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Particle accelerators like generator of very fine light

they use the «light», of quantum mechanics
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•Trip back toward the Big Bang: ts1/E2
Gev

•t  1 ps for single particle creation

•t  1 s for collective phenomena QGS (Quark-Gluon Soup)

Accelerators also a wonderful «time macchines»
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Particle physics reproduces the conditions of the Universe just after the Big Bang

The Universe (and all particles within) is 13.8 billion years old
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60 years of experiments at accelerators have 

discovered the set of fundamental particles 
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CERN proton accelerator chain

▪ LHC : 2x(0.45 – 7) 
TeV

▪ SPS : 26 – 450 GeV

▪ PS : 1.4 - 26 GeV

▪ PSB : 0.05 -1.4 GeV

▪ Linac: 0-50 MeV
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SOURCE and LINAC2

Duoplasmatron source Linac2 : in evidence the 
accelerating RF structure
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Upgrade : LINAC4 (2016, in use from 2020)

H- and 160 MeV

Equipment 

hall

Accelerator 

tunnel

Surface building
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PSB (Booster): 1.4 GeV

Magnetic structure of PSB

Length : 150 m
Actually are four rings. Each beam
is injected in the PS

Lucio Rossi - CISF19 - Milano 8 Marzo 2019 15

http://www.google.ch/url?sa=i&source=images&cd=&cad=rja&docid=Yvv2IN9Z-J6yHM&tbnid=ukCd7isYilKH5M:&ved=0CAgQjRwwAA&url=http://www.lhc-facts.ch/index.php?page=psb&ei=UVtGUbqhO4HO0QWFiYCIDg&psig=AFQjCNHvJmhmc5_yj6ud2kazE-gRMe0BeA&ust=1363651794006842


The PS complex: injector for LHC and more…



SPS: 450 GeV proton beam

(in the 1980’s worked as p-pbar)

SPS tunnel (almost 7 km) SPS complex with experimental
area
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SPS: 450 GeV proton beam

(in the 1980’s worked as p-pbar)
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New neutrino exp. area
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CERN: founded in 1954: 12 European States

“Science for Peace”

Today: 22 Member States

Member States: Austria, Belgium, Bulgaria, Czech Republic, Denmark, Finland, 
France, Germany, Greece, Hungary, Israel, Italy, Netherlands, Norway, Poland, 
Portugal, Romania, Slovak Republic, Spain, Sweden, Switzerland and 
United Kingdom 

Associate Member States: India, Pakistan, Turkey, Ukraine

Associate Members in the Pre-Stage to Membership: Cyprus, Serbia

Applications for Membership or Associate Membership:
Brazil, Croatia, Lithuania, Russia, Slovenia

Observers to Council: Japan, Russia, United States of America; 
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Science is 

getting 

more and 

more global

Note: 

CERN is

«largest US 

laboratory» 

…
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CERN & LHC
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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 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
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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!)

Lucio Rossi - CISF19 - Milano 8 Marzo 2019



• Circular Accelerators

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

Why looking for higher and higher magnetic field? 

Lucio Rossi - CISF19 - Milano 8 Marzo 2019 27



Superconductors  (usually pure Niobum) are used to 

accelerate particles: electric fields in RF cavities
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More than 20 years to develop and build the LHC dipole magnets
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LHC and its big four eyes
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ATLAS

LHC and its big four eyes
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CMS
ATLAS

LHC and its big four eyes
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CMS

LHCb

ATLAS

LHC and its big four eyes
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CMS

ALICE

LHCb

ATLAS

LHC and its big four eyes
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Z→ μμ

Z→ μμ event from 2012 data with 25 reconstructed vertices

Beams collides 40 MHz

25-50 Pile up

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!
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…for the theoretical discovery of a mechanism that 

contributes to our understanding of the origin of mass 

of subatomic particles, 

and which recently was confirmed through the 

discovery of the predicted fundamental particle, by 

the ATLAS and CMS experiments at CERN's Large 

Hadron Collider
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So have we finished our quest? NO!

