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Science for peace
CERN was founded in 1954 with 12 European Member States
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CERN'’s annual budget

j Is 1200 MCHF (equivalent
i to a medium-sized European
university)

23 Member States

Austria — Belgium — Bulgaria — Czech Republic
Denmark — Finland — France — Germany — Greece
Hungary — Israel — Italy — Netherlands — Norway
Poland — Portugal — Romania — Serbia — Slovakia
Spain — Sweden — Switzerland — United Kingdom

As of 31 December 2020
Employees:
2635 staff, 756 fellows

Associates:
11 399 users, 1687 others

More than 50 Cooperation Agreements
with non-Member States and Territories

Albania — Algeria — Argentina — Armenia — Australia — Azerbaijan — Bangladesh — Belarus — Bolivia

Bosnia and Herzegovina — Brazil — Canada — Chile — Colombia — Costa Rica — Ecuador — Egypt — Georgia — Iceland
Iran — Jordan — Kazakhstan — Latvia — Lebanon — Malta — Mexico — Mongolia — Montenegro — Morocco — Nepal

New Zealand — North Macedonia — Palestine — Paraguay — People's Republic of China — Peru — Philippines — Qatar
Republic of Korea — Saudi Arabia — Sri Lanka — South Africa — Thailand — Tunisia — United Arab Emirates — Vietnam

7 Associate Member States

Croatia — India — Latvia — Lithuania — Pakistan — Turkey —
Ukraine

19 July 2021 3



CERN is the world’s
biggest laboratory
for particle physics.
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Our goal is to understand
the most fundamental
particles and laws

of the universe.
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How did the
universe begin?

We reproduce the
conditions a fraction of

a second after the Big
Bang, to gain insight into
Ay | the structure and evolution
380 000 years A of the universe.

13.8 Billion Years

1028 cm



What Is the universe made of?

We study the elementary building blocks of matter and the forces that control
their behaviour
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- -rotational ueldcilv
(km/s]

_ b . measured.

100000
distance from center (light years)

Introduced to explain some
cosmological phenomena
that cannot be explained
taking into account only
ordinary matter, e.g.
Increased rotational velocity
of the periphery of certain
galaxies




Dark Energy

* Introduced to explain the
acceleration of the expansion
of the universe

RN =y - Far (old...) Supernova have
< Accclcrating%\ \ . /;;/ 3 I
g o Y - been found to be less brilliant
2 e than they should...
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What tools do we use ?

« Three main components are contributing to the success of a project like LHC
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ACCELERATORS | DETECTORS

Presentation 7 September 2021 11




The most important ingredient

CERN :\\5'
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Detectors record the particles formed
at the four collision points
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The CERN accelerator complex
Complexe des accélérateurs du CERN
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LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnLine // REX/HIE - Radioactive

EXperiment/High Intensity and Energy ISOLDE // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator // n_TOF - Neutrons Time Of Flight //

(cérn )é) HiRadMat - High-Radiation to Materials
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arge Hadron
Colllder (LHC)

27 km in circumference

About 100 m underground

Superconducting magnets
operated at <2K

Radiofrequency, beam
diagnostics, machine
protection aspects pushed
to the limtis.

Used to collide protons or
heavy ions (e.g. 208Pb)




2K liquid He /I

Lorentz equation

e The two main tasks of an accelerator

Electric field on center axis

Rf input coupler to transmit the rf

* Increase the particle energy ' power 0 e caviy

* Change the particle direction (follow a,
given trajectory, focusing “bunches” of
particles)

e Lorentz equation:
F=q(E+vxB)=qE+qvxB=Fe+Fs
Heat Exchanger Pipe

Beam Pipe

[ J FB J_ vV —=> FB doeS no Work on the particle Superconducting Coils

* Only Fy can increase the particle energy

Helium-Il Vessel

Spool Piece - ;
Bus Bars ™ v y Superconducting Bus-Bar

o I, or Fy for deflection? v ~c¢ = Magnetic field of 1 T : - ron Yoke
(feasible) same bending power as en electric field of ’ ' |
3-103 V/m (NOT feasible)

Non-Magnetic Collars

Vacuum Vessel
Quadrupole

Bus Bars
s Radiation Screen

* Fyis by far the most effective in order to
change the particle direction

Thermal Shield

The
15-m long
LHC cryodipole

Auxiliary
Bus Bar Tube

Protection Instrumentation
Diode Feed Throughs
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LHC, day of fiwbeam, 10 Sdé‘tember 2008
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LHC, day of first beam, 10 September 2008

secondLamp [short) ~ = 199 | 1¥
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19 September 2008
...One of those days...
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LHC Accident, 19 September 2008

Consequences of September 19" (2008) event
in sector 3-4 of the LHC
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Copper stabilizer top ~—»

Tin-silver solder — /—walum-hld!num superconductor

G —Copper stabilizer bottom

Completed junction

CERN :\\5’
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AT-CRI-CI Interconnection Section , CERN, 1211 Geneva 23

ZoN

= Spool pieces busbars : Junction technoloqy : Ultrasonic welding

Y The making of the electrical interconnections in the LHC A‘ i{;ﬁ%

»Clean method (no flux) ,aP P

» Oxyde destruction by friction
» Contact resistance between 3 and 5 nOhm

»High reproducibility and reliability
»On-line process control

»Mechanical resistance : equivalent to base
material

» Fatigue life : more than 500 cycles at room
and cryogenic temperatures

J.Ph. Tock Review of the LHC Electrical Interconnects & Electrical Quality Assurance Procedures EDMS 455919 25
AT-CRI CERN - 18" & 19" March 2004 14/27
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Recovery from the accident
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Recovery from the accident

Development of tooling

* In parallel to the inspections task, tools were developped to clean the sector
* A vacuum cleaner was developped by the vacuum group !

Version 1

27



Development of tooling

* Chimney sweeping stick for beam screens polluted with soot
» First successful tests before Xmas 2008

0S°01. 08 10:42 [19:01. 09 11:235

0. 7m
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Recovery from the accident

* One year allowed to:
Protect better the machine from unforeseen events (Machine Protection)
automatise several procedures (alignment, protection, set-up, etc...)

Study all possible Maximum Credible incidents (system by system) and
mitigate effects

Develop ramp-up scenarios and monitoring strategies
Improve detection and analysis software

CERN%? 29
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Discovery 2012, Nobel Prize in Physics 2013
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The Nobel Prize in Physics 2013 was awarded jointly to Francois Englert and
Peter W. 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”.



Discovery 2012, Nobel Prize in Physics 2013
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The Nobel Prize in Physics 2013 was awarded jointly to Francois Englert and

Peter W. 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”.




