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We develop technologies in three key areas

ACCELERATORS DETECTORS COMPUTING



Session 1
Advanced Particle Accelerators
Powering Progress

Alessandra Lombardi
Senior accelerator physicist, CERN

Amalia Ballarino
Deputy Head of Magnets, Superconductors, and Cryostats Group, CERN

Tabea Arndt

Professor at the Karlsruhe Institute of Technology (KIT), Germany
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Particle Accelerators
Probing the infinitely small

Alessandra Lombardi
Senior accelerator physicist, CERN

EEEEEEEEEEEEE



B




Speaker: Alessandra Lombardi ~7

The Virtuous Circle of Knowledge and Innovation (iE/RW ‘ z }

YEARS /ANS CERN

Energy and wavelength

Energy in eV

A |
1E+15 ?l '

b 103m
1E+12 =
i %#'i
1E+06

1E+03 )\ g i ¢ ﬁ Q
1E+00 E ¢

1E-03 ]

1E-06 >»

1E-21 1E-18 1E-15 1E-12 1E-09 1E-06 0.001 Wavelength in m







The Virtuous Circle of Knowledge and Innovation (iE/RW
Speaker: Alessandra Lombardi 7%

Accelerators challenges and key technologies
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Cell-coupled DTL

Pl-mode Structure
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Path towards industrialisation

1990 — LINAC2 RFQ2 2007 — LINAC4 RFQ 2014 - HF RFQ
200 MHz 352 MHz 750MHz
0.5 MeV /m 1MeV/m 2.5MeV/m
Weight : 900kg/m Weight : 400kg/m Weight : 100 kg/m
Ext. diametre : ~45 cm Ext. diametre : 29 cm Ext. diametre : 13 cm
Beam current: 200 mA Beam current : 80 mA Beam current : 0.1 mA

Credit: CERN
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Application of low-energy accelerators

Aerospace f
%%C@ M i

Healthcare

Environment
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NEXT challenge: accelerate Carbon in a LINAC

Bent LINAC

Interlaced cavity-dipole scheme

= Quadrupole Bent section

Cavity [EXEEEEY X T
"™

m— Dipole

TwinEBIS LEBT 750 MHz RFQ Fixed energy

Pre-injector frequency: 750MHz

Footprint of 35mx15m

Highly efficient acceleration and fast energy variation

Energy modulation
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MACHINA: accelerating art diagnostics

Credit: INFN
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Superconductivity

Amalia Ballarino
Deputy Head of Magnets, Superconductors, and Cryostats Group, CERN
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The cold war

Predictions of the XIX century
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Superconductivity

Metal

Superconductor

Resistance

Tc

Temperature
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Superconductivity for Colliders

Abolished Ohm’s Law
* No power consumption (although refrigeration power)
* High current density

Consequences
* Energy savings
» Smaller, lighter magnets
+ High magnetic fields feasible —
* new research possibilities
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The Large Hadron Collider Magnets

ALIGNMENT TARGET

MAIN QUADRIPOLE BUS-BARS

HEAT EXCHANGER PIPE

SUPERINSULATION

SUPERCONDUCTING COILS

BEAM PIPE

VACUUM VESSEL

BEAM SCREEN

AUXILIARY BUS-BARS

SHRINKING CYLINDER / HE I-VESSEL

THERMAL SHIELD (55 to 75K)

NON-MAGNETIC COLLARS

IRON YOKE (COLD MASS, 1.9K)

DIPOLE BUS-BARS

SUPPORT POST

LHC Nb-Ti wire
1mm

A

\ 4

Ic(10T, 1.9 K) ~ 13000 A
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Giant dipole electromagnets - 15 m long - 30 tons
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~ 10000 superconducting magnets

~ 1.5 Million Ampere
30 tons of superfluid helium
superfluid helium at 1.9 K (- 271.3 °C)
1200 tons/7600 km of Nb-Ti cables
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MRI Magnets

Superconducting magnets in MRI:
Non-invasive 3D anatomical imaging

MRI industry consumes ~4000 tons of Nb-Ti annually

Over 50,000 MRI scanners worldwide
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High-Temperature Superconductors:

| .Used for High Luminosity upgrade of the LHC

Tc above liquid nitrogen temperature

| Fm Kor -195.15 °C)

