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Mio percorso

Tesi di Laurea in Fisica dei Plasmi
(Prof. M. Fontanesi). Misure raggi X sul
tokamak THOR nel dipartimento
(CNR).

Ricercatore INFN (art.36) nel gruppo
ciclotrone/Fisica del nucleo per il
progetto CS (Ciclotrone
Superconduttore)

Ricercatore universitario (primo
| concorso libero1983) del dipartimento,
gruppo CS

Sono stato l'ultimo assistente del Prof.
Resmini (cui e dedicato il Laboratorio
LASA)




Mio percorso - 2

CS: Campi magnetici, dinamica dei fasci e soprattutto I'incontro
con la superconduttivita
Bobine superconduttive e misure campo del CS (Prof. Emilio
Acerbi) al LASA appena fatto!
Solenoide SC per Esperimento ZEUS@HERA (E. Acerbi:). La
scomparsa di Resmini ci toglie la partecipazione allla costruzione
dei dipoli superconduttori di HERA...
Laboratorio di superconduttivita applicata al LASA

Solemi—8 T e 15T, temperature da 1.4 K a 300 K, misure 30 KA.

Studi di materiali avanzati: Nb3Sn, collaborazioni con Industrie, e Enti:
CISE, CNR, ENEA, e laboratori (LBNL, ASC-Wisconsin).
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Mio percorso — 3

= |nternazionalizzazione: Superconduttivita per
acceleratori & rivelatori.
= Collaborazione INFN-CERN per i primi dipoli LHC (N.
Cabibbo — G. Bellini e poi L. Mandelli): 1989-1998
= |n parallelo a una collaborazione sulle cavita SC per LEPII

= Primo dipolo LHC (ora su CAST) e dell'INFN. Seguono
altri due di cui il primo con lunghezza finale 15 m.

= Proposta di studiare | quadrupoli speciali per una futura
fase Il di LHC Upgrade in luminosita...

= Cavo Superconduttore (con qualifica) design e
costruzione del toroide superconduttore di ATLAS con
CEA-Saclay.
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= CERN —il nuovo inizio: HiLumi LHC e le nuove tecnologie

¢ Ly

Mio percorso -4

CERN prima parte: I’'avventura LHC 2001-2010

Capo Gruppo Superconduttori e Magneti per LHC (1200 MCHF)

Responsile del sistema magnetico per LHC (1700 MCHF) inclusi criostati,
Interconnessione: incidente!
= |l lato subdolo della superconduttivita: qualita totale, il minimo errore si paga!

2010: lo strumento funziona, anche meglio delle previsioni: 2012 Higgs!

Gia nel 2007-08 inizio degli studi, riprendendo lo sviluppo del Nb;Sn.
Nel 2010 il piano approntato da Aymar (Linac SC + PS2) va in crisi.

Propongo High Luminosity LHC nel 2010. Avallato e sostenuto dalla ESUPP nel
2013 HiLumi diventa il progetto principale del CERN & HEP. (in ESFRI 2015).
Approvato in modo completo dal CERN Council nel 2016 (primo progetto dopo

LHC nel 1996).
= FISICA, TECNOLOGIA innovativa, FORMAZIONE nuova generazione per il post-LHC
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LHC the supercollider, sheding light on the universe...
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What's are particle acclerators??

Accelerators Microscopes Binoculars Optical, radio télescopes

Particle physics looks at matter in its smallest dimensions and
accelerators are very fine microscopes or, better, atto-scopes!

L=h/p: @LHC: T=1TeV =>21=108m

¢

CERN AC-Z711 -V11/5/98888



Accelerators also bring us toward the Big Bang

*Trip back toward the Big Bang: 't =1/F".,

*T =1 ps for single particle creation
*T =1 ps for collective phenomena QGS (Quark-Gluon Soup)

Fig 1 Snapshot of two
colliding lead ions just
after impact (simulation)

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!

. 1 | )
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Cosmic
Microwave
Background Solar system forms

First stars




A new frontie
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A frontier of Physics turning 1800s into 1900s
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a Leiden (NL): Onnes first liquifies helium in

. : : - 1908. He opened a new territory:
Heike Kamerlingh Onnes with Johannes Diderik van :
low temperature - low thermal noise

der Waals in front the first Liquid Helium liquifiers
HiLumi
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Superconductivity: the gift you don’t expect...

Experiment of 26 October 1911
with the historic plot showing the
resistance jump at 4.20 K.

015
Unexpected, but not discovered
s i by chance...
Oedax\f‘-—,’/ SUPERCONDUCTIVITY was
S I I T recognized because Onnes was
" i @y searching, he had a question:
i and many times the answer is
208 : beyond expectation...
!
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Leiden: high place of history for Physics

Flim, and Gilles Hols
observed tha b
“practically zero” as its ¢
Today, superconductivity mal
possible, including M
high-energy particie

In dit gebouw.
ontdekten op 8 april 1911 p
Gerrit Jan Flim en Gille:
eon temperatuur van 3 kelvin de

8 April 2011: et
memorial of the 100
y discovery of SC

10 July 2008: memorial of 100
y from He liquefaction




Superconductivity: a new order...

Nine hair-thin

superconductor
wires carry the same
power as all the
copper on the left

Electrons are individual particles «fermions»

In certain materials, when cooled at very low
temperature, electrons couple despite same charge!
The couple becomes a «boson» and it does not interact
anymore with the material lattice: no more dissipation, or
heating: «unlimited» zero-dissipation current!



Optimal Nb-Ti properties developed by understanding
the processing-nanostructure-J. feedback cycle

(PV,T) =2(@B,J,T)
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Materiali innovativi: Nb,Sn ad alta J,
(J. 3times the one of ITER)
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Materiali innovativi: HTS
Bi-2212 e soprattuttoYBCO

s R2R RF R2R HTRF R2R DC
Polishing Magnetron ~ R2R IBAD Magnetron R2R PLD Magnetron
Sputtering Sputtering Sputtering

Slitting Continuous  Continuous
Machine  Electroplating Lamination

Il

Layer i

Y,0;  MgO CeO, YBCO Ag
ALO; Buffer  Seed Cap Superconducting Protection Layer ~Cu Stabilizing Layer
Isolating Layer  Layer Layer Layer : :

Hastelloy

Substrate E ! ; \

Double disordered YBCO coated conductor:
of industrial scale: high currents in high
magnetic field

D Abraimov', A Ballarino®, C Barth’, L Bottura®, R Dietrich®, A Francis',
J Jaroszynski', G S Majkic’, J McCallister', A Polyanskii', L Rossi’,

- . A Rutt’, M Santos', K Schlenga®, V Selvamanickam’, C Senatore’,
iL A Usoskin and Y L Viouchkov'
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Very high critical current in technical SC!