We need more powerful accelerators!

- Many guestions remain unanswered yet:

What are the constituents of the 95% of mass and energy of the
Universe that is not explained by the Standard model?

Why is the universe made only of matter, with hardly any antimatter?
Why is gravity so weak compared to the other forces?

32



We need more powerful accelerators!

* Particle physicists analyse
“events”, which can be defined
as a fundamental interaction
between two particles.

» Particles can interact in many
different ways, and each
different type of interaction has
a given probability “o” to
happen, with a given energy
distribution called
“cross-section”.

Cross section (fb)
[\*]
wm
L=]

3
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=
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Unpolarized cross sections

—e*e'_.HZ
,__ ..................................................................................................... —HZ,Z—-‘W
- — WW — H
u —7Z - H
__. ............................................................................ — Total

The Higgs boson production cross section as a function
of the centre-of-mass energy in unpolarized e+e -

collisions, as predicted by the HZHA program, [P. Janot
and G. Ganis, The HZHA generator, CERN Report 96/01
(1996)]

CERN :\\5'
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We need more powerful accelerators!

* The number of events is the product of the cross section by the
Luminosity of the accelerator, which is a measure of how dense is
the beam at the interaction point

{ 1) (s N Defined by
Rate of ohysics
events

Defined by the accelerator (chain)

» At the moment no “new” physics, meaning anything not foreseen by
the standard model has been revealed at the LHC.

CERN%\;’ 34



We need more powerful accelerators!

* New physics could be hidden in very rare processes
(very small o) or wait at energies higher than available at the
LHC.

- T
L
L

seen In the

HC throug

HC), In orc

dN

_—.
dt ’

ne first strategy Is therefore to increase the luminosity of the

n the High Luminosity LHC project (upgrade of
er to increase the probability that rare events are

_LHC

CERN )\5’

35



High Luminosity LHC

Reminder of the HL-LHC Goals

From FP7 HiLumi LHC Design Study application in 2010

The main objective of HiLumi LHC Design Study is to extend the LHC lifetime by
another decade and 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
* twelve years after the upgrade.

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




High Luminosity LHC

* How do we increase Luminosity?

. L — szreva . R
4‘7-['3*'671

* More particles, more bunches, higher frequency, smaller size...

T
.Lint:f()l‘°dt

9

N, bunches per beam,
N particles in bunches,
frev the revolution frequency,

R is a geometric factor,

* B - €, is proportional to the transverse size of the beam

* More time, better efficiency (improve ORAMS)...

CERN )\5’
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High Luminosity LHC

» More particles, more bunches, higher frequency, smaller size...

ore Particles

Requires an upgrade of the injectors (source of particles)

Risk to hit stability limits...

* More bunches, nMgher frequency

Limited by the size of the machine
Risk to hit stability limits
High :
maller beam size...
Requires changing magnets, protection etc...
Risk to hit stability limits...

e experiments

CERN :\\5'

The CERN accelerator complex
Complexe des accélérateurs du CERN

wm ISOLDE

BOOSTER [ 1992 }
e e - o REX/HIE
"gf ™,/ - ; —| East Area |
- i

| LINAC 4 CLEAR

i —}—LI
LINAC 3
fons
p H™ (hydrogen anions) ) ions D RIBs (Radioactive lon Beams) P n (neutrons ) P (antiprotons) P e (electrons)

LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnLine // REX/HIE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator // n_TOF - Neutrons Time Of Flight //
HiRadMat - High-Radiation to Materials



LHC Beam parameters achieved

=" T o | o

 em
p/bunch (typical value) [10%] -

Typical normalized emittance

[um]
TR

@\ Peak luminosity [1034 cm=2s]
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High Luminosity
LHC

CIVIL ENGINEERING
2 new caverns and two new 300-metre
service galleries, two new large shafts;
10 new technical buildings on surface in P1 and P5
(ATLAS and CMS)

CRYOGENICS

2 new large 1.9 K helium refrigerators
for HL-LHC near ATLAS and CMS

“CRAB" CAVITIES
8 superconducting “crab”
cavities for each of the ATLAS
and CMS experiments to tilt the
beams before collisions.

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for each of the ATLAS and CMS
experiments, designed to increase the
concentration of the beams before

SUPERCONDUCTING LINKS

Electrical transmission lines based on a
high-temperature superconductor to carry
current to the magnets from the new service

galleries to the LHC tunnel,

BENDING MAGNETS

2 pairs of shorter and more
powerful dipole bending magnets
to free up space for the new
collimators.

COLLIMATORS

15 to 20 new collimators and 60 replacement
collimators to reinforce machine protection

9/7/2021

CERN May 2016
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High Luminosity LHC

* The numbers of the HL-LHC:
Cost: ~ 1 BCHF
1.2 km of accelerator components to be replaced
2 new underground (~100 m deep) galleries (~ 300 m long)
>15 years from initial design to implementation and commissioning

New technologies developed (accelerators):.
High field magnets (e.g. from 9 to 11 T), new material (from NbTi to Nb;Sn)
Superconducting links (to transport high currents over long distances)
New absorbing materials (interacting with beam)

CERN :\\5'
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High Luminosity LHC

New Experiment cooling technology:

* Experiments need to cool below -40°C for two reasons:
Reduce noise

Reduce radiation damage

 Today this is achieved through refrigerated fluorinated (CFC)
gases, with high impact on the environment (if released...)

 For the HL-LHC, we launched an R&D program to use CO2 as
coolant fluid for the full stack

CERN :\\5'
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The Background

CO2 has established itself as a promising industrial coolant

CO2 cooled high energy physics detectors rely
on a special concept developed at CERN

Liquid CO, at ) -.)“/ E;ﬁ:;at;mc;gjm'
First used for the AMS-02 detector, later for the LHCb VELO and |
more recently also in the ATLAS IBL and the o
CMS (phase-l) pixel detector upgrade 2PACL

Chiller
Accumulator
Controlled Loop)

Advantages of Dual-Phase CO2 based cooling systems:

proven to be reliable, efficient and stable cooling systems

environment friendly (GWP = 1)
compared to conventional systems (GWP ~8000)

several technical/system advantages

CERN :\\5’




AMS on the ISS




AMS on the ISS

TRD
Identify e*, e

Time of Flight
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Corrado GARGIULO, 6th May 2020

2 2 Tracker Planes
A | el s

WAKE %/ TTCS A RAM
CONDENSER f J S \ Tracker Thermal Contrdl System, CO, two-phase pumped loop |