/'F-Iarlld les 120 kA in DC mode at up to 50 K
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w-emission aeroplanes

uperco




Superconductivity — “accelerated”
developments in Power Applications

Tabea Arndt

KIT — The Research University in Helmholz
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Current leads from the LHC to Fusion
And other applications
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Heat loads — (in rotating machines)

Transients Kinetic energy

Cryogen friction

Radiation

Support system
o ! Current leads

Current leads are the major heat loads!
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Fault current limiters

Stadtwerke Augsburg, AmSC 2G-wire tested at Siemens AmSC, Nexans, Siemens
Siemens
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Windpower Gener

Credit: Shutterstock
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Magnetic Billet Heaters

Zenergy, Bultmann
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Transforme

Credit: Shutterstock
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DAIMLER TRUCK
#HydrogenRecordRun
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Levitation & Transportation
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The SHIP experiment

SHiP

for Hidden Particles

[Search
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We develop technologies in three key areas

ACCELERATORS DETECTORS COMPUTING



Session 2
Particle Detectors
Sensing the Invisible

Daniela Bortoletto
Particle Physics, University of Oxford, UK

Steffen Kappler

Concepts, Technology and Innovation, Siemens Healthineers

Jan Jakubek
Co-founder and scientific director, ADVACAM
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Particle Detectors
Sensing the Invisible

Daniela Bortoletto
Head of Particle Physics, University of Oxford, UK
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ATLAS

CMS

ALICE

LHCDb
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CERN
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Speaker: Daniela Bortoletto
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Elementary Particles

Subatomic particles that are not composed by other particles a quantum excitation of a field
Quark Wave Function: Collapsed
~10"® m
N ”
-
» e
. &
et Proton
W ~105 m -
e ¥ 1]
b, L, 2
Nucleus o)
~10-14
Electron 107 m o
Atom J L

~10""m

POSITION

Elementary particles: quarks and electrons < 10" m = 0.000000000000000001
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How do we “see” particles?

“footprint” often in the form
of a charge signal or light

“stable particles”
(decay length > few cm)

electrons, muons, protons,
neutrons, pions, kaons

Om

Key:

Muon Electron —— Charged Hadron (e.g. Pion)

- = =-Neutral Hadron (e.g. Neutron) Photon
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Interaction of particles with the detector

Incoming particle

detector’s material | .

Interaction with the atomic electrons Interaction with the atomic nucleus If particle’s velocity > velocity of light
atoms are excited or ionized Bremsstrahlung photons in the medium Cherenkov Radiation

When particle crosses the boundary
between two media Transition radiation
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Georges Charpak:
Revolutionizing particle detection

from “visual detectors” to “electronic detectors”

u S mymmllmml I

- V92 %

1971 1972 Large-size Mult|W|re Proportlonal Chamber 1992 Nobel award ceremony
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Multiwire Proportional Chambers:
a transformative innovation

Medical imaging and healthcare
Security and inspection

Material science and archaeology
Environmental monitoring

Industrial applications
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The silicon revolution and discoveries
1980 - search for particles with charm and beauty quarks (decay length ~ 100 um)

NA11- NA32: measurements of Lifetimes of particles containing c-quarks
Silicon technology for microelectronics MARK II: measurement of charm, tau, and b-lifetime

Kemmer 1979, KETEK
from electronics to detector fabrication



The Virtuous Circle of Knowledge and Innovation ?ET?W ‘ z >

Speaker: Daniela Bortoletto -

Silicon trackers at the heart of all LHC experiments

Giant, ultra-fast and very complex 3D camera

Detector
Charged layers
Particle
Trajectory
Detector + ~
Layer . N*c(ct~60um)

Collision

[E
p=qBR -

L=pycT
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Silicon trackers at the heart of all LHC experiments

Giant, ultra-fast and very complex 3D camera
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Silicon detectors discovery enablers

1995 - Top quark (t-=Wb) discovery 2018 - Discovery of H —» bb at the LHC
Tevatron
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From particle physics to technology and back

Research Mining Non-destructive testing




Advanced particle accelerators and
their surprising applications to society

Jan Jakubek
Co-founder and scientific director, ADVACAM
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Each ionizing particle is visible!