10* —

solenoids
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Lanthanide
Series

Actinide
Series

Superconduttori a pressione ambiente

il ) Superconduttori in forma modificata
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Critical temperatures on the Mendeleev table
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Superconductivity: the endless race toward
hlgh temperatures
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Method of Particle Physics with Colliders

1) Concentrate energy on
particles (accelerator)

Accelerated - * Particles 2) Collide particles (recreate

s - Ao s h S conditions after Big Bang)
Detector ' i

B R

A\ A
/7 \ M

A
Viod],

(@

And both Accelerators
(Colliders) and detectors need

; : Superconductivity!
HiLumi ’ G
HL-LHC PROJECT

v
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Due grandi famiglie: circolari e lineari

Ciclotroni, sincrotroni e anelli d accumulazione: la Linac: le sezioni acceleranti si
sezione accelerante e breve ma viene riutilizzata sommano in linea retta
grazie ai magneti dipoli che tengono I'orbita

THE MAIN COMPONENTS
OF THE LHC ACCELERATOR Accelerating CAVITY

Focusing MAGNET
(quadrupole)

~ Bending MAGNET
(dipole)

Vacuum CHAMBER

HitO ;
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E non basta spedirle dritte o farle girare in tondo:
| fasci di particelle devono essere focalizzati.

FlH) =q (E(t) o) @ B(t))

—— -
Fe Fg
Linear Accelerator Circular Accelerator

o di Fisica —2020-10-27



Un qualsiasi campo e composto di multipoli

NORMAL : vertical field on mid-plane

Dipole Quadrupole Sextupole Octupole
B|=const B|=Gr B|=1/2-B7-r2 B|=1/6-B713
s |

Cormdly




Accelerator magnets : basic

The basic shape : cos3 shell

Shells with const J is a very
good approximation

Field expansion

LHC dipole

n-1
. P : X+1
B, +iB, =10 4312(bn+|an)[ - y]
n=1

f 858 1> | quadrupole

- Colil accuracy: 10+50 um
over 15 m!

C _

Field quality at 0.1+1 10 level m /By
S

&l Y -

L. Rossi — Acceleratori & Superconduttivita — UNIMI-Seminario Dipartimento di Fisica —2020-10-27



Accelerator Magnets: Basic Design

Jover%l ~ 500 A/mm?2! e.m. forces are not kept by

conductors but tend to torn apart the winding.
Principl _
I:Ir|n0|p e Reality
O
e.m. forces
NOT SELF-
SUPPORTING
\ / How to contain them

I m/ More difficult in twin
: magnets!
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Centre-of-mass energy (TeV)

100

WFCC-hh |
@ proton synchrotron
B hadron colliders B HE-LHC
& lepton colliders
A epcolliders B LHC W HiLumi LHC
10 | superconducting /’
M LHC
B Tovatron ol &cic
1.0
M Spps
®ic QTP
@ LEP2
. HERA
0.1 sﬁc LEP
M ISR @ Tristan
PETRA @ Tevatron
FNAL®g ‘@pep
SPS
@®cCESR
@ Serpukhov
ol @ AGS ® $00RS
PS SPEAR
@ Dubna
® geyatron
@ Cosmotron 4 ADONE
0.001 P
1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050

Year

Dal 1980 (Tevatron
al Fermilab)
la SC ha dominato
la scena
permettendo un
salto «quantico»
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what a difference for magnets!

= 7 - » (=
=
7

SC magnets at Tevatron at Fermilab (USA) 3 times more R
powerful!

‘ H!F&LP%QJECJ : '




CERN proton accelerator chain:
the force or tradition!

= LHC : 2x(0.45 — 7)
TeV \ s

= SPS:26-450 GeV

= PS:1.4-26 GeV
= PSB:0.05-1.4 GeV

= Linac: 0-50 MeV

Start the protons out here
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Why looking for higher and higher magnetic field?




Superconductors (usually pure Niobum) are used to
accelerate particles: electric fields in RF cavities

. !!!i '
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Nb-Ti: dal lingotto HO
(alta omogeneita) al filo

Nb-Ti billets forlL
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hitecture

> Nb-Ti filaments well

m of wires

I
.

HDDDDDDDO®

(DS

s b~ oy 4
g "9

8 ‘5'

©®@00©8

&




. e Superinsulation I

/ More than 20 years to develop and build the LHC dipole magnets

- V .

N Heat exchanger tube
Magnetic insert Tube échangeur de chaleur
Insert magnétique

Thermal shield
Ecran thérmique

—veieee IiIIII I8 54455455 45

b //11/////1/1//¢/Ir///////////l///I//II///
| ‘ | ) )

Superconducting coils
Bobines supraconductrices

Main quadrupole bus bar
Jeu de barres de I'aimant quadripole principal

Beam pipe

- /777
3 Iron yoke Tube de faisceau 77777777

. Culasse.en fer 7777

Non magnetic-¢ollars
--Colliers amagnetiques

Main dipole bus-bar "
Jeu de barres de I'aimant dipéle principal

Auxiliary bus-bar Bunch of 10" protons

Jeu de barres auxiliaire Beam 1, anti-clockwise

Paquet de 10" protons
Faisceau 1, circulant dans le sens
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| Inpraise of charter schools
Britain’s banking scandal spreads
Volkswagen overtakes the rest
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E IN PHYSICS

Prof. Englert Prof. Higgs

...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

D



So have we finished our quest? NO!

Cosmology tells us that we still miss the most!

Stars, Dust,
Planets 5 %




SUPERSYMMERTRY:
A Superworld ahead of us?