The TTCS, a mechanically pumped two-phase carbon dioxide cooling loop 32
In order to guarantee the tight accuracy of tracker measurement (5-10 um) the sensors on the different planes, must be kept at a stable uniform temperature



h I 1. scaling up in cooling power
T e SCa e 2. colder than what was ever done before

3. much larger quantity of CO,

Primary
Cooling

Surface
Storage

Air cooled & low pow
back-up chiller
to keep surface storage

5

* New Surface
Buildings &
Related
Infrastructure

i e P i ey

Experimental Experimental

T e e e et T e T e M.

bl Area
 Long transfer-
lines « ATLAS
>300kW
e Space constraints:.
for underground « CMS
Installations >500kW

— T

= =TT

I@ 23/06/2021 CO2 Project - CERN/HSE Townhall Meeting 48



Heat Recovery

Comment réchauffer un quartier en
refroidissant le LHC

L’eau chaude issue du systéeme de refroidissement du LHC au point 8 va étre récupérée
pour chauffer un nouveau quartier de la commune avoisinante de Ferney-Voltaire

23 JUILLET, 2019 | ParAnais Schaeffer

) | ({

1)
1
) ..
lll\_l!lllllllt.lIlllIlIlllllllll‘l.llllll;llll‘-l
EER e . 7 £ BT EREEEREREE'RERET B
Des sondes géothermiques implantées dans le sol sous le nouveau quartier (les 9 « grappes » rouges sur I'image) permettent de stocker de la chaleur. e . 7 2 . < . o 4 ” T
bleu, la nouvelle Zone d aménagement concerte (ZAC) actuellement en construction a Ferney-Voltaire. En rouge, le réseau de récupération de

chaleur quireliera le point 8 a ce nouveau quartier (Image : Territoire d'Innovation)

CERN%\;’ 49




European Strategy for Particle Physics

07/09/2021



The role of CERN

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE
CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

¥

CONVENTION

FOR THE ESTABLISHMENT OF A EUROPEAN ORGANIZATION
FOR NUCLEAR RESEARCH

PARIS, 1ut JULY, 199

As amended

tecacs
D -
P

CONVENTION

POUR L'ETABLISSEMENT D'UNE ORGANISATION EUROPEENNE
POUR LA RECHERCHE NUCLFAIRE
PARIS, Jo 1% JUILLET 195)

Telle qu'elle a été modifiée
2020 UPDATE OF THE EUROPEAN STRATEGY
FOR PARTICLE PHYSICS

UBEREINKOMMEN by the European Strategy Group

ZUR ERRICHTUNG EINER EUROPAISCHEN ORGANISATION
FUR KERNFORSCHUNG

PARLS, 1, JULL 1933

Revidierte Fassung

1. The Organization[shall provide for collaboration] among European States in nuclear research
of a pure scientific and fundamental character, and in research essentially related thereto. The Organiza-
tion shall have no concern with work for military requirements and the results of its experimental and
theoretical work shall be published or otherwise made generally available.




2020 Update of the European Strateqgy for
Particle Physics

 This Strategy update should be implemented to ensure Europe’s
continued scientific and technological leadership

- The successful completion of the high-luminosity upgrade of the
machine and detectors should remain the focal point of European
particle physics, together with continued innovation in experimental
techniques.

* The existence of non-zero neutrino masses is a compelling sign of new
physics. Europe, and CERN through the Neutrino Platform, should
continue to support long baseline experiments in Japan and the
United States.

* An electron-positron Higgs factory is the highest-priority next
collider. For the longer term, the European particle physics community
has the ambition to operate a proton-proton collider at the highest
achievable energy.

CERN :q ?
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2020 Update of the European Strateqgy for
Particle Physics

« Accomplishing these compelling goals will require innovation and cutting-
edge technology:

the particle physics community should ramp up its R&D effort focused on advanced
accelerator technologies, in particular that for high-field superconducting magnets,
Including high-temperature superconductors;

Europe, together with its international partners, should investigate the technical and
financial feasibility of a future hadron collider at CERN with a centre-of-mass energy of
at least 100 TeV and with an electron-positron Higgs and electroweak factory as a
possible first stage. Such a feasibility study of the colliders and related infrastructure
should be established as a global endeavour and be completed on the timescale of the
next Strategy update (~2027).

* The timely realisation of the electron-positron International Linear Collider

(ILC) in Japan would be compatible with this strategy and, in that case, the

European particle physics community would wish to collaborate.

53



Particle types to accelerate

Not so many choices:

* Need stable charges particles: protons, electrons,
(muons), ions — most used: electrons and protons

 Secondary beams: photons, pions, kaons, neutrons,
neutrinos, .....

Proton collisions: compound particles

Quark-
Antiquark-
Pair

 Mix of quarks, anti—quarks and gluons: variety of
processes Gluon

 Parton energy spread

* QCD processes large background sources
Electron/positron collisions: elementary particles

* (Collision process known

* Well defined energy

proton mass
« Background from other physics limited Ere— ~ 2000

Muons: elementary particle, but lifetime only 2.2 us

May 2021 — Steinar Stapnes




FCC
Future Circular Collider



CIRCULAR The FCC integrated program

COLLIDER

inspired by successful LEP - LHC programs at CERN

Comprehensive long-term program, maximizing physics opportunities

« Stage 1: FCC-ee (Z, W, H, tt) as Higgs factory, electroweak & and top factory at highest luminosities
« Stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, with ion and eh options

« Complementary physics | 7
« Common civil engineering and technical infrastructures

« Building on and reusing CERN's existing infrastructure

« FCC integrated project allows seamless continuation of HEP after HL-LHC

AN - L 0S
. X 5% 1 IR
A 8 \\{
\I‘J
!
T Sown J || Bcol

“"w.] FCC Feasibility Study Roadmap

/. \
l\(_" ) ‘/\. ’ Michael Benedik!