256 x 256 pixels, 55 um

Read-out ASIC chip Timepix3

CMOS pixel read-out chip

sensor chip
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On-line visualization of ionizing radiation

-’L / QA.
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- Each particle type observed as typical pattern ; Y 3 . = - \ . s
- Each pixel records digitally: 3 - . " o .
- The deposited energy e WY e
- the number of hits or time of first interaction. : s '\._.__\ .
- . \-\_‘
M B dg ..
AN .

* Natural radiation background iﬁ t‘he office
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Speaker: Jan Jakubek

MiniPIX EDU in classrooms

MiniPIX EDU for Education, physics
teaching and basic radiation experiments.

-
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Use MiniPIX detector 1. Measure unused mask 2. Use it for 5 min 3. Measure used mask
&
Unused mask Used mask Exhaling only
o e ‘. @ ¥ ) .
Why? . - - . ‘ :1 . \ N
— et A » . . 1
- Radon decay products are ionized | C ¥ . a - .;{:,
AR . .l
- They stick to dust and aerosols ) - - 3 TRt W -
- Mask filters them out greatly . , . .\‘ .f’ N B
- Exhaled air is filtered in lungs! , T L ot T :
A kS v

Just very small activity observed Huge increase Low activity: Rest stays in lungs !!!
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Technology applications

Research ini Non-destructive testing

Credit: Shutterstock
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C  ~'|c radlatlon presents a rlsk
to blologlﬁal and electrnlc syst

‘\\\

Timepix detector visualizes

and recog'ni"zes éach particle \ B Y
of cosmic radiation - |\ | N\
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Credit: ESA
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Monitor Space Rac

Credit: Shutterstock
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Radiation detection on Earth
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Medical X-ray Imaging

Steffen Kappler

Technology & Innovation, Siemens Healthineers
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7th Workshop on Medical Applications of

15-18 Apr 2024
CERN

Europe/Zurich timezone
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"l am convinced, that institutions like CERN play an
important role for continuous innovations in medical
imaging.

Communities like the Medipix Collaboration and the
SpecXray Workshop are essential instruments of our
society, connecting and affirming researchers in academia
and industry during the maturation and commercialization
processes of disruptive detector technologies for

medicine.”
Steffen Kappler
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Established Technology:
Energy-integrating detectors

i
‘, Anti-scatter grid
! i 1 Solid-state
scintillator (GOS)
O Septum

?— Photo-diodes

Signal accumulated
of all detected light pulses

Two-step conversion: X-rays = light - electric current
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Disruptive Technology:
Photon-counting detectors

Anti-scatter grid

‘ ‘ ' i —— Cathode
CdTe
. .
g . (Semiconductor) gieltage
o
o
©

= = T T = = ‘ ‘ Pixelated anodes

Individual signal
of each detected photon

Single-step direct conversion: X-rays - electric current
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Benefits of photon-counting detectors

Pulse height (keV equivalent)

Pulse height (keV equivalent) Detector responsitivity [a.u.]
A e o e o o A A
T3 EID —Dead zones
IF: rGlue |
| . - =— Photo-diodes (
:
h n h — Cathode
ug PCD
L e e = == =& Pixelated anodes gt N
: i - - T T | \ T '
Time [nsl Time [nsl 2 40 60 80 100 120
X-ray energy [keV]
I || Intrinsic spectral . | Smaller | || Elimination of Equal energy
sensitivity mE| detector pixels electronic noise ——| contribution
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Computed Tomography plays a central role
in medical diagnostics

Primary Diagnostic Touchpoint
Supports Interventions

Follow-up after Treatment

Morphological imaging within seconds
Functional information by spectral X-ray techniques
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X-ray tube and detector are core components
of CT scanners

X-ray source

Patient

S _

——

X-ray detector
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1st photon-counting CT by SIEMENS Healthineers

NAEOTOM Alpha®
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1st photon-counting CT by SIEMENS Healthineers

NAEOTOM Alpha®
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1st photon-counting CT by SIEMENS Healthineers

NAEOTOM Alpha®
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NAEOTOM Alpha® — New Era of CT Imaging