Sheding light'™0n Dark Matter?
More light to see more... &




High Luminosity: a bright future for the LHC
Generate more light - machine upgrade
Better eyes to profit of higher luminosity — detector upgrade




Why not just keep going with cons?

@ LHC IntL (fbA-1)  EHL-LHC IntL (fbA-1)

3500
X
2500 i — S
2000 -‘ g
’
1500 <M —songae”
aprovieS. 00—"'
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peRe=-§
> o n?‘!' -aa
. |||$””

2010

2015 2020 2025 2030 2035
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HL-LHC expands the Physics reach of LHC

{s =14 TeV, 3000 b per experiment

. . < 1000 -
[ ] Total ATLAS and CMS ) ; . 3 -
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Goal of HL-LHC

From EC-FP7 HiLumi LHC Design Study application of 2010

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 L ., = 5x10°* cm™*s™* with levelling, allowing:
An integrated luminosity of 250 fb™! per year, enabling the goal of
L... = 3000 fb! twelve years after the upgrade.

This luminosity is more than ten times the luminosity reach of the
first 10 years of the LHC lifetime.

ate performance established 2015-2016: with same har
nd same beam parameters: use of engineering.iniargims
«=7.5103 cm2s? and Ultimate Integrated L, . ~ 40
HC should not be the limit, would Experiment are designing for this goal.
We need to be compatible with it!




L-LHC performance (ultimate L., from 2032)
e Peak luminosity —Integrated luminosity
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LHC / HL-LHC Plan

HiLumi
ARCOLLIDER

LHC

LSt
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LS2 LS3

13-14TeV 14 TeV
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energy
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. Luminosity: which parameters count for LHC?

v, P

LHC Injectors Upgrade

L HL;‘ng HC nom
wit
+

LHC Run 2

HL-LHC without CC

0 0.2 0.4 0.6
p*ml

g




LIU (Intensity) and Levelling mode

KDARD 25ns Reducing heat load on the IT triplet

3.0 (quench and cooling limits)
Limiting pile up in the detectors

- Present :
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N
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T T
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' HL-LHC need 15 | HL-LHC No leveling —
20 : S SN — LHC nominal —
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. 10k Lumi in levelled mode is

dominated by # of protons

LHC Injectors Upgrade
: : F. Zimmermann, Chamonix 2011
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PO — T
| N eV IDY'\TC‘S\ :
gV HLO

Pushing at the maximum the parameters of HL-LHC we
would start the fill at L = 17x103* with 400 events/crossing.
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WP1
Project Management

WpP2 WP10
Accelerator Physics & Performance Energy Deposition & R2E
WP3 WP11
IR Magnets 11 T Dipale
WP4 WwWpP12
Crab Cavities & RF Wacuurm & Beam Screen
WP5 WP13
Collimation Beam Instrumentation
WPBA \ /

WP14
Cold Powering : Bearn Transfer & Kickers
——— H'LU';]”"
WP6B WP15
Warm Powering Integration & (De-Hnstallation
WP7 WP16
Machine Protection IT String & Commissioning
WPps WP17
Collider-Experiment Interface Infrastructure, Logistics & Civil Enginearing
WwWpP9 WP18
Cryogenics Controls Technologies
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No accelerator
project has so
many absolute
novelties and in
such a broad
technology
spectrum

Technology
intensive project!

CERN 2019

| Technology landmarks

“CRAB” CAVITIES
8 SRF «crab~ cavities on each
side of ATLAS and CMS experiments

to tilt beams at collision.

BEAM SCREEN
All new magnets will be equipped
with a new special beam screen to
intercept collision debris at 60 K
temperature and cancel
electron-cloud effects.

cLaQ
A novel concept of magnet
protection, based on fast injection of
oscillating currents, will improve the
safety of the very large stored energy

CMs

quadrupoles.

LHC TUNNEL

11 T DIPOLE MAGNET
2 pairs of bending magnets, based on
advanced Nb,Sn superconductor and
much stronger than LHC dipoles, to free
up space for special collimators in the
cold regions.

CRYOGENICS
2 new large 1.9 K helium refrigerators
for HL-LHC near ATLAS and CMS will
allow cryo-separation between arcs
and triplet regions.

QUADRUPOLE MAGNETS
24 new quadrupole magnets of 11.4 tesla peak
field , based on advanced Nb,Sn
superconductor, to double beam focusing at
ATLAS and CMS collision points.

ALICE

Hi-LUMI Gallery

COLLIMATORS
20 novel low impedance collimators for
beam stability and further 24 new collimators
for improved machine protections.

BEAM GAS VERTEX
Two new novel beam instruments
based on beam gas vertex detectors
will allow non-invasive accurate
measurements of the beam size.

CIVIL ENGINEERING
2 new cavems, 1km underground
galleries, two new large shafts;
10 new technical buildings on surface in
P1 and P5 (near ATLAS and CMS)

SUPERCONDUCTING LINKS
8 novel electric cumrent superconducting
lines, 140 m long and rated for 30-100 kA,
based on M_B, superconductor operating
at a temperature up to 20 K.




With HiLumi we prepare the new technology for
a future leap in hadron colliders...

AL
. . . (€3 €3)
20 Dipole Field for Hadron Collider
%4 QJ
18
16 HTS
= 14
o
&2 12 Nb,Sn
10
o
g 8 Nb-Ti -
8 6 & - ==
A Tevatr%"#__..-'FfERA
2 o7
0 SPS & Main Ring (resistive)
1975 1985 1995 2005 2015 2025 2035
Year

X
—

0
E—.
nl
o
=
o
o~
m
<«
S
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11 T in full swing production: LS2 installation in 2020!
great care given the stress sensitivity of Nb;Sn




MBH-002 — first out of four 11 T dipoles.
Coils after impregnation;
“\ ———— magnet on test bench @ SM18 (July 2019)

Il ;
i ‘:3 b Eﬂi !l\

U \

) all

.