Cosmology tells us that we still miss the most!
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SUPERSYMMERTRY:

A Superworld ahead of us?

Sheding light on Dark Matter?

More light to see more… 44



How well works the LHC today?
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LHC works very well.

We arrived at 93% of the collision energy for what LHC has been designed for. 

(Maybe we will reach 100% in 2021, see a few slides after this one)

And luminosity at peak is almost double than the design of the LHC (of course there 

were margins); while in integrated luminosity we are about 20% above our objectives.



Evolution of energy and luminosity in LHC.

Energy stays constant

Luminosity will saturate, 

with marginal increase
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LHC will reach its limit around 2023

At about 2024 we will reach a few limitations (that we knew since the design time of the LHC).

- Radiation damage limit in the magnets near the experiments and inside the experiemnts (Inner Tracker especially)

- Cryogenic limit of the magnets near experiment, (IT quadrupoles), so we need to make different design to increase. 

- Change triplets (and experiment IT) needs a very Long Studown → we «profit» to substantially increase luminosity

Energy stays constant

Luminosity will saturate, 

with marginal increase
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High Luminosity: a bright future for the LHC

Generate more light → machine upgrade

Better eyes to profit of higher luminosity → detector upgrade
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Luminosity the main ingredients
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energy

Beam current

Beam
sizeBeam current and emittance: involve

injection chain and whole ring
β involves «only» 2 IRs, 2x600 m 

LHC has been designed for L0 with margin
All systems have  designed to withstand
2L0 (to be achieved by increasing Nb x 1.5)

evtevtevtevt LdtNLN  == 
•

; Lint
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Luminosity the main ingredients
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energy

Beam current

Beam
sizeBeam current and emittance: involve

injection chain and whole ring
β involves «only» 2 IRs, 2x600 m 

L0 is the nominal desing lumi of LHC
LHC has been designed for L0 with margin
All systems have  designed to withstand
2L0 (to be achieved by increasing Nb x 1.5)

evtevtevtevt LdtNLN  == 
•

; Lint

Push up 

reduction factor
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Goals of the LHC Injectors Upgrade project

Doubling protons & high brightness

Lucio Rossi - CISF19 - Milano 8 Marzo 

2019

• Acceleration of H- to 160 MeV

• Nominal 40 mA within 0.4 m, Run 3

target 25 mA within 0.3 m
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Goals of the LHC Injectors Upgrade project

Doubling protons & high brightness
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2019

Linac4

• Acceleration of H- to 160 MeV

• Nominal 40 mA within 0.4 m, Run 3

target 25 mA within 0.3 m
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Goals of the LHC Injectors Upgrade project

Doubling protons & high brightness

Lucio Rossi - CISF19 - Milano 8 Marzo 

2019

• 160 MeV H- charge

exchange injection

• Acceleration to 2

GeV with new main

power supply and

new RF systems
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Goals of the LHC Injectors Upgrade project

Doubling protons & high brightness

Lucio Rossi - CISF19 - Milano 8 Marzo 

2019

• 2 GeV injection

• New RF

equipment 

including broad-

band feedback



57

Goals of the LHC Injectors Upgrade project

Doubling protons & high brightness

Lucio Rossi - CISF19 - Milano 8 Marzo 

2019

• Main RF system

(200 MHz) upgrade

• Longitudinal impedance

reduction & partial a-C

coating

• New beam dump and

protection devices



Beam envelope scales as 1/β at IPs

HL → Reduce β by a factor four

Lucio Rossi - CISF19 - Milano 8 
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Low-β quadrupole triplet



Effect of the crab cavities: fs time accuracy!