Started in academia with scientific collaborations, and entered clinical routine

Neurology Oncology Musculoskeletal Emergency
Make the unseen visible Aim for new standards More details with ultra-high resolution Aim for new standards
and impact patient management in cancer treatment

in Trauma and ED

Pulmonology Pediatrics Vascular Cardiology
Functional evaluation of lung diseases Dose efficiency and spectral High contrast at low dose Inform treatment planning
at high level of detail

with confidence
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NAEOTOM Alpha® — New Era of CT Imaging

Started in academia with scientific collaborations, and entered clinical routine

horacic Imq
NCorporation Into (|

' ‘9"“9.' Early Clinicql
inical Practice

Chi Way "
o MD o

Ultra high resolution

Intrinsic spectral separation

Ultra-low dose (radiation & contrast)

my-Jardin, MD, PhD «

@ MAYO cLinje
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We develop technologies in three key areas

ACCELERATORS DETECTORS COMPUTING



Session 3
The Quantum Revolution

Alain Aspect
Nobel Prize, Physics 2022
Institut Optique / Paris Saclay University

Reinhold Bertlmann
Professor of Physics, University of Vienna, Austria

Nicolas Gisin
University of Geneva, Constructor University

Michele Grossi
Quantum Algorithm Coordinator, CERN
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10M Big Data sizes

140 M hours/day
of streaming (1 GB)

71k B e-mai’ in
2020/10 - 2021/09'(?5.1(5)‘

N
o
o
o X

Log size (PB

5 51.1k PBly
2 5.4k PB/ 60k B spam 1.9k PBly
1000 : Y e-mails(5 KB)
3 YouTube
i 20
2 r
300 PBly 263 PBly
100
5 720k hours/day
of video uploaded (1 GB)
2
10

Streaming

500 EB

(total)
100 T objects stored

S in S3 up t0 2021 (5 MB)

60 GB/s WLCG
transfers in 2018

98.83 M new users ’
+1.17 M paid subs in 2020 -~
(2.5 GB and 500 GB, respectively)

O 30+ B web pages
733 PBly ;?1 (2.15 MB)

62 PBly

Storage

LHC raw data in 2018
without trigger selection
(hypothetical)

240k pics/min. HL-LHC real
shared in 2021 data expected in 2026 40k EBlyr

(2 MB) ~8

LHC real

: . 1200 PB/
olf\\data in 2018 800 PBly

- l HL-LHC Monte Carlo
252 PBly rr:j] 240[PBly data expected in 2026
160 PBly /
|
8 PB/
65k pics/min. /B/ Y LHC Monte Carlo

shared in 2021 data in 2018
(2mB) © Luca Clissa (2023)

Production

A comprehensive survey of data production, storage, and streaming in science and industry
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Bell inequalities




@ 200Mm

From Bell inequalities theorem
to the Quantum Revolution

Alain Aspect

Nobel Prize, Physics 2022

Reinhold Bertimann
Professor of Physics, University of Vienna, Austria

Nicolas Gisin
University of Geneva, Constructor University

CEfW
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First Encounter

\NHOLD BERTLMANN
\ M ‘BRtoM VIENNA 200 AUS TRIA sss

QUARKOMIVM ..

Nuclear Physics B177 (1981) 218-236 ' CERN
© North-Holland Publishing Company SERVICE D’INFORMATION
SCIENTIFIQUE

MAGIC MOMENTS

J.S. BELL and R.A. BERTLMANN!

CERN, Geneva, Switzerland

Received 30 June 1980

The moment method of Shifman, Vainshtein and Zakharov, for calculating bound-state
energies in QCD, is tested in the context of potential models. For simple power-law potentials of
low degree a refined version of the method works surprisingl)" well. The cruder version actually
used by Shifman, Vainshtein and Zakharov for charmonium works less well, and the composite
potentials usually envisaged for charmonium are less accurately dealt with than simple power
potentials. We conjecture then that the magnitude of their confinement parameter ¢ has been
substantially underestimated by those authors.
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Reinhold & John
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John Bell — Particle Physicist

G

ﬁ-bl_q-‘}..t -to"uv.A-'
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With Martinus Veltman Bertimann with Jack Steinberger
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John Bell — Accelerator Physicist

In 1950s at Harwell
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John Bell — Accelerator Physicist