IT quadrupole. Increase in field but also in size
wrt LHC. Very relevant also for FCC magnets

B

2= Fermilab ©HEK

LHC (USA & JP, 5-6 m) 00;\\\
D70mm, B,op~ 8T s
1992-2005 = & p
Voo

"'| New structure based
on bladders and keys
(LBNL, LARP)

LARP & CERN

MQXF

@150 mm,

Bpeak~ 12.1 T
2013-2025

LARP HQ
Z120mm,
Bpeak~ 12T
2008-2014
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Construction of the 1stand 2" long (7.5 m!) IT Quad in
SA winding 4™ long magnet

|

R

P0-10-27



The HiLumi Magnets (~130)

Q Dodecapole ‘
INFN |

Skew auad

Iron
Coils

Decapole
IT Quads

Centro de Investigaciones
Energéticas, Medioambientales
¥ Tecnologicas

Cooling channel
HX hole
R Protect

Outer collar
i lIron

Al slce\/c“ X

collar ) Coil

blocks

Inner colli

D2 orbit
corrector

SR
GFRP /. I SS shell
wedge Coil =

MCBXF

~HiLumi

», HL-LHC PROJECT




Nb-Ti new technologies: CCT and SF magnets




Crab Cavit

4

pe for SPS test
Collaboration with UNILANC & STFC - C.I.

=
= rad TOP
= rad BOTTOM

DR sy SRR R LRy

05 1 15 2 25 3 35 4 4.5 o
v [MV] Suelnce &Techlnology
t @ Facilities Council
| | . | | Lancaster EE
10 20 30 40 50 60 70 80 - °

B, [mT] ¢>

- ‘ . : . ! : ! The Cockeroft Institute

5 10 15 20 25 30 35 40 45 [ S

E__ [MVim]

peak.
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The DQW CC in cryomodule for the SPS test
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Crab Cavities: progress in

design, construction and test mfrastructure
Ne RF'téssand —1 _X's h Tkﬁ"’ o

.
Wf-’tth peam:in SPS —‘ﬂ,l 'r sb :‘ | ﬁ*
for HiLumi LHC :

Crab Cavme,sj\\

- —
,.-4»0-

1‘ /
. -‘*_"'. = P

New CC collaboratlons

Science &Technology
R @ Facilities Council

=\ & TRIUMF
Transparéncy of CC to beam

demonstrated! MDs very successful
(with voltage limitation).

y [mm]

t[ns]



Collimators low-Z : special MOGR Mo-coated
upgrade partly in 2020 and then in 2025

Samples of MoGr (Molybdenum-Graphite) Cold-Warm-Cold bypass to host New injection protection absorber
from producer (CERN EN/MME/STI) Collimators in the DS region

/ ¢ o \
o of ﬂ,/zunalzms

HL WPS5: S. Redaelli, R. Bruce, S. Gilardoni, M. SO _ :
Calviani, A. Bertrelli, R. Carra et al. ! = a o P

In total some 40 new absorber and collimators devices in LS2 (2020) and LS3 (2025)

HiLumi Y
wm L. Rossi — Acceleratori & Superconduttivita — UNIMI-Seminario Dipartimento di Fisica —2020-10-27
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Inspection to the first HL-LHC installed in LHC!

 —— -
/I - : =
- € V4
/i \ | D :
; R X - e 4 A =i 2y S
: { ————— L &
i 2\l { 3
. }
i e
] \ -

HiLumi Y

HL-LHC PROJECT
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Test on crystal collimation (for baseline)

Scope: further improvement of ion cleaning after 2016 re-baselining.
Studying if, for ions, this can be an “adiabatic” upgrade of the IR7 system.
2017: improved by up to x60 collimation cleaning of Xe beams!

Courtesy EN/SMM Courtesy UA9 collaboration/PNPI

: =3 4 mm = 50 prad,
T or 10 x 15m long LHC dipoles
or300 Tat7 TeV

Two goniometers installed on B1 in LS2; two
more on B2 in 2017, upgraded in 2018.

4 operational crystals for collimation.

Beam core

Halo = 1
Crystal LN
HL WP5: S. Redaelli, S.

Gilardoni, M. Calviani al. Collimator
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E-lens in HL-LHC for halo control - 30 MJ in the halo

HOLLOW ELECTRON BEAM

o Electrons

4@ Protons It would allow controlling actively

the halo, through a hollow electron
, . , beam (overlapped over three

P [ g ¢, Mmeters to the proton/ion beams) |

B ol [ that selectively excites halo |

S particles.

BEAM CORE .

HL WP5: S. Redaelli, D.
Perini, A. Rossi et al.

Design nearly complete.

Surpassed target e-beam current of
5A, now final cathode design (smaller)
under test at FNAL.

Ready to built it, heading to
integrated into the baseline.

Cathode Electron gun




High Luminosity LHC IT region

Connection to LHC (UL)
Service gallery (UR)

»

SC Links

iLumi ’
HL-LHC PROJECT
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http://www.iconarchive.com/show/flag-icons-by-gosquared/United-States-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Spain-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/United-States-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Spain-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Italy-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Japan-icon.html

Underground excavations (P5

CMS
POINT 5
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HL-LHC P1 surface: new platform with spoils
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HL-LHC Excavation

URS5S5 (long gallery for EPC '
HamY (long gallery ) US57 Cryogenic cavern)

HL-LHC PROJECT




EU in-kind collaboration

IN-KIND CONTRIBUTIONS

HiL

LARGE HADRON COLLIDER

N\ A — . 2000
2 S — ) (- .
Collaboration with |
oliaboration wi personn.e S @) ’
© B L LARP FP6 @‘
generic CARE )
Nb3Sn =
K"EE,(“E;D LARP, HiField quads sivie pp
2010 FP7 (INJ)
EuCARD
s LARP HiField §LHC INJ
I * I Demo Dip implem.
HILumI BINP+... 2015 lJJ
Absorbers KEK D1
a gIObaI %CLaen;zg deSign & LHC Injectors Upgrade
prOjeCt e-lens TRIUMF IHEP construction HL-LHC implementation
: LBDS cc cCT AUP Prototyping &
since the cryostat || correctors 2020 Q1/Q3 ot iction
start BLM
Crystal
Coll.
2025
Schedule is complex since in-kinds are interleaved with
. Hi-Lumi LHC HL-LHC

; il our works: we do not receive finished equipment )
HL-LHC PROJECT

HL-LHC Construction

Install. & Comm.




