test and 

Instrumentation

WP2 – HTS Conductor

WP9 – HFM 

Applications to Science and 

Society

WP5 – HTS Magnet 

Technology

WP6 – HFM Materials 

and Production Infrastructure

HFM
High Field Magnets
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First  PET image: CERN, circa 

1975

New medical «eyes»: PET

Image by PET and MRI combined

64



1st

MRI

1st Active  shield 
(AS)

AS 
1.5T

1st Open MRI   Magnet

AS 3T

AS 
4T

1.5T Small

7T

9.4
T

11.
7T   

1980                 1986               1989                     1994                    1997             2000            2001  2005             2019             2021

Courtesy of 
Siemens

Courtesy of 
CEA

Parallel Route of MRI Magnets Development - Health Sector

• All using LTS Materials
• >4000/yr. production
• >£ 5 Billion Euro/yr. market

Key takeaway
• MRI scanning machines are commercial and > 50% of SC applications 

23/09/2021 ziad.melhem@oxqsol.com Page 65

Tevatron 4 T 
HiLumi 12 T LHC 8 T 

Courtesy: Ziad Melhem



MRI  coverage

• Clinical MRI1.5T-3T

• Laboratory MRI7-9.4T

• Special &Future MRI>11.4T

23/09/2021 ziad.melhem@oxqsol.com Page 66

Courtesy: Ziad Melhem
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Largest MRI for research: Iseult Magnet for 11.7 T, now under commissioning at 

Neurospin center in CEA Saclay (Paris)

FUNCTIONAL MRI: breakthrough in cerebral functions

67
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SC and Renewable Energy Technology: wind genrators

68



Cable test in a 

flexible cryostat 

• All manufactured by 3 itaslian companies

• By increasing the voltage from 3 kV to a “modest” 
30 kV this line can carry m1.5 GW d.c. power!!!

• It works at 20K

• At CERN in He gas

• Can be adapted to Liquid Hydrogen cooling!!!

SIF 107 Congress – 2021-09-17
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M.Düren, University Giessen

Italy is considered at cross-road for large cables!

L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-1770
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SC and Renewable Energy Technology: Ship Propulsion 
Picture from:

Nature Physics 2, 794 - 796 (2006)

doi:10.1038/nphys472

Wired for the future

John Clarke & David C. Larbalestier

Technical advantage (mass, cost, energy saving)

Regulation on emission may drive this change!

AMSC
36.5 MVA, 6 kV
120 rpm
8 poles, 75 tons
Efficiency > 97 %
Dimensions: 3,4 m x 4,6 m x 4,1 m

71
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12 kV, 1600 A resistive fault current limiter  installed at Western Power 

Distribution, Chester Street, Birmingham, since end 2015

Superconductivity and Renewable Energy Technology

Fault current limiters

72
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Aviation: the last frontier for superconductivity? 

73
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The present frontier of SC for power generation:ITER and the energy of the star: fusion! 

From A. Devred (CERN)

74
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ITER is progressing! Operation in ten years

75

12 T SC Magnets 

Nb3Sn (low J)

High current : 70 

kA

Supercritical 

Helium
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Production of radioisotopes for PET is critical

76
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SC cyclotron –Variant (De)

Hadron therapy

Synchrotron in Pavia (CNAO), It

77



What’s next for particle therapy?

● Multiple ions delivered with light-weighted Gantry

● Treatment rooms equipped with patient imaging

● Dose Delivery and Range Verification Systems able to 

adapt online the dose delivered

Ion gantry @ Himac (Jp) Gantry and imaging system 

of a proton therapy center

L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-1778

Sketch of the ion gantry in the treatment room



State of the art of ion gantry:

HIT – Heidelberg (2013)

Japan: HIMAC at QST-NIRS by Toshiba

First SC Gantry in operation 2018

L. Rossi – HF Acc. Magn – SIF 107 Congress – 2021-09-1779

Resistive magnets

Rotating part:600 tons !

25 m long line 

Now HIMAC working for a 150 ton SC gantry
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Pure dipole field 

SIG 

demonstrator

Final design: 

Dip+Quad = 

combined funtion

Based on novel CURVED SC dipole of 4- 5 T

(Twice the HIMAC-Toshiba  state-of-the-art gantry!) 

Fast and compact scanning 

magnets

Light maneuverable 

and cost-effective 

with infrastructure

Internatl. collaboration CERN-CNAO-INFN-

MedAustron for an advanced ion SC Gantry
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