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Particle accelerators: Motivation

The first motivation was from Ernest Rutherford who desired to
produce nuclear reactions with accelerated nucleons.

For many decades the motivation was to get to ever higher beam
energies. At the same time, and especially when colliding beams
became important, there was a desire to get to ever higher beam
current.

In the last three decades there has been motivation from the many
applications of accelerators, such as producing X-ray beams,
medical needs, ion implantation, spallation sources, and on and on.
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Lord Rutherford, in his inaugural presidential
address to the Royal Society in London in 1928,

said:
“I have long hoped for a source of A New Zealand-British
positive particles more energetic DTl o 2 e fotner

of nuclear physics.

than those emitted from natural
radioactive substances”.

This was the start of a long | Energy gain
quest for the production of high —~ 1 eV is the energy that an
. . elementary charge gains
energy beams of particles ina _—" when it is accelerated through
a potential difference of 1 Volt
very controlled way b A
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High “energy” physics
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Schematic of Cockcroft and Walton’s voltage
multiplier. Opening and closing the switches S
transfers charge from capacitor K3 through the
capacitors X up to K1.
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Electrostatic accelerators First breaking of the atomic nucleus by

Cockcroft & Walton (1932)
Nobel Prize 1951

Ton source

IV+V sinwt

V4V sin wt

W ‘“;" ”—

Static voltage accelerator
Voltage multiplication by AC to DC conversion along the

J.D. Cockcroft E.T.S. Walton

ladder
= Theoretical maximum voltage .
Voe = 2 N V,e ; N number of stages Shoot accelerated protons onto lithium target
For incident energy above 125 keV
= Accelerating voltage up to several hundred kV iLi+p — 3Be — 3He +3He +17.2 MeV

(160 - 700 keV)
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Pushing this simple idea — high voltages

Van der Graaff collecting

comb

metal sphe_r+<_e+ 44

conveyor
belt

voltage  comb

-Electric charges are transported mechanically on an
insulating belt
- Stable, continuous beams, practical limit 10 - 15 MV R.J. Van de Graaf
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Van de Graaff's very large accelerator built at MIT's
Round Hill Experiment Station in the early 1930s.
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“‘Under normal operation, because the electrodes
were very smooth and almost perfect spheres, Van de
Graaff generators did not normally spark. However,
the installation at Round Hill was in an open-air
hanger, frequented by pigeons, and here we see the
effect of pigeon droppings.”




THE beginning of modern accelerators in 1928

A Norwegian student of electrical engineering at Karlsruhe and Aachen.The X-ray
transformer that he had chosen for his PhD Thesis at Aachen University did not work,

and he was forced to choose quickly another subject. Inspired by a 1924 paper by Ising
(acceleration of particles using “voltage pulses”).

In 1928, Rolf Wideroe’s PhD thesis introduced the basic concept of modern particle
accelerators, using periodic acceleration provided by electric field at Radio-Frequency (RF).

This was a major step from the previous DC (constant voltage) acceleration, limited to few MeV
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Springer Biographies

Rolf Wideroe’s PhD thesis,
1928, University of Aachen

Acceleration of potassium ions 1+ with 25kV of RF at 1 MHz —
50 keV acceleration in a 88 cm long glass tube) “

£

N
XK ig at a cost of four to five hundred marks”, less than 2°000 € today!

Obsessed
by a Dream

The Physicist Rolf Widerge —
a Giant in the History of Accelerators

Accelerating
tube at
V=V sinot

Detector

generator

source
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Once upon a time.... not so far

This is a 6-phase device,
150A rating with grid
control.

It measures 600mm high
by 530mm diameter.
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Cyclotron

NS

1932: 1.2 MeV - 1940: 20 MeV (E.O. Lawrence, M.S. Livingston)

Constant magnetic field
Alternating voltage between the two D’s
Increasing particle orbit radius

Development lead to the synchro-cyclotron to cope with the relativistic effects.
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Magnetic field bends
path of charged particle.