Budget profile for HL-LHC at C&SR4

/Cost-to-CompIetion \
950 MCHF C&SR1
950 MCHF C&SR2 e
950 MCHF C&SR3 :

989 MCHF C&SR4 Baseline 2.10:

(136 MCHF in-kind, 20% of equip.) + 19 MCHF, as balance between

100 MCHF HL-CONS, change of scope and (projected) |
\_~2000 FTE-y of CERN staff - extra-cost. |

This is total extra-cost accumulated
on the initial baseline from 2015.

3 new equipment: Baseline 3.0

Approved by ED but exposed here
for your C&SR assesment (60% in-
kind from Russia): + 20 MCHF

.
taa,
i
1]
,
“a
,
"a,
N,
,
LTS
e,
e,
.,
LT
.....
LT
-

. HL-LHC; nearly 300 MCHF spent;
> 500 MCHF (>HALF) committed.

Residual cost
uncertainty: 45 MCHF
(min 26, max 72 MCHF)

Janl5 g,
Aprls
Julls
Octl5
Janil6
Aprle
Julle
Octl6
Janl7
Aprl7
Jull7
Oct17
Janl8
Aprl8
Jullg8
Octl8
Jan19
Aprl9
Jul19
Oct19
Jan20
Apr20
Jul20
Oct20
Jan21
Apr2l
Jul21
Oct21
Jan22
Apr22
Jul22
Oct22
Jan23
Apr23
Jul23
Oct23
Jan24
Apr24
Julz4
Oct24
Jan25
Apr25
Jul25
Oct25
Jan26
Apr26
Jul26
Oct26

-—- PIanngiValue CSR 2018 ——PV Baseline 2.10 —EV ——AC -~ Cumulative Commitment

<HiLumi YV
:fg‘:t?\E_IT;LHC ] PAROQECT
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Do we need BSM physics? Yes..,
and HiLumi LHC is not enough

Data we definitely cannot explain! matter-antimatter asymmetry,

Dark
Energy
68.3%

TODAY

Dark
Matter
63%

Neutrinos
10%

Photons
15%

Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)

L. Rossi — Acceleratori & Superconduttivita — UNIMI-Seminario Dipartimento di Fisica —2020-10-27

dark matter
dark energy
inflation

SM + gravity # cosmos

Pilar Hernandez, U. of Valencia
Granada Symposium, May 2019

Can we understand this with BSM particle physics ?




G=D)

Future Circular Collider

EXT 1.4km
~y = < ;

Gene_\!_g -~

26.7 97.5

Circumference (km)
Dipole field (T)
C.0.M. energy (TeV)

8.33 16
14 100

Courtesy of M. Benedikt, FCC




Do we have a plan to go behond? YES, we do...

~N Cilrcular Colliders +
1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

D (e )
- - LEP

Future Collider m Construction
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Circular collider in new tunnel
80- 100 km circumference

Circular proton-proton collider
100 TeV collision energy (p+p)

Circular electron-positron collider (VLEP)
(350 GeV c.m. energy, t-tbar threshold)

- Schematic of an
i 80 - 100 km

Lepton-Hadron collider (like HERA)
(50 TeV p + 100 GeV e)

g long tunnel
Alternatively:
30 TeV p-p collider in LHC tunnel ?

( hheaha j
g /\ ey mun®
(16 T magnets)

.. D
wg P . o S o @
iﬁceptuaj des|gn nep()}ﬁt*A{:a{IeraZ@Eguperconduttlwta— UNIMI-Seminario Dipartimento di Fisica =10.




Competition? Yes, guess form whom...

Proposed CepC and,SppC in China, //(
’ .m"'\ .

Google earth
C
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EBCHVAR INSTITOTE BF

- INONGAMIC MATERIALS
ISC WNIINM

Conductor R&D

Specification: 1500 A/mm? @ 16T, 4.2K

AN
* 0
A
X ﬁgﬁn
X
15084 - 42
330 340 350 360 370 380 390 400 4
I, @ 15T and 4.22K, [A]

1750 A/mm2 @ 15T, 4.2K
= 1400 AA/mm? @ 16T, 4.2K

7\ FURUKAWA
= ELECTRIC

= 950 AAmm? @ 16T, 4.2K

1274 Almm2 @ 15T, 4.2K R o
~ [ JEx ﬂ‘ \.‘\
= 1000 A/mm?2 @ 16T, 4.2K (e NERI |6|§!\,T|re

iL | ’
HL-LHC PROJECT




UNIVERSITE

Towards the ultimate performance of Nb Sn b DE GENEVE
Performance target for FCC-hh J (4.2K,16 T) = 1’500 A/mmz DOMP

http://supra.unige.ch

Nb7.5Talzr E
_ CC Target
Nb1Zr @ Nb7.5Ta2zr
Grain refinement from 120 nm (left) to 60 nm (right) @4.2K
0

Enhanced grain boundary pinning 12 14 1: - 18 20 22
= o - 29.27 {  The potential to reach and exceed
= | the FCC-hh specs
~ SAMD! E
s And record-high upper critical
@® ] field !!

26 at LNCMI-Grenoble

Nb7.5TalZr 45n0, Nb7.5Ta2Zr +SnO, Nb7.5Ta, no oxygen Nb1Zr +Sn0O,
source

iLUMI ’
R e G= 5) FCC-GOV:CC:0112-(KE3SASFATS) 0 b, 11| GrantiNG.-200021, 184940 (| Fisica —2020-10-27

DE LA RECHERCHE SCIENTIFIQUE


https://dqmp.unige.ch/senatore/

EUreGirCo

FCC Magnet Designs
)

~ cea INFN
Top = 1.9K - - o e

iL | ’
HL-LHC PROJECT

lop/lc(loadline) = 86 % o
Vump < 2.5 KV L g %
Gy < 200 MP O | P9
T, < 350 K L‘ ' B lj] L
Dy, =600 mm ' g g

HE-LHC ! —

blocks cos(0) common coll
Current (A) 11230 10000 16100
Inductance (mH/m 40 50 19.2
)

Stored (kJ/m) 2520 2500 2490
energy A )
Coilmass  (tons) 7400 ) 7400 9200

Very efficient use of superconductor  Simplified mechanics and
manufacturing ?