• RF crab cavity deflects head and tail in opposite direction so that collision is 
effectively “head on” and then luminosity is maximized

• Crab cavity maximizes the lumi and can be used also for luminosity levelling:  if the 
lumi is too high, initially you don’t use it, so lumi is reduced by the geometrical 
factor. Then they are slowly turned on to compensate the proton burning

Lucio Rossi - CISF19 - Milano 8 

Marzo 2019 59



EC-FP7 funded HiLumi design study 2011-15

5 ME from EU; 15 ME from CERN, 30 ME total
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Goal of HL-LHC as fixed in 2010
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The main objective of HiLumi LHC Design Study is to determine a hardware configuration and a set 
of beam parameters that will allow the LHC to reach the following targets:

A peak luminosity of Lpeak = 5×1034 cm-2s-1 with levelling, allowing:
An integrated luminosity of 250 fb-1 per year, enabling the goal of 
Lint = 3000 fb-1 twelve years after the upgrade. 
This luminosity is more than ten times the luminosity reach of the 
first 10 years of the LHC lifetime.

From FP7 HiLumi LHC Design Study application
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The main objective of HiLumi LHC Design Study is to determine a hardware configuration and a set 
of beam parameters that will allow the LHC to reach the following targets:

A peak luminosity of Lpeak = 5×1034 cm-2s-1 with levelling, allowing:
An integrated luminosity of 250 fb-1 per year, enabling the goal of 
Lint = 3000 fb-1 twelve years after the upgrade. 
This luminosity is more than ten times the luminosity reach of the 
first 10 years of the LHC lifetime.

From FP7 HiLumi LHC Design Study application

Ultimate performance established 2015-2016: with same hardware 
and same beam parameters: use of engineering margins:

Lpeak ult  7.5 1034 cm-2s-1 and   Ultimate Integrated Lint ult  4000 fb-1

LHC should not be the limit, would Physics require more…
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The main objective of HiLumi LHC Design Study is to determine a hardware configuration and a set 
of beam parameters that will allow the LHC to reach the following targets:

A peak luminosity of Lpeak = 5×1034 cm-2s-1 with levelling, allowing:
An integrated luminosity of 250 fb-1 per year, enabling the goal of 
Lint = 3000 fb-1 twelve years after the upgrade. 
This luminosity is more than ten times the luminosity reach of the 
first 10 years of the LHC lifetime.

From FP7 HiLumi LHC Design Study application

Ultimate performance established 2015-2016: with same hardware 
and same beam parameters: use of engineering margins:

Lpeak ult  7.5 1034 cm-2s-1 and   Ultimate Integrated Lint ult  4000 fb-1

LHC should not be the limit, would Physics require more…

Project approved by CERN Council in June 2016
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Example of Physics reach in HL-LHC :

direct production of chargino-neutralino pairs
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LHC is already much optimized: many accelerator  physics challenge:
The Achromatic Telescopic Squeezing (ATS) scheme 

Small b* is limited by aperture but not only: optics matching & flexibility (round 
and flat optics), chromatic effects…

A novel optics scheme was developed to reach un-precedent b* w/o chromatic 
limit based on a kind of generalized squeeze involving 50% of the ring

Lucio Rossi - CISF19 - Milano 8 Marzo 2019

Dealing with pushed particle beam physics, linear and non-linear optics 

and  collective effects: a big challenge for “pushed electromagnetism”

b*= 40 cm b*= 10 cm

The new IR is sort of 8 km long !

(S. Fartoukh)
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Technology landmarks
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Technology landmarks
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The Insertion Region (till Q4)
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Q1
Q2a

Q2b
Q3CPD1DFXDFM

SC Links

Connection to LHC (UL) Service gallery (UR)

TAXS

Crab cavities

UA Gallery

Q4

BBLR

D2

Collimators

TAXN

Service cavern

In total about 1.2 km of the LHC will be replaced by new technologies! 