Square wave
electric field
accelerates
charge at
each gap
crossing. <
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First cyclotrons

4.5 inch Cyclotron: accelerates to 80 keV
(January 1931)
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11 inch cyclotron accelerates protons to 1 MeV
(summer 1931)

In 1939 Lawrence
received the Nobel
prize for his work.
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The escalation...
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Berkeley 184-inch cyclotron (4.7 m), 4000

M. Stanley Livingston (L) and Ernest O. Lawrence with the 37-inch cyclotron (94 cm), 60-inch cyclotron (1.5 m), 1939, This shows tons magnet, >100 MeV protons (1946)
Lawrence in front of 27-inch cyclotron (70 cm)  1937. E.O. Lawrence was awarded the Nobel the cyclotron at the Lawrence Radiation

at the old Radiation Laboratory at the Prize in Physics in 1939. (Courtesy Lawrence Laboratory, Berkeley

University of California, Berkeley. Berkley National Laboratory) '

27 inch cyclotron, 80 tons magnet, 3.6 MeV (summer 1932)
37 inch cyclotron (1937)
60 inch cyclotron (1939)

Gatchina cyclotron, 10°000 tons
magnet, 1 GeV protons (1957)
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High-energy cyclotrons

1.4 MW Beam Power
(World Record!)

8 Magnets 250 tons
4 Cavities 900 kV
Extraction 99.99%

TRIUMF 520 MeV proton cyclotron Poles of the 600 MeV ion 590 MeV cyclotron

(Vancouver, Canada) superconducting cyclotron at the Paul Scherrer Institute
18 m, In operation from 1974 (Catania, Italy) (Villigen, Switzerland).
Cyclotrons face two types of limitation at Possible solutions
higher energy — Synchro-cyclotrons
- Loss of isochronism in the relativistic regime — Sectored magnet = isochronism and focussing
- Large size of the magnet — Superconducting magnets = higher field =

higher energy at given radius
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Inside the CERN synchro-cyclotron (1974)
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LI n e ar ACCQ I e ratO r - Acceleration occurs in the gaps between the

drift tubes

- First practical proton linac (200 MHz, 32 MeV)
built by L. Alvarez at Berkeley in 1946

- As particle velocity increases, the drift tubes
are longer = lost length

lon source

- Then increasing fr = increased power loss
drit tobes - To limit the power loss, use a resonant cavity.
P~ RF - The periodicity becomes regular as v => c.
P~
generator
-4 RF source . i
- with fixed
frequency

= Many people involved: Wideroe, Sloan, Lawrence, Alvarez,....
= Main development took place between 1931 and 1946. : :
First practical proton

= Development was also helped by the progress made on high linac (200 MHz, 32 MeV)
power high frequency power supplies for radar technology. built by L A’Ivarez at

= Today still the first stage in many accelerator complexes. Berkeley in 1946
= Limited by energy due to length and single pass.

L. Alvarez
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Electron Linac

Thanks to the klystron development, large
beam energy increase of electron linacs.

Mark | electron Ii—hac (6 MeV)

g

T o

Russell vartan

Sigmur and Russell Varian
posing with klystron, 1953 Mark Il electron linac (75 MeV)
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L'.. LINEAR COLLIDER COLLABORATThe real Beginning WaS at SLAC

Burt Richter

1992 - 1998 SL.D Polarized Beam Running

20000 | al 2 ; 310000
e ""1 5OKZO “‘380KZO - 330000
16000 -+
' + 300N
¢ 1400 + i w
8 i i 3% 250000 N
) =
. 10000 -+ - 20000 O
'—
o )
.m ::':: = 150000
N 100000
4000
2000 - 50008
0 e . B
1992 1993 1994-1995 1996 1997-98

ILC Accelerator

SLAC Linear
Collider (SLC)

1988-1998

A proof of principle

Electro T

- LIJJu,uJJ_]
HATHYE

s/ Electrons
IS

_# r‘J JJJJJ
JULTE

Achieved o*xoY = 1/3 of design

Nan Phinney, 6/12/13

e
"o



LCLS Il at SLAC

LCLS-II
Accelerator

TN e
o -’“’P'