L. Rossi — Acceleratori & Superconduttiviteounegy fnthafiomimasiwintc ERMNca —2020-10-27




Field

CCT option
Canted CosTheta

-~

+BHai
W
CCT t o ‘T, 7 Courtesy of B. Auchmann,
Current (A) 18055 S PSland CERT
Inductance ~ (mH/m  19.2 B A_
) il Y
Stored (kIim) 3200 TR 135 MPa
energy ‘g L onthe conductor
(tons) 9770 i i
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high-field magnet R&D for SppC

Training History

The 12-T Fe-based Dipole Magnet gy e ]
— T 10.2 T @ 4.2 K dipole field i
E ol in two apertures o
—— P E (Performance limited by NbTi coils) |
B = ' |
: 75 = -l ]
H |\ [ ) B B el
‘ — £~ 0F 4 q = :_15 ::: 00 2l :1 (Is tls 1I0 1‘2 1I4 1ls 1‘8 2Io 22 "
_r = —~———E e :‘E Coill  Coil 2 c_igil:e;m Non 4 o i
g : IRONBASED2 - T =
101.6 mm e ] =1 i:
| IRONBASED1 IRONBASED3 = 2122
| }G—.‘ 1.457
| 42.8 mm = 0.791 =
| IRONBASED1: IRONBASED2: IRONBASED3 HORESS
J o 127778 12.55T Byus 88T Byun 1% 1
| Design with expected J, of IBS in 2025
d Strand = diam. cu/sc RRR Tref Bref  Jc@ BrTr dJc/dB
E = IBS | 0.802 1 200 4.2 10 4000 111
AR » For 100-km SPPC, 3000 tons of IBS is
AN needed
| > Target cost of IBS: 20 RMB /kAm @12 T
» Total cost for IBS conductors: ~10B RMB




High Temperature Superconductors — HTS: next technology step

50\(Bcst‘;) 2[3-7msc Plot courtesy of
i 5 pumSS, 2x 7 um Cu
50 bglgiiéiza?szwders B | tape surface C. Senatore, UNIGE
B // tape surface
| \YBCQ B-HTS ‘ _
3 —_— 1
— 10 = : /
NE ‘
E - _\_ ¢ 10
S~ Bi2223 Sumitomo
‘ HT-NX type
3 s B 1 tape surface
J Nb-Ti
| w o ' Nb,Sn
! _“” 10 5 & K
| - —<4—Nb,Sn &
| e - MgB e . MgB, Hypertech ! -
i 2 a IMD P
| —&——0— Bi2212 X ]
| —%—Bi2223 N :
—0——e— © YBCO =
101 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 :
é
0 2 4 6 8 10 12 14 16 18 4fgy Vi
s . 2 v
B (i) ” BWwrpage’’ '




High Temperature Superconductors — HTS

The dream of 20-25 tesla! (2 x HlumiLHC!
m@awgh T, - | 2

l '|||||.|||.|'l|” : ‘l,ﬂ"l"l' [ ‘ '
f..'-ff". 'I

lllllll

e || ,l",l',l‘l‘.‘ i

i |'|u"|‘lMﬁ ‘,




Trying the magnets of the future... 20 tesl or more...




ECT

G >

Engineering current density J (B,T=4 K)

Performance target
5000 .

1000

e

J [A/mm?]

Q065-18, 2x 7um Cu

1150 A/mm’ ARiES

820 A/mm> |

Q064-18, 2x 20um Cu
@1 pv/em

100

0=90°

5

Tape Q065-18 (with 2x 7um Cu) reached a very high performance of 1150

10 15 20 25 30
Magnetic field [T]

A/mm?at 4.2 K, 19T, 90°
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Measured by C.
Senatore team

/271 UNIVERSITE
7/ _DE GENEVE _

FACULTE DES SCIENCES

DOMP

http://supra.unige.ch



https://dqmp.unige.ch/senatore/

HOW our technolgies contribute to society’?
Not only the web: new eyes...

~ | §
alk 3
k\}: ;
bR 3

m irst PET image: CERN,
X irca 1975
95



New medical «eyes»: MRI, 2000 large systems/year

transmitted radio waves emitted radio waves

&
G

magnetic field .
direction ’

- An example of an MRI brain scan -
. . Image courtesy of Scott Camazine, MD
HiLum
L. Rossi — Acceleratori & Superconduttivita — UNIMI-Seminario Dipartimento di Fisica%2820-10-27
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Hadron therapy

Synchrotron in PaV|a (CNAO)
W‘@m}; R o M

9 X ray beams 4 proton beams

raggi X

urt:
atori & Superconduttivita — UNIMI-Seminario Dipartimento di Flsﬁ:sgo




i SEEIIST — First Green Infrastructure in line with
Horizon Europe Cancer Mission

®

HEALTH IN
THE SDG ERA

SC magnet
based
synchrotron

SC magnet
based
gantry




collaboration

CERN-CNAO-MedAustron-
INFN

on C-ion GANTRY

* Improve the efficiency (medical
effectiveness and treatment time) of
the present facilities

+ CNAO (Pavia, IT)
+  MedAustron (Vienna, AT)

+ Design a gantry compatible with the
present layout without large civil
engineering and infrastructure
investment

« Leveraging the design capability and
technology infrastructure of HEP
community (CERN) to strenghten the
medical technology in EU.