Biggest HEP project of this decade, but it has a reasonable size (25-30% of 

the LHC) to be a test-bed for new technologies…



The Inner Triplet region with in-kinds
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SC Links

D1
DFX

CP
Q3

Q2b
Q2a

Q1

Service gallery (UR)
Connection to LHC (UL)

TAXS

DFM

http://www.iconarchive.com/show/flag-icons-by-gosquared/United-States-icon.html
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http://www.iconarchive.com/show/flag-icons-by-gosquared/Japan-icon.html
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The MS (matching section) region with in-kinds
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Crab cavities
D2

Collimators

TAXN

Service cavern

UA gallery

Q4
(BBLR)

http://www.iconarchive.com/show/flag-icons-by-gosquared/Italy-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/United-Kingdom-icon.html
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New technology for High Luminosity LHC:

More powerful superconducting magnets in Nb3Sn

75



Breaking the LHC limit:  high field magnets for HiLumi
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LHC low-β quads: steps in magnet technology from 

LHC toward HL-LHC 

LHC (USA & JP, 5-6 m)

70 mm, Bpeak 7.7 T

1992-2005

Lucio Rossi - CISF19 - Milano 8 
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LHC (USA & JP, 5-6 m)

70 mm, Bpeak 7.7 T

1992-2005

LARP TQS & LQ (4m)

90 mm, Bpeak 11 T

2004-2010

LARP HQ

120 mm, 

Bpeak 12 T

2008-2014

LARP & CERN

MQXF

150 mm, 

Bpeak 11.5 T

2013-2025

New structure based

on bladders and 

keys (LBNL, LARP)
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New structure to accomodate brittleness of 

the Nb3Sn superconductor

Lucio Rossi - CISF19 - Milano 8 Marzo 2019 82



HiLumi: 15 years of R&D to go beyond the technological limit of LHC Nb-Ti
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With HiLumi we prepare the technology for a

future leap in hadron collider technology…
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Recombination dipole D2 (INFN) Q4 (CEA)

Sextupole (INFN) Dodecapole (INFN)Octupole (INFN) Decapole (INFN)

Skew quadrupole (INFN)D2/Q4 orbit corrector (CERN)

Separation dipole D1 (KEK) 11 T dipole (CERN)Triplet QXF (LARP and CERN) Orbit corrector (CIEMAT)

HL-LHC magnet “zoo”

Approximately 150 

single magnets and 50 

cold masses for HL-LHC

Courtesy of E. Todesco, HL-LHCLucio Rossi - CISF19 - Milano 8 Marzo 2019 87



Many magnets designed and manufactured via 

collaboration 

Lucio Rossi - CISF19 - Milano 8 Marzo 2019 88

Superferric

HO Correctors

INFN-Milano LASA

Test @ 2.17 K  (1h @134.4 

A i.e. 108% nominal 

current)

No-training

3 «natural» quenches   

@241 A, i.e. 97% of short 

sample limit 4.2 K

D1 – KEK

Recent test beyond nominal

D2 – INFN Genova (model & full proto)
Q4 MQYY – CEA 

Saclay (QUACO)

Nested orbit correctors 

– CIEMAT Madrid

HL-LHC WP3
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Crab Cavity, for p-beam rotation  

at 10 fs level!

Lucio Rossi - CISF19 - Milano 8 Marzo 2019

Elliptical type CC has been 

tested first in KEK 2008



Crab Cavity consruction for SPS test at CERN 

(DQW type)

Lucio Rossi - CISF19 - Milano 8 Marzo 2019 90

FPC on in Conditioning

Test box & installation of DT

FPC installation onto cavity

String assembly completed

Aug 18, 2017
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Compressor

Cold-box

LN2 Phase 

separator

VB1

Cryo-service-box

RF passive 

equipment

Articulated vacuum 

Y-chamber with 

carbon coating

V-shaped coupling 

for RF waveguides

HL-LHC SPS Test stand for crab-cavities

80m long cryo distribution line

DQW crab-cavity

cryomodule

510 mm 

movement in/out

Lucio Rossi - CISF19 - Milano 8 Marzo 2019 92



Collimators

Lucio Rossi - CISF19 - Milano 8 Marzo 2019 93

TCLD for ions (IP2) ready to 

be installed in the bypass

First TCLD jaw prototype in 

Industry (courtesy of EN/STI)
Samples of 

MoGr

(Molybdenum-

Graphite) from 

producer 

(courtesy of 

EN/MME)



MgB2 

superconductor

New superconducting links for 100 kA current – 130 m 

Amalia Ballarino, CERN
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SC Links inside flexible cryostat: first 60 m long prototype 20 kA cable tested at CERN

First long length of 20 kA 

MgB2 cable (IT Quad circuit)
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First joint of cable

MgB2 to Nb-Ti

Low resistance (nOhms!)