WA FCC Week 2021, 28 June 2021



FUTURE

omsa  FCC implementation - footprint baseline

Geology
B Quaternary B Molasse
I Wildflysch Limestone

I  Molasse Subalpin B Prealps

Shafts: A.B.C, ... -+ 1000.0

Lake Geneva
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Present baseline position was established considering:
* Molasse rock preferred for tunnelling, avoid limestone with karstic structures
* low risk for construction, fast construction

e 90-100 km circumference
« 12 surface sites with few ha area each

FCC Feasibility Study Roadmap
\ Michael Benedikt

FCC Week 2021, 28 June 2021



O FCC FCC November Week 2021 J. Gutleber, V. Mertens (CERN), P. Boillon (Cerema) Grant agreement No 951754

* Optimise the layout, for the ring and the surface sites

* Prepare the administrative processes for a potential
project approval with the Host States

* Optimise of the colliders and theirs injector chains

* Develop and document of the technical infrastructure

* Elaborate a sustainable operational model for the
collider and experiments (human and financial needs,

environmental aspects, energy efficiency)

* Consolidate costs estimates and fundings

En
Francast < Cerema

¥ Source: CERN
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(\ FCC FCC November Week 2021 J. Gutieber, V. Mertens (CERN). P. Boillon (Cerema) Grant agreement No 951754

High level needs and constraints

Project risk: y ;’/" &

* Avoid Vuache top of limestone
(200 m above sea level)

* Avoid Jura top of limestone
(250 m above sea level)

+ Avoid high altitudes AR
(higher than 700 m above sea level)

* Shaft depths <300 m
at experiment sites

* Shaft depths <400 m
at technical sites

« Stay 50 m below lake bed
* Not too close to Rhéne
* Attention at Arve crossing
* Mind overburdens
£ »wAvoid sites at water bearing areas

REPUBLIQUE

A
FRANCAISE (,) Cerema
o Source: CERN

Lake becomes deeper

. -‘smd,%
<

>




J. Gutleber, V. Mertens (CERN), P. Boillon (Cerema Grant agreeme

Elements of a surface site

Layout exercise reveals that about 7 ha are needed for an experiment site

(Indicated location is not part of a preferred placement scenario)
Many functions:

* Shaft access
* Cryogenics
* Machine powering

FCC-hh need: +3 ha

« Water cooling = m

* Ventilation . //////////////////////////) "
* Electrical substation e m _ Gxpgament asspmlY bl | °c T )
* Workshops /

* Storage

* Parkings

* Assembly halls
* Data center

FCC-ee need technical
part: 4.5 ha

.E.
mancase < Cerema

Egaivet

Fraternisd
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Next steps...

Next steps :

* Work on the developement of the new scenario baseline
* Conduct consultations with stakeholders and partners

* Prepare the high risk area investigations

* Optimise towards a preferred scenario

To bear in mind :
* Territory evolves without stop...
* Constraints continue to increase...

e
rancase < Cerema

Fgalret
Fraterar



“An e™-e - storage ring ... of
a few hundred GeV in the
centre of mass can be built
with present technology.
...would seem to be ... most

useful project on the
horizon.” Burt Richter 1976

Rodius (km )

B. Richter, Very High Energy Electron-
Positron Colliding Beams for the Study c
Weak Interactions, NIM 136 (1976) 47

“Of course, it should not
be the size of an
accelerator, but its costs
which must be
minimized.”

Gus Voss, builder of PETRA
IEEE PAC, Dallas, 1995

63



FUTURE
CIRCULAR

FCC-ee: efficient Higgs/electroweak factory

1,000

100 -

—
o
d

L/Pye (102 em™@ s MW™)

o
o o
and —
1 |

(;' " Al Michael

V7 /\; FCC Week 2021, 28 June 2021

5?\\’ FCC Feasibility Study Roadmap
54

COLLIDER
z -@- FCC-ee (2 collision points) Iumlnpsny L per
s a- CLIC supplied
s LU electrical wall-
160 GeV 240 cev -3 MAP-MC
’ plug power P
__360nb7'Mwh W, WO ST AR Is shown as a
. 0 function of
350-365 GeV
centre-of-mass
energy for
several
' proposed future
0.1 1 .o lepton colliders
Vs (TeV)

Benedikt

M. Benedikt, A. Blondel, P. Janot, et al., Nature Physics 16, 402-407 (2020), and
European Strategy for Particle Physics Preparatory Group, Physics Briefing Book (CERN, 2019)




FUTURE

\__ COLLIDER| FCC-hh: big step in performance
| E+36

—.: = | ? FCC-hh order of magnitude
o il / performance increase in

S 1E+34 —-HE energy & luminosity

; 5 100 TeV cm collision energy
7 IE+33 = a=a (vs 14 TeV for LHC)

= o ISR o rRHIC T'evatrgn

g 1E+32 20 ab! per experiment

= _ collected over 25 years of
F‘;Zﬁj [E+3] ® $ppS operation (vs 3 ab-! for LHC)
2 1E+30 similar performance increase

0.01 0.1 | 10 100 1000 as from Tevatron to LHC

c.m. energy [TeV]

|key technology: high-field magnets \

FCC Feasibility Study Roadmap
Michaesl Banedikt

1 FCC Week 2021, 28 June 2021



() sistias High Field Magnet program goals until 2027

100000 | Development of robust and

L. Bottura
cost-efficient processes
10000 LHC : :
\ ‘ Robust Nb.Sn 1. Develop Nb,Sn magnets for collider-scale production,
3 " VOOV INDS through robust design, industrial processes and cost reduction
< 1000
Bo
c
W
[ 100 Gaisy
< f ' 2. Demonstrate Nb,Sn full potential in terms of
2 HL-LHC A\ ultimate performance
— 10 N
2 "/
1 Fresca2 A Ultimate Nb Sn Exploration of
MDPCT1 » A HTS new concepts  3- Provide a proof-of-principle
- and technologies for HTS magnet technology
5 10 15 20 25

Bore field (T

\(} :\\u FCC Feasibility Study Roadmap

\ / " Michael! Benedikt
VsZ A FCC Week 2021, 28 June 2021




FUTURE i ) _
sy FCC integrated project technical schedule
B: 008 5B B8 20 ] (= 15 years aperation| 7-10 years ) (=25 years operaiofl ) [

Update
Project preparation & Permis- F'gdrr“ts.
adminisirative processes SI0nS SI005
- ding and
Funding and i
Funding n-kind
n-Kind contribution
sirategy contnbution
agreements

Geological investgations, infrastructure
detailed design and tendering preparation

[rLAL

Superconducting wire and magnet R&D, shart models

Ill-h “y,] FCC Feasibility Study Roadmap

WA Michael Benedit
W2 FCC Week 2021, 28 June 2021



Seneca, Naturales Quaestiones, VII, 25-30

CERN :q ?