- NIMMS program at CERN led by M.
Vretenar
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G-BM3

G-Q3
o -5 G-BM2
| G-Q2
0

G-BM1
1000 2000 3000

llaboration CERN-CNAO-MedAustron-INFN
@)

)

Light rotating gar 1
A :

on C-ion SC GANTRY

Toroidal gantr

(ol |

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE
8

s [m]
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LBNL: CCT coil prototype for large acceptance proton
gantry & = 400 mm: Successfully tested to 3.5 T;
segmented former

L. Rossi — Acceleratori & Superconduttivita — UNIMI-Seminario Dipartimento di Fisica —2020-10-27

Nb-Ti CCT: p-gantry and HiLumi LHC

HiLumi LHC: CERN has designed, built and tested a
dual 3T, 2mlong - & =90 mm, straight CCT. Now

IHEP Beljing producing 2x13 units
2 =l T TE

i 4
4
M
"'Q:“ N i =
\ . . e




The EC H2020 funded (??) program

HITRI presented in Nov.2019 (not funded)
= Heavy lon Therapy Research Infrastructure
= Scope: design study mainly (if not purely) for SEEIIST

= Not approved (March 2020): weak in medical part and use... (Physics part OK)
HITRIplus (Hitri+)

= Medical part improved, scope expanded not only to SEEIIST (still most prominent project in EU). Physics part same as HITRI
= WP8 on Magnet Design
. overview and assessment of various conductors (LTS, HTS, various types of cables) and magnet layouts (cos3, CCT, racetracks — spit coils or flare
ends — etc...). Both for Synchrotrons (main dipole and extraction channel) and Gantry
= Design construction and test of 1 demontrator ~500 mm long (either LTS or HTS)
= Very much CCT oriented!
= Applied in May 2020; assessment expected by 19t October!
= I.FAST

= Is the omnibus program following CARE, Eucard, Eucard2, ARIES to integrate accelerator R&D across EU labs
= WP8 on Innovative Superconducting Magnets
= scope is fostering technology innovation: = exploring HTS cable and magnet layout
General consensus to go toward CCT: CORC® ?, stacked tapes? Roebel? Or Bi-2212 Rutherford cable? Other magnet layout not excluded

The WP8 fosters also a panel among various lab to steer HTS for accelerator magnets in EU and the development of a HTS cable suitable for low
losses - large size - fast cycling - synchrotrons (led by GSI)

= Applied in May 2020; assessment expected by 19t October!

HL-LHLC- PBOJECTI f
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The EU roadmap for enabling a full SC
C-ion facility: synchrotron + gantry