Soft X-ray  Experimental
Undulator Halls

Beam
LCLS-Il Layout Switchyard

Cooling

Hard X-ray

Existing Copper ;4 1ator

Accelerator

New Superconducting
Accelerator

www Superconducting Linac Beamline
= Copper Linac Beamline
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The LCLS-II project is to provide a major upgrade to LCLS
(Linac Coherent Light Source) by adding two new X-ray
laser beams. The new system will utilize the 500 m (1,600 ft)
of existing tunnel to add a new superconducting accelerator
at 4 GeV and two new sets of undulators that will increase
the available energy range of LCLS. The advancement from
the discoveries using this new capabilities may include new
drugs, next-generation computers, and new materials.
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Synchrotrons 1943: M. Oliphant described his synchrotron invention

in a memo to the UK Atomic Energy directorate :
Mark Oliphant
« [ ‘pioneer of particle physics «
with the
Proton Synchrotron
built here
1946-1953

* Fixed radius for particle orbit
« Varying magnetic field and radio frequency
* Phase stability

* Important focusing of particle beams
(Courant — Snyder)

Beam Is sent to the
beam wutilizing oourss
after accele%on.

Charged particles trawal
amund the track in a fixed =
orbit by alectromagnet.

« 1959: CERN-PS and BNL-AGS
* Providing beam for fixed target physics
« Paved the way to colliders
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Early Synchrotrons

300 MeV electron synchrotron
at University of Michigan (1949)
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250 MeV electron synchrotron at
Lebedev Institute, Moscow (1949)

Cosmotron at Brookhaven
National Laboratory:
3.3 GeVin 1953



The TeVatron collider (6.28 km) at Fermilab

Colliding beams of protons and antiprotons
accelerated at 980 GeV

Tevatron

. 8 F
B Al — A - b
b
P — —

: TEVATRON
Main Injector \ ; B=45T
Bore: 76 mm

p source

Discovery of the top quark, the heaviest

particle (175 GeV)
CDF and DO detectors at the TeVatron (1995)
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HERA (Hadron-Elektron-Ringanlage) was a particle

accelerator at DESY in Hamburg. It began operating in 1992,

At HERA, electrons or positrons were collided

with protons at a center of mass energy of 318 GeV. It was
the only lepton-proton collider in the world while operating.
Also, it was on the energy frontier in certain regions of the
kinematic range. HERA was closed down on 30 June 2007

HERA
B=4.7T
BORE: 75 mm
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Circumference L
[njection momentum p,c

Design momentum p, ¢

Center of mass energy £,

Number of bunches N
Number of buckets N p,

Average beam current /
Luminosity per [P £
Specific luminosity £,

Length of straight sections

1

220

58mA | 163 mA
1510 cm™? s™
3310°mA? cm? s’

4x361.4 m
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Design based on existing RHIC (Relativistic Heavy
lon Collider) ,
RHIC is well maintained, operating at its peak

« Hadron storage ring 40-275 GeV (existing)
o Many bunches
o Bright beam emittance
o Need strong cooling or frequent injections

- Electron storage ring (2.5-18 GeV (new))
o Many bunches,
o Large beam current (2.5A) = 10 MW S.R. power

« Electron rapid cycling synchrotron (new) )
o 1-2Hz S i st
o Spin transparent due to high periodicity —— /e

Bore - 80 mm « High luminosity interaction region(s) (new)
o L=10%cm3st
o Superconducting magnets
o 25 mrad Crossing angle with crab cavities
@)
@)

100 meters
Nantiniei

Spin Rotators (longitudinal spin)
Forward hadron instrumentation

) l‘t(i(( - b))‘
ST




CMS
CERN accelerators =

LHC North Area
ALICE 90 LHCb
- TT40 TT41
SPS “
-
TT10 AWAKE
A ATLAS v/
HiRadMat
. TT60
|
ELENA AD
RPN 201631 m) ¥ 500STER
(‘D ISOLDE
F C_ 2 — East Area
n-Tof =
I 1959 (628 m) .
neutrons LINAC 2 : = ‘ CTF3
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General introduction to accelerators