* There will come a day when these phenomena

which now remain in darkness will be brought
to light by dailly work and by careful
Investigation over a longer period of time. To
Investigate such complex phenomena, the
work of a single life cannot suffice. It is evident
that these phenomena can only be resolved
through the work of long, successive
generations of men. There will come a day
when our posterity will marvel that we have
ignored things that will be very clear to them.
May the men of our time be happy with the
discoveries made, may posterity also have the
opportunity to make their contribution to the
discovery of the Truth! Many things are
reserved for future generations, living in times
when the memory of all of us will certainly
have faded

68



CLIC

Compact Linear Collider



Damping Ring

Next: A Higgs
factory

Physics Detectors
mmmmm

e+ Source

Need e+e— collisions at least at 250 GeV, four
alternatives:

ILC in Japan (linear) FCC at CERN (ring)

CLIC at CERN (linear) CEPC in China (ring)

Station

Linear colliders: 13 (Higgs) —> 50 (max) km
: #Rings ~100km, can be used for protons
o Costm after

" Lake Geneva
=== CERN existing LHC

CLIC 1.5 TeV
sses CLIC3TeV

Jura Mountains




Circular vs Linear

- Circular colliders are preferred
for protons (and heavier
particles).

In a Linear collider the energy
would be limited by the electric field
gradient one can reach in
accelerating structures -
prohibitive length for significant
energies

Has the advantage of re-colliding
bunches several times, making a
better use of particles generated...

The Energy is limited by the B field
that can be reached in bending

* For Electrons both linear and
circular are possible.

* In Circular colliders the
energy/intensity Is limited by
synchrotron radiation

Pe _ e2c 1 E4

6meg (moc?)* R?

71




Proposed ete linear colliders — CLIC @

The Compact Linear Collider (CLIC)

« Timeline: Electron-positron linear collider at CERN for
the era beyond HL-LHC (~2035 Technical Schedule)

« Compact: Novel and unique two-beam accelerating
technique with high-gradient room temperature RF
cavities (~20’500 cavities at 380 GeV), ~11km in its initial
phase

« Expandable: Staged programme with collision energies
from 380 GeV (Higgs/top) up to 3 TeV (Energy Frontier)

~_BYPASS TUNNEL

“~__INTERACTION REGION
DRIVE BEAM LOOPS .

“._ MAIN BEAM INJECTOR

“~_DAMPING RINGS

“._DRIVE BEAM DUMPS

“_TURN AROUND

* CDR in 2012. Updated project overview documents in
2018 (Project Implementation Plan). See resource slide.

Accelerating
structure prototype
for CLIC:

12 GHz (L~25 cm)

» Cost: 5.9 BCHF for 380 GeV (stable wrt 2012)
« Power: 168 MW at 380 GeV (reduced wrt 2012),
some further reductions possible

« Comprehensive Detector and Physics studies

May 2021 — Steinar Stapnes



Two-Beam acceleration

1=00.01 ns

T



lystrons
72 units, 20 MW, 48 ps

D)

2.0km

Drive Beam Accelerator
1.91 GeV, 1.0 GHz

DRIVE BEAM
COMPLEX

Delay Loop

Decelerators, 4 sectors

1. Drive beam accelerated to ~2 GeV using conventional klystrons
2. Intensity increased using a series of delay loops and combiner rings
3. Drive beam decelerated and produces high-RF

4. Feed high-RF to the less intense main beam using waveguides

Decelerator, each 878 m

\_ Time Delay Line )

my C»zee 4 C>>f > o’
) ) Y ) ) ) DI IIIIIIIIIDIIIIIIIIIIIN )))))))))))))))))))))))))))))))))))»>—BDs \<
e”Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km

W UWE U R
fgnim ﬁq(lﬁ ’gf(ﬁ((«((«((«((((’(s«(ﬁ(((«((Ilt&ﬁ.i—
e*Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km

300 m

IP
300m ~ 11.4km
Spin Rotator Boo;t&;bina\c_)
))»\\\\ CAPTION
/
389 m Pre-Injector Primary e Linac CR : Combiner ring
MAIN BEAM POR e’ '-iGr'ﬂc for e* production TA : Turnaround
0.2 Gev 5 GeV DR : Damping ring
COMPLEX ((“_ .-((((((‘{—oa PDR : Predamping ring

BC : Bunch compressor

Target Gun !
z(|‘_ BDS : Beam delivery system
[/ ' IP : Interaction point
A\ ! \\«((‘ = @ : Dump
Spin Rotator Injector Linac Pre-Injector DC Gun
2.86 GeV e Linac
0.2 GeV

380 GeV







(C
B 380 GeV - 11.4 km (CLIC380)
0 1.5 TeV - 29.0 km (CLIC1500)

Geneva




I | Integrated luminosity g
-|— Total -
Fl— 1% peak -
L 0.38 TeV 1.5 TeV 3 TeV . ‘

D

CLIC timeline

I

Integrated luminosity [ab™]
N
.-
|

o
O r—
[¢)]
—
o
—
[¢,]
N
o
N
[¢)]

Year
7 years : 27 years |
Rm’m'up!mnc >
assumptions: arXiv:1810.13022,
Bordry et al.
380GeV 3TeV

e Construction
o Installation

e Construction
o Installation

E 1.5TeV

} ¢ Construction
i ' o Installation

1

380 GeV Physics
1ab™’

Commissioning
Commissioning
Commissioning

3 TeV Physics
5ab™"

1.5 TeV Physics
2.5ab™"

Reconfiguration
Reconfiguration

'Téchn&ol'og"’y '[)Ié“i\}eh Schedu‘le fr orh Starac of COI'IStI'l'ICZ%i(')HZ'SShO?{gVI'l o
above.
A preparation phase of ~5 years is needed before (estimated

resource need for this phase is ~4% of overall project costs)

May 2021 — Steinar Stapnes



Cost - | A

. . X . Cost [MCHF]
Machine has been re-costed bottom-up in 2017-18 Domain Sub-Domain Drive-Beam  Klystron
* Methods and costings validated at review on 7 November Injectors 175 175
2018 — Similar to LHC’ ”_C’ CLIC CDR Main Beam Production Damping Rings 309 309
. . . . Beam Transport 409 409
« Technical uncertainty and commercial uncertainty Tnjectors 584
estimated Drive Beam Production Frequency Multiplication 379
Beam Transport 76
. o ) Main Linac Modules 1329 895
Main Linac Modules Post decelerators 37
Main Linac RF Main Linac Xband RF 2788
. Beam Delivery Systems 52 52
1 - gz::ncﬁﬁ::’s;yﬁﬁi Final focus, Exp. Area 22 22
8000 B Post-collision lines/dumps 47 47
7290 m Main Beam Production Civil Engineering Civil Engineering 1300 1479
w Drive Beam Production Electrical -:list1:ihution 243 243
6000 5890 Main Linac Modules Infrastructure and Services Surv?y and Allgn‘m el:lt 184 147
Main Linac RF Cooling and ventilation 443 410
w Beam Delivery, Post Collision Lines Transport / installation 38 36
% w Civil Engineering Safety system 72 114
" achine Control, Protection achine Control Infrastructure
g 4000 Infrastructure and Services Machine Control, Protect! Machine Control Infrastruct 146 131
Machine Control. Protection and Safety systems Machine Protection 14 8
and Safety systa'ms Access Safety & Control System 23 23
Total (rounded) 5890 7290
2000
CLIC 380 GeV Drive-Beam based: 58907 {370 MCHF;
0

380 GeV Drive-beam 380 GeV Klystrons
CLIC 380 GeV Klystron based: 7290159 MCHEF.

NTNU 2021 — Steinar Stapnes



Other cost estimates:

Cost - | @
Construction:

« From 380 GeV to 1.5 TeV, add 5.1 BCHF (drive-beam RF upgrade and lengthening of ML)
« From 1.5 TeV to 3 TeV, add 7.3 BCHF (second drive-beam complex and lengthening of ML)
« Labour estimate: ~11500 FTE for the 380 GeV construction (~1700 FTE x 7 years...)