INFN collab. for Gantry

CERN-CNAO-MedAustron-

2018 | 2019 | 2020 | 2021 | 2022 [ 2023 2025 | 2026 | 2027 [ 2028 [ 2029 | 2030

SEEIIST
H2020-HITRIPlus & I.FAST LTS
HTS
HE program for R&D ?? HTS ? ?
Conceptualstudy  Proto& Design  Construction
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A few ideas (just as list.

~~~~~~~~~
\\\\\\\\\\\\\\\\\\\\\
N

, The challenge is not the field level, rather designing for ramping field and cryocooled magnets...
AHILUMI

5, HL-LHC PROJECT



L 2 coemo ETING
Q [ Ot CeoMCrA
4 P ¥ COMRTITIVOAD
= Clemat Sooimes:

PAUL SCHERRER INSTITUT

-

INFN

| Istituto Nazionale di Fisica Nucleare

= UNIVERSITET

P HILn P

HITRI+ WP8 Magnet Design (with
construction and test of a demonstrator)

Person- Institute

Member months Total costs  |EC funds matching funds

CEA 20 192,500 86,625 105,875
CERN 10 161,250 70,538 90,713
CIEMAT 22 145,000 65,250 79,750
INFN 32 357,000 160,650 196,350
PSI 2 29,750 13,388 16,363
uu 8 79,750 35,888 43,863
Wigner RCP 12 39,250 17,663 21,588
SEEIIST 8 65,625 15,094 50,531
Total 114 1,070,125 465,094 605,03

INFN is the WP8 — Magnet Coordinator
CEA is the deputy coordinator
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I.FAST WP8 Innovative SC Magnet.
Demonstrator in Industry!!!

) Person- Institute TOTAL
E ;ﬁs A EEe : Members months | EC funding | matching funds| Funds
- CEA 10 42,188 76,705 118,892
4 Clomot sgs= UPPSALA CERN 11 190,153 345,732 535,884
UNIVERSITET -
Wigner RCP 24 24,638 44,795 69,433

INFN 14 112,613 204,750 317,363
INFN PAUL SCHERRER INSTITUT CIEMAT 12 26,438 48,068 74,506
»

l - | — < i uu 5 31,500 57,273 88,773
_ ““E ner PSI 6 28,688 52,159
Istituto Nazionale di Fisica Nucleare BNG 10 64.313 116,932
Scanditronix 10 59,938 108,977
f) = (? Elytt 15 59,938 108,977
(o ! -,ﬁ-/ Sigmaphi 15 59,938 108,977
\ El.l I I EN ERGY Grand Total 132 700,340 1,273,345

BiLFINGER SizMApHT
Bilfinger Noell GmbH

INFN is the WP8 — Magnet Coordinator
SCANDITRONIX CEA is the deputy coordinator

HiLum
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SC and Renewable Energy Technology: Transmission

1,000-Mile, 5 Gigawatt Power Equivalents

Overhead Power s —— g
500 1. Right-of-Way
7~

ooooo

Wing

Superconductor Electricity Pipeline — o %"
25 ft. Right-of-Way 5

contraction anditherm loss
managenient sucessfull
e

Out of Sight, Out of Harm’s Way ’ S e g I

HiLumi cable is I ’ :

considered for long

AT line-high power and
| for Data Storage

Center (tens of MW!)

e ).5-/03 th
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Research: Stimulating innovation...

Refining candles ... Or making better vacuum tubes would not
ndle into e have resulted in transistors

- ssarch Orgs rOpenre SO SGeare
E;§ Curopawn On;an:&m for Nudow Rlossacch neaticn eu e I8 cecharche m,



Spero che le ricerche su acceleratori & superconduttivita siano all’altezza
del passato e che abbiano un futuro luminoso come quello di LHC

= — - —




How an accelerator works ?

Accelerator Goal: keep enough CHARGED particles
confined in a well defined volume to
accelerate them for a sufficiently long time
(ms - hours)

How ? Lorentz Force!

Fit)=q(E® +v(t)® B(t))

X Electric field Parti j
) articles of
accelerates particles different energy
An accelerator is formed by a sequence (speed) behave differently
(called lattice) of: \4
Magnetic field confines
a) Magnets = Magnetic Field particles
m b) Accelerating Cavity — Electric Field on a given trajectory
HL-LHC PROJECT
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A guesto ci pensano | magneti quadrupoli...
: F, = -g.X

F, =gy

Force increases linearly with
displacement.

Unfortunately, effect is opposite
in the two planes (H and V).

Remember: this quadrupole is
focusing in the horizontal plane but
defocusing in the vertical plane!




LHC / HL-LHC Plan

LHC
Run 2 Run 3
LS1 EYETS LS2
13 TeV 13-14 TeV

Diodes Consolidation

splice consolidation LIU Installation

cryolimit
7 4 TeV 8 TeV button collimators interaction
= R2E project P7 11 T dip. coll. regions
Civil Eng. P1-P5
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 | 2023
ATLAS - CMS radiation
experiment upgrade phase 1 damage
beam pipes 2 x nom. luminosit i vt
nominal luminosity !  ALICE - LHCb 2xnominal luminSKy 1
upgrade

| |l
_—"Higgs found!

30 fb™!

210% cm2st
25 ns bunch
pile up ~60

210% cm2st

1.410% cm2st

0.7510%% cm=2s1
25 ns bunch
pile up ~40

50 ns bunch
high pile up ~40

‘ H!I& PROJECT f

L. Rossi

with levelling, 25 ns b.
pile up ~60 continuous

— Acceleratori & Superconduttivitd — UNIMI-Seminario Dipartimento di Fisica —2020-10-27

Technical limitation on the
istantaneous lumi:

1. Collider (cryolimit in the
triplet region) at 2x1034 cm2s1
twice the nominal design
luminosity)

2. Experiments (pile up in the
detectors). Designed for PU
40 they are actually dealing
with 60 (average)!

Technical limitation on
integrated lumi:

1. Collider (radiation damage
to the IT magnets — correctors
and quadrupoles)

2. Experiments (radiation
damage in the Inner Tracker)




70

Performance: Integrated Luminosity

60

66 fb-’

50

40

30

Integrated Luminosity [fb"]

IlIIIIII|IIII|IIII|IIII|IIIIIIII

2011 2015

,_1‘-=.-"".—’T_T

02-May 01-Jul 31-Aug

31-Oct

31-Dec

) Int. Luminosity
Per|0d [fb.1]

Run 1 29.2
Run 2: 2015 4.2

Run 2: 2016 39.7
Run 2: 2017 50.2
Run 2: 2018 66.0
Total Run1 + Run 2 189.3

Original goal of Run1+Run2 = 150 fb:

A =+20%




Improving the data quality

R. Tomas, CERN

- 8.0 ——————1—— 200 o — —
Zo 70 o 180 f 1 A ATLAS
EE 6.0 7 160 L ] ' ¥ EXPERIMENT
— @D 3 : > N ¢
£y 50 & 120
_Izg 4.0 . 100 F

oLt . 80

0 2 4 6 8
Levelling helps to limit total pile up: ﬁ"'“‘““** S ’“““*“’C

Mae= 140 (ultimate: p,,= 200). Experiments ask to
reduce the pile up linear density (number of
events/lenght) and need to introduce time stamping

= carefully control and variation of:

* B* (beam size at collision), main levelling knob
*  Bunch tilt (Crab cavities)

* Crossing angle

* Longitudinal bunch length

‘ H!&%QJECJE "

Collision with L




HL-LHC equipenment for LS2: new TDIS module — 1 out
of 3 —ready (necessary to inject LIU beam into LHC

iLummi
&EE-LHC PROJECT



Are we stuck with 15-16 T of FCC? NO!

10,000 - ‘
’ F | i { ?[ = ==YBCO: Parallel to tape
C [ | YBCO Bll Tape Plane| plane, 4.2 K
I ! SuperPower 1 L i
o P || == *YBCO: Perpendicular to
N Double Layer ! tape plane, 4.2 K
| . YBCO BI Tam? Plane Ta‘ i | e 2212 Round wire, 4.2 K
\
e w=m=Nb3Sn: High Energy
1,000 p n emm— Y ——— ; Physics, 4.2 K
= 4 ! ! i
= ~ = i [ w=gr==Nb-Ti (LHC) 1.9K
£ | %
E N b- | [ = » "Bg ™
< pPsT S T ‘
~ . AN AL | | 1
- |
- S |
100 Nb-Ti. 1.9 K RRP Nb-Sn 2212
: | )
r ! 1S
L Maximal Jg for Compiled 427 filament OI-
[ entire LHC NbTi | from ASC'02 ‘ ST strand with Ag
strand production (— and ICMC'03 alloy outer sheath
) CERN-T. Boutboul papers (J. \tested at NHMFL
07, qnd (--) <3T Parrell OI-
datafrom Boutboul ST)
10 Ll | I atal. ~1,[T'19, IEEE- | . | | 1 I I I | I I 1
T45C06) L ‘
0 5 10 15 20 25 30

Applied Field (T)

iLuMi ’
HL-LHC PROJECT
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Nb,Sn: the workhorse of the “near Future”
Solid objectives for the FCC conductor R&D

5000

‘ .
\ NbySn | Dstrang: 0-7...1 mm
4000 Jo (16 T, 4.2 K) > 1500 A/mm?
% M (1 T,4.2 K) <150 mT (D, < 20 um)
3000 [ o RRR > 150
'E 2 UL > 5 km
< 2000 + Cost(16 T, 4.2 K) <5 USD/KAm

Presentation given at “50+10 years”

1000 \ Panel Session at the ASC,

Charlotte (US), August 10t-15%, 2014

5 10 15 20 25
field (T)

The goal is ambitious but not impossible.
oy Cost wil be probably the most challenging

L. Rossi — Acceleratori & Superconduttivita — UNIMI-Seminario Dipartimento di Fisica —2020-10-27




Recent very successful 14 T magnet
reached by US MDP cos9 dipole at FNAL

\u.s. MAGNET - 5
&) procm ' Key milestone: 15 T dipole

100% SSL  87% SSL

* 4 |ayer graded magnet, 1-m long S é
* 1ststep: 14.1 T performance §

10000 \* : :

9500 - o SN
— I
%9000 1 e 2 1.9K |4.5K
[
@ 8500 - s
3 8000
f_.' 7500 - * ®
Q
= 7000

/

0 2 4 6 5 10 L 1618 W Courtesy of A. Zlobin, FNAL /
Quench number

But the route is long... a16 T 100 km accelerator is not yet at
hand and along R&D is necessary.

In May 2020 in Budapest gthe new ESPP will be approved...
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