No current degradation; thermal 

contraction and thermal loss

management sucessful!



And many other important novelties
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New type of beam screen W-

shielded for the IT quadrupole

New TDIS 

absorber to 

protect SC 

magnets

from mis-

firing

injection 

kicker 

magnets

Improving

beam

diagnostics: 

BGV 

detector

A-Carbon coating of  magnet beam screen to fight e-cloud
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LESS: Laser Enginneered Structured Surface

treatment of km long surface to beat definitively e-clouds 
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Non binding MoU 

for HL-LHC

The time for 

“booking” in-kind 

contributions is 

shrinking! 

Personnel!
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Recent signed collaborations and in-kinds
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About 1 BCHF of material cost

and about 2000 Person-years (200 FTE for 10 years)

No additional 

budget form 

Member States.

(Excpet the 

additional 

exceptional 

contribution).

Extra-need of 

people, beyond the 

200 people of staff, 

fulfilled with 

personnel from MS 

and NMS project 

associates (or 

collaborating 

associates)
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A great effort … but also an investment 
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A great effort … but also an investment 
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Con un ritorno (economico) per la società

A recent study of the University of Milan Economy Dept, has estimated  

that for  each CHF invested in the HL-LHC there is a net gain for 

HiTech companies of about 1.7  CHF 

▪ Technology return to industry 

▪ Training

▪ Public cultural effect 

▪ Publications of scientific articles
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Point 5 du LHC (CMS)

Infrastructure existante

Nouvelle infrastructure HL-LHC

Semblable au point 1 (ATLAS) 



.2021–2025:Infrastructure preparation

Lucio Rossi - CISF19 - Milano 8 Marzo 2019 112



113Lucio Rossi - CISF19 - Milano 8 Marzo 2019



Chantier Point 5 (Installations de chantier 1/3)
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Chantier Point 5 (Installations de chantier 2/3)
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Chantier Point 5 (Puits 3/3)
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Chantier SXA5 
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Chantier Point 1
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Contract T117 – JVMM – LHC P1 (ATLAS)
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Contract T117 – JVMM – LHC P1 (ATLAS)

Lucio Rossi - CISF19 - Milano 8 Marzo 2019 121



Do we have a plan to go behond? YES, we do...
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Conceptual design report ~ late 2018

80- 100 km circumference

Circular proton-proton collider

100 TeV collision energy (p+p)

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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Competition? Yes, guess form whom…

Proposed CepC and SppC in China
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FCC is the natural evolution of HL-LHC with new technology advancement
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Cos-theta Blocks Common coils Canted Cos-theta

CERN FRESCA2 World record

Expanding the Sc limits beyond LHC and HiLumi
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High Temperature Superconductors – HTS: next technology  step
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Opening a 

new page?

High Temperature Superconductors – HTS: next technology  step
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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 131



Trying the magnets of the future… 20 tesl or more...
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CLIC: 3 TeV e+ e- Collider

Total length: 45 km

How to go to increase collision energy of constituents
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CLIC: 3 TeV e+ e- Collider

Total length: 45 km

How to go to increase collision energy of constituents
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Wakefield accelerator relies on a charge disturbance known as a wakefield to provide the driving force.

The drive pulse, which can be a short pulse of either a laser (LWFA) or an electron beam (PWFA),

blows the electrons (blue) in an ionized gas, or plasma, outward, leaving behind a region of positive

charge (red). Along the axis where the beam propagates, the electric field (plotted below) causes a

trailing pulse of electrons injected near the rear of the bubble to feel a very strong forward

acceleration.
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Plasma acceleration: 1000 times smaller…

Or 1000 times more powerful?

Awake experiment at CERN
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Plasma acceleration: 1000 times smaller…

Or 1000 times more powerful?