Operation:
* 116 MCHF (see assumptions in box below)
* Energy costs

~ 1% for accelerator hardware parts (e.g. modules).
~ 3% for the RF systems, taking the limited lifetime of these parts into account.

~ 5% for cooling, ventilation and electrical infrastructures etc. (includes contract labour and

consumables)

These replacement /operation costs represent 116 MCHF per year.

NTNU 2021 — Steinar Stapnes
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ILC

International Linear Collider
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ILC Candldate Loc t on: Kltakaml Tohoku

Hik
- F
Hitokabe Granite ———~— Senmaya Granite Orikabe Granite

BDS DR, DH
e 7 i S S




Design outline: ILC250 accelerator facility
o e

e- Main Linac C.M. Energy 250 GeV
Length 20km
e+ Source
Luminosity 1.35 x103* cm2s?
Bea_m\ d Repetition 5 Hz
\ ‘ Physics Detectors _
Beam Pulse Period 0.73 ms
\ . e- Source Beam Current 5.8 mA (in pulse)
-——/"—'
5 - e+ Main Linac Beam size (y) at FF 7.7 nm@250GeV
amping R~ing SRF Cavity G. 31.5 MV/m
(35 MV/m)
Q, Q, = 1x10 1
/ « Costs ~5 B$, power ~120 MW
ﬂf}g‘p'“g o oy I ——— « Will concentrate on SRF
ew e . . . .
feW Gev -\ [T mannonononon I‘ I‘ flnal focus ° NanObeam Slmlla‘r aS for CLIC
R S £ but a few words about ATF
bunch = 11 >IF<

main linac

compressor collimation

CERN
~



ILC: SCRF

Ultra—high Q, (~10'9)

il ' Almost zero power (heat) in cavity
- walls (in SC RF the main efficiency
N issues related to fill factors and
cryogenics)

Standing wave cavities with low peak
power requirements

Long beam pulse (~1 ms) — favorable
for feed—backs within the pulse train

Low impedance
beam generates low “wakefields”

relatively large structures (1.3 GHz)

Flat Top

Incident Power
(Adjust for Lorentz Detuning
if Piezo Compenstation Not Used)

Fill Time

Cavity Field Amplitude

Beam Current

T T T T
0 500 1000 1500 2000
Time (us)



Overall timeline

Pre-preparatory Phase Main Preparatory Phase Construction Phase

2020.8 (2022) About 4 years
International

ILC Pre—laboratory (~4 years)

— Complete all the technical
preparation necessary to start the ILC
project (infrastructure, environmental
impact
and accelerator facility)

— Prepare scenarios for the regional
contributions to and organisation for
the ILC.

ILCIDT (~1.5 years)

— Prepare the work and deliverables of
the ILC Pre—laboratory and work
out, with national and regional
laboratories, a scenario for their
contributions

— Prepare a proposal for the
organisation and governance
of the ILC Pre—laboratory

(2026)

About 9 years (2035)

ILC laboratory

Construction and commissioning of
the ILC (~9—10 years)

Followed by the operation of the
ILC

Managing the scientific programme
of the ILC

CERN :q ?
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Muon Colliders



L

Leptons

Higgs boson |

Forces

@\ ACCELERATING SCIENCE

7



Introduction

Mz Power efficiency
#/ Collaboration
b LS B S S . S LA . Vet = pariamyy
20 \ Nature Physics, 17, 289 (2021)
5 10 .
= 5
8
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E \
B~
g | .X( A o
v
> - ®
3 Va A
2 0.1 ® I l ]
: :
o= I —A—LHC |
g I —A— HE-LHC |1
= 0.01 | ~@—FCChh |
= I —w—ILC 3
= ! CLIC
(= | —l— FCCee
< ! —@—MC
1E-3 L@ 2l M TR, | e e i A 7
0.1 1 3TeV 10 100
Collider Center of Mass Energy (TeV)

E. Métral, SUSY 2021 conference, online, 23/08/2021
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m, = 105.7 MeV /c?

International
_ UON Collider
Collaboration 1

, y =2.2Uus

4 main challenges

ldea _ o
(U™ = e vv,)
Protons - target — Muon production
- pions — |Fast|muon cooling
> muons — |Fast|acceleration
> - u+ collider — Neutrino radiation

E. Métral, SUSY 2021 conference, online, 23/08/2021 1————,-'-—‘// E ;




Published: 28 July 1977

N Measurements of relativistic time dilatation for
International e, ® ™ ™ ° ®
Sioiciie | positive and negative muons in a circular orbit

ollaboration

J. Bailey, K. Borer, F. Combley, H. Drumm, F. Krienen, F. Lange, E. Picasso, W. von Ruden, F. J. M. Farley,
J. H. Field, W. Flegel & P. M. Hattersley

Nature 268, 301-305 (1977) | Cite this article
596 Accesses | 153 Citations | 19 Altmetric | Metrics

Abstract T=YT,

The lifetimes of both positive and negative relativistic (y =29.33) muons have been
measured in the CERN Muon Storage Ring with the results "= 64.419 (58) us, T = 64.368
(29) us The value for positive muons is in accordance with special relativity and the
measured lifetime at rest: the Einstein time dilation factor agrees with experiment with a
fractional error of 2x1073 at 95% confidence. Assuming special relativity, the mean proper
lifetime for u” isfound tobe 1y =2.1948(10) us the most accurate value reported to date.
The agreement of this value with previously measured values of 19" confirms CPT invariance

for the weak interaction in muon decay.

E. Métral, SUSY 2021 conference, online, 23/08/2021 J!




International
UON Collider
Collaboration

Muon production and cooling

Proton
bunches

Neutrino

Radiofrequency

Muon

1D =

The goal is to turn a
‘cloud’ of muons travelling
in all directions...