Particle Accelerators © Gordon and Breach, Science Publisher
1981 Vol.11 pp.233-238 Printed in the United States of America
0031-2460/81/1104/0233%06.50/0

ELECTRON COOLING IN STORAGE RINGS

J. S. BELL and M. BELL
CERN, Geneva, Switzerland

(Received February 2, 1981)

It is found that the effect of “‘flattening™ of the electron velocity distribution is to increase the rate of cooling of
small betatron oscillations by a factor of 2.4, and not by a factor of 4 as often quoted. This is when the cooler
magnetic field is ignored. When it is allowed for, in the usual way, the cooling rate involves a divergent integral
whose regulation depends on the details of particular cases.

With his wife Mary Bell
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Surprise

Gerhard Ecker

Out of the Blue,
Vienna Summer 1980

Reinhold A. Bertimann
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Bertimann’s Socks

JOURNAL DE PHYS

Colloque C2, sy 1t au n°3, Tome 42, mars 1981

BERTLMANN'S SOCKS AND THE NATURE OF REALITY

J.S. Bell

CERN, CH-1211, Geneve 23, Suisse

Les chavssettes
de M. Bertlmawn
et La nature

de la rdalite

Fondation vaot
ivin 17 1q30

page C2-41

“Dr. Bertimann likes to wear two socks of different colours.
Which colour he will have on a given foot on a given day is quite

unpredictable. But when you see that the first sock is pink you can
be already sure that the second sock will not be pink.”

“Observation of the first, and experience of Bertimann,
gives immediate information about the second.”

“And is not the EPR business just the same?...”
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Einstein vs Bohr
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Quantum physics
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Classic world (human experience)
Continuos behaviour
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Quantum world (micro)
Quantum particles — wave like
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Bell’s theorem
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Bell locality
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Entanglement




The Virtuous Circle of Knowledge and Innovation C\E/Rf_ﬂwl ‘ z / T

Speaker: Nicolas Gisin 7

YEARS /ANS CERN

Quantum teleportation
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The curiosity lab

Aspect’s 1982 experiment
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Alain Aspect developed this experiment, using a new way of exciting the atoms so they emitted entangled
photons at a higher rate. He could also switch between different settings, so the system would not contain
any advance information that could affect the results.



Speaker: Alain Aspect 7%
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Alain Aspect John F. Clauser Anton Zeilinger

The Nobel Prize in Physics 2022 was awarded jointly to Alain Aspect, John F. Clauser and Anton Zeilinger

"for experiments with entangled photons, establishing the violation of Bell inequalities
and pioneering quantum information science"
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The real-world lab: Geneva 1997

Violation of Bell inequality over 10 km
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Visit by Mary Bell during the experiment
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Sample of QKD networks

LAUSANNE

GENEVE

Geneva-Lausanne Poland South-Korea EU Quantum
Communication Infrastructure
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Quantum Random number generator
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Application of superconc
detectors to... K
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Quantum

%) Springer

Chance

NICOLAS GISIN
L'IMPENSABLE HASARD

NON-LOCALITE, TELEPORTATION
ET AUTRES MERVEILLES QUANTIQUES

préface de

Alain Aspect
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QTl — Quantum
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John’s Confession




The Virtuous Circle of Knowledge
and Innovation

Speakers: Alain Aspect, Tabea Arndt,
Amalia Ballarino, Reinhold Bertimann,
Daniela Bortoletto, Nicolas Gisin, Michele Grossi,
Jan Jakubek, Steffen Kappler, Alessandra Lombardi

Moderated by: Paola Catapano
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Luciano Musa
project leader CERN70

Ana Godinho

Head of Communications, CERN
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CERN PUBLIC ' More information and registration three weeks

before each event on visit.cern

EVENTS — |
S EASO N 2024 ‘ | Plus dinformations et inscription trois semaines avant
C E R_N'S 70th | chaque evenement sur visit.cern

Anniversary

Programme
of Events \

Unveiling the Universe From particle physics The virtuous circle

30 January to medicine of knowledge and
7 March innovation
18 April

'CERN: an extraordinary The case of the (still)  Exploring farther:

' human endeavour mysterious Universe machines for new
As part of the Cineglobe festival 6 June know[edge
19 May : 4 July

CERN & Society
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