Awake experiment at CERN
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EuPRAXIA@SPARC_LAB

RF power modules

1 GeV LINAC

Beam user areas

FEL user area @3nm

Undulators

Plasma module

0.5 PW Laser

Secondary
Sources

http://www.lnf.infn.it/sis/preprint/pdf/getfile.php?filename=INFN-18-03-LNF.pdf
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SC and Renewable Energy Technology: Transmission

HiLumi LHC 

MgB2!
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SC and Renewable Energy Technology: Transmission

HiLumi LHC 

MgB2!
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SC and Renewable Energy Technology: wind genrators
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First  PET image: CERN, 

circa 1975

New medical «eyes»: PET
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First  PET image: CERN, 

circa 1975

New medical «eyes»: PET

Image by PET and MRI combined
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New medical «eyes»: MRI, 2000 large systems/year
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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
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Production of radioisotopes for PET is critical
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SC cyclotron –Variant (DE)

Hadron therapy

Synchrotron in Pavia (CNAU), IT
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La complessità dei rapporti: LHC
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La complessità dei rapporti: LHC

▪ 500 persone lavorano strettamente sull’anello principale;  circa 100 

in piu’in altri laboratori
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I costi!!

▪HL-LHC TOTAL cost incl. ovrh

▪ 2500 M€ costi (Mach + detect)

▪ La macchina circa 1500 M€

LHC 

detectors, 

labour, 

Institutes 

share: 16% LHC 

detectors, 

labour, CERN 

share: 6%

LHC 

detectors, 

material, 

Institutes 

share: 15%

LHC 

detectors, 

material, 

CERN share: 

8%
LHC machine, 

material: 43%

LHC machine, 

labour: 12%
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•Attenzione ai costi fino allo 

spasimo

– Non basta diminuire il costo 
iniziale

– Controlli lungo tutto il progetto

– Non si riesce piu’ a succhiare dal 
budget ordinario

•E’ ancora ricerca? E’ ancora 

entusiasmante?

• La responsabilità è molto diluita 

(eccetto forse ai vertici ?) 

meetings!!

• L’aspetto dell’integrazione sia di 

diverse discipline che personale è 

molto importante, al punto da 

rischiare di oscurare l’aspetto di 

creatività

Alcune novità (?) nei 
progetti di ricerca
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Cerchi sempre di considerarti «unico»
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The Magnet team (with DG!) at the end of LHC magnet Production
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The HiLumi team at the collaboration meeting 2018 - CERN



10 settembre 2008: la riuscita
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http://elogbook.cern.ch/eLogbook/attach_viewer.jsp?attach_id=1025394


19 settembre 2008:

Il grande guasto: interconnesione

Vedere articolo su http://www.ilsussidiario.net/articolo.aspx?articolo=48957Lucio Rossi - CISF19 - Milano 8 Marzo 2019 175

http://www.ilsussidiario.net/articolo.aspx?articolo=48957


Danni ingenti

▪ Un design poco robusto contro difetti di procedura

▪ Difetti procedura non identificati dal QA

▪ Mancanza di occhi (diagnostica) per vedere difetti in tempo

▪ Mancanza di protezione contro guasti collaterali
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La ripresa:

Coscienza che il bene comune è il solo 

modo per affermarsi veramente

In questo anche l’errore non è una

barriera ma una spinto per andare oltre… 



LHC: la ripartenza: il fascio

13 dicembre 2009 : record 2  1.18 TeV

16 bunches

Lucio Rossi - CISF19 - Milano 8 Marzo 
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L’importanza del Maestro

▪ Il tramandarsi una tradizione tiene viva la 
domanda  grandi scuole di fisica

▪ Assicura, aiuta, che l’esperienza sia un 
cammino verso una certezza piu’ grande
con un metodo che è quello di tutte le 
realtà umane positive:

▪ Verifica onesta: esperienza

▪ Dedizione, affezione

▪ Capacità di lavorare insieme

▪ Confronto tra l’esperienza e l’ipotesi

▪ Condivisione risultati: da questo la domanda si 
alimenta
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Thanks!

Questions?