...into a tight beam
travelling in one
direction

cavity

Absorber

Slow

Hydrogen s

Electron y

atom

lonized .
hydrogen -

- _ -

A

/
4
s

Accelerate

1

\
|

i

I

i
!

Slow Accelerate Slow Accelerate Slow

Nature Physics, 17,
pages 289-292 (2021)

E. Métral, SUSY 2021 conference, online, 23/08/2021
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CERN
~

v

muon collider

Neutrino Flux Mitigation

“hot spot”™

v

~2 x 600 m

8,~Ly,

Legal limit 1 mSv/year

MAP goal < 0.1 mSv/year

Our goal: arcs below threshold for legal
procedure < 10 pSv/year

LHC achieved < 5 puSv/year

3 TeV, 200 m deep tunnel is about OK

Need mitigation of arcs at 10+ TeV: idea of Mokhov, Ginneken to move beam in aperture
our approach: move collider ring components, e.g. vertical bending with 1% of main field

Opening angle £ 1 mradian

Muon Collider, EPS-HEP, July 2021

14 TeV, in 200 m deep tunnel
comparable to LHC case

Need to study mover
system, magnet, connections
and impact on beam

Working on different
approaches for experimental
insertion



A technically limited timeline
for 3 TeV construction by 2045

=) o < I8
< <
o O
™~ ™N

Technically limited timeline

International
UON Collider
Collaboration

2038

2026
2028
2030
2032
2034
2036

Facility Conoeptual '

Ted;nial?;

xa|dwod
i8pijod
pue 32inos

Buijood

ESPPU decision to proceed
Q%
ESPPU decision to proceed

Jojensuowaq

alempieH

E. Métral, SUSY 2021 conference, online, 23/08/2021 1___/———’7




Plasma Acceleration



Wakesurfing....

* https://www.youtube.com/watch?v=08hpljs49Ec

95
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Plasma Wakefield

What is a plasma?

Plasma is already ionized or “broken-down” and can sustain electric fields
up to three orders of magnitude higher gradients = order of 100 GV/m.

Quasi-neutrality: the overall charge of a plasma is about zero.

Collective effects: Charged particles must be close enough together
that each particle influences many nearby charged particles.

Example: Single ionized rubidium plasma

Electrostatic interactions dominate over collisions or ordinary gas kinetics.

What is a plasma wakefield?

Fields created by collective motion of plasma particles are called
plasma wakefields.

16



How to Create a Plasma Wakefield?

Wha!: we want: o Our Tool: Charged particle bunches carry almost
Longitudinal electric field to purely transverse electric fields.
accelerate charged particles. £

e acceleration

) 4

18



+ + + +

Where to Place the Witness Beam (Surfer)?

+ + + +

Accelerating

4= /\ccelerating for e
Decelerating for e-

Focusing for e

l Defocusing for e

A\ efocusing

-
-----

v

21

\J
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High Energy Plasma Wakefield Accelerators

Drive beams: Witness beams:

Lasers: ~40 J/pulse Electrons: 1019 particles @ 1 TeV ~few kJ
Electron drive beam: 30 J/bunch

Proton drive beam: SPS 19kJ/pulse, LHC 300kJ/bunch

To reach TeV scale:

* Electron/laser driven PWA: need several stages, and challenging wrt to relative timing, tolerances,
matching, etc...

» effective gradient reduced because of long sections between accelerating elements....

Plasma cell Plasma cell Plasma cell Plasma cell Plasma cell Plasma cell Witness beam

Drive beam: electron/laser

* Proton drivers: large energy content in proton bunches = allows to consider single stage acceleration:
* Asingle SPS/LHC bunch could produce an ILC bunch in a single PDWA stage.

Plasma cell Witness beam

e
-

Drive beam: protons

31




AWAKE Experiment: Electron Acceleration 2017/18

Phase 1: 2016/17: Understand the physics of the seeded self-modulation processes in plasma.
Phase 2: 2017/18: Probe the accelerating wakefields with externally injected electrons.

e spectrometer

Proton
beam

dump

Proton diagnostics

i e e e S R T BTV,OTR, CTR Laser
e - SMI Acceleration dump
& protonbunch ™
electron bunch laser pulse g Pprotons
O_ electrons
8

A. Petrenko, CERN

49



LETTER

OPEN

hittps://doi.org/10.1038/541586-018-0485-4

Acceleration of electrons in the plasma wakefield of

a proton bunch

E. Adli', A. Ahuja’, O. Apsimon®*, R. Apsimon™®*, A.-M. Bachmann®™®”, D. Barrientos”, F. Batsch™®7, J. Bauche?,

V.K. Berglyd Olsen', M. Bernardini®, T. Bohl?, C. Bracco?, F. Braunmiiller®, G. Burt*?, B. Buttenschon®, A. Caldwe!l", M. Cascella®,
J. Chappell®, E. Chevallay?, M. Chung'®, D. Cooke®, H. Damerau’, L. Deacon®, L. H. Deubner", A. Dexter**, S. Doebert?,

J. Farmer'?, V. N. Fedosseev®, R. Fiorito*", R. A. Fonseca', F. Friebel, L. Garolfi*, S. Gessner”, I. Gorgisyan®, A. A. Gorn'>¢,

E. Granadas?, O. Grulke*Y, E. Gschwendtner?, J. Hansen?, A. Helm'®, J. R. Henderson**, M. Hither®, M. Ibison*", L Jensen?,

S. Jolly?, F. Keeble®, S.-Y. l\lm“’ F. Kraus", Y. L4, S Liu'% N. Lo

pes'®, K. V. Lotov'5'¢, L. Maricalva Brun®, M. Martyanov®,

S. Mazzoni, D. Medina Godoy*, V. A. Minakov'*'%, J. Mitchell**, J. C. Molendijk?, J. T. Moodv° M. Moreira™'# P. \luggh“

E. Oz°, C. Pasquino®, A. Pardons®, F. Pefia Asmus®’, K. Pepitone?, A. Perera**, A. Petrenko™", S. Pitman*~, A. Pukhov™, S. Rey*,
K. Rieger®, H. Ruhl*’, J. S. Schmidt?, I. A. Shalimova'®®, P. Sherwood®, L. O. Silva'®, L. Soby?, 'A. P Sosedkin®>16, R Spemni‘,
R.L Spnsmh 6P V. Tuev'16, M. Turner?, F. Velotti?, L. Verra®, V. A. Verzilov®?, J. Vieira'®, C. P. Welsch*3, B. Williamson<,

M. Wing”*, B. \\’uolle_\ & G. Xia**

ngh—cnrr;y pmu:l: accelerators have been crucial in providing a
deeper g of fund I particles and the forces that
govern their interactions. To increase the energy of the particles
or to reduce the size of the accel new acceleration schemes

modulation of the proton bunch into microbunches (Fig. 1; red, bottom
images). The protons have an energy of 400 GeV and the root-mean-
square (r.m.s.) bunch length is 6-8 cm'™. The bunch is focused to a

need to be developed. Plasma wakefield accel !5, in which
the electrons in a plasma are excited, leading to strong electric
fields (so called ‘wakefields’), is one such promising acceleration
technique. Experiments have shown that an intense laser pulse®”
or electron bunch'™"! traversing a plasma can drive electric fields of
lcns of ppvolu pet mcur and above—well beyond those achieved
y accel (about 0.1 gigavolt per
mcln) However, the Iw stored energy of laser pulses and electron
bunches means that multiple acceleration stages are needed to
reach very high particle energies™'”. The use of proton bunches
is compelling because they have the p ial to drive wakefield
and to accelerate electrons to high energy in a single acceleration
unge"‘ Long, thin proton bunches can be used because they
ap called self-modulation'* "%, a particle-plasma
interaction that splits the bunch longitudinally into a series of
high-density microbunches, which then act resonantly to create
large wakefields. The Advanced Wakefield (AWAKE) experi

se size of app ately 200 um (r.m.s.) at the entrance of the
vapour source, with the bunch popul varying shot-to-shot in
the range Np = (2.5-3.1) x 10"’ protons per bunch. Proton extraction
occurs every 15-30s. Thc laser pulse used to singly ionize the rubidium
in the vapour source™* is 120 fs long with a central wavelength of
780 nm and a maximum energy of 450 mJ®. The pulse is focused to a
waist of approximately 1 mm (full-width at half-maximum, FWHM)
inside the rubidium vapour source, five times the transverse size of
the proton bunch, The rubidium vapour source (Fig. 1; centre) has a
length of 10 m and diameter of 4 cm, with rubidium flasks at each end.
The rubidium vapour density and hence the plasma density ny. can
be varied in the range 10'*-10"* cm " by heating the rubidium flasks
to temperatures of 160-210°C. This density range corresponds to a
plasma wavelength of 1.1-3.3 mm, as detailed in Methods. A gradient
in lhc pl.ulm density can be introduced by heating the rubidium flasks

tod . Heating the downstream (Fig, 1; right side)
flasktoa hxghcr P than the up (left side) flask creates
a positive density gr . and vice versa. Gradients in plasma den-

at CERN'7"" uses high-intensity proton bunches—in which each
proton has an energy of 400 gigaclectronvolts, resulting in a total
bunch energy of 19 kilojoules—to drive a wakefield in a ten-metre-
long plasma. Electron bunches are then injected into lhil wakefield.

sity have been shown in simulation to produce large increases in the
maximum energy attainable by the injected electrons™, The effect of
density gradients here is different from that for short drivers?”. In addi-
tion to keeping the wake travelling at the speed of light at the witness

Here we present measurements of electrons 1 d up to two
prlcdmnvolu at the AWAKE npcrimcul. lu I demonstration of

the gradient prevents destruction of the bunches at the final
sug: of self- modulnlmn" thus increasing the wakefield amplitude at

proton-driven pl kefield were  the downstream part of the pL'uma cell. The rubidium vapour dc'ns:ly
conducted under various plasma conditions and the acceleration was  is d ¢ ly by an interfe -based di
found to be i and reliable. The p ial for this sch to The self-modulation of the proton bunch into microbunches ( Flg L

produce very high-energy electron bunches in a single accelerating

red, bottom right image) is measured using optical and coherent

stage™ means that our results are an important step d
development of future high-energy particle accelerators™ .

The layout of the AWAKE experiment is shown in Fig. 1. A proton
bunch from CERN's Super Proton Synchrotron (SPS) accelerator
co-propagates with a laser pulse (green), which creates a plasma
(yellow) in a column of rubidium vapour (pink) and seeds the

transition radiation diagnostics (Fig. 1; purple). However, these diag-
nostics have a destructive effect on the accelerated electron bunch and
cannot be used during electron acceleration experiments. The second
beam-imaging station (Fig, 1; orange, right) is used instead, providing
an indirect measurement of the self-modulation by measuring the
transversely defocused p "' These p are expelled from the
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SUCCESS FOR AWAKE

The experiment successfully accelerated electrons with plasma wake-
fields generated by protons, a world first

The final part of the AWAKE experimental facility, with the accelerating plasma cell and the scintillating screen
used (o detect the accelerated electrons and infer their energy. (Image: Maximilien Brice, Julien Ordan/CERN)

Early in the morning on Saturday, 26 May
2018, the AWAKE collaboration at CERN
successfully accelerated electrons for the
first time using a wakefield generated by
protons zipping through a plasma. A paper
describing this important result was pub-
lished in the journal Nature on 29 August.
The electrons were accelerated by a factor
of around 100 over a length of 10 metres:
injected at an energy of around 19 MeV,
they reached an energy of almost 2 GeV.

AWAKE (“Advanced WAKEfield
Experiment”) is a proof-of-principle
“Research and Development” project in-
vestigating the use of protons to drive

plasma wakefields for accelerating elec-
trons. While traditional accelerators use
radio-frequency cavities, in wakefield ac-
celerators, the particles get accelerated
by “surfing” on top of a plasma wave (or
wakefield).

“Wakefield accelerators have two different
beams: the beam of particles that is the
target for the acceleration, known as 'wit-
ness beam', and the beam that generates
the wakefield, known as the 'drive beam',”
explains Allen Caldwell, spokesperson of
the AWAKE collaboration.

(Continued on page 2)

A WORD FROM...

NOW GOING LIVE - THE
LEARNING HUB AT CERN

Education and training are essential
parts of CERN's core mission,
whether for high school teachers,
summer students or our many
public visitors. One particularly
important audience for training is
you — the CERN personnel. That's
why we offer a wide range of learning
opportunities, varying from the
technical skills we need to carry
out our jobs to the behavioural
competencies we need to make our
working lives run smoothly and the
courses that enable us to stay safe.

(Continued on page 2)
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Preliminary results

» Peak energy gain 800 MeV

Lot of work to do....
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Conclusions

* High Energy Physics is an exciting playground for Engineers...

* The future Is bright: all possible projects are extremely
Interesting, and will continue providing surprises!
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Thank you for your
attention!
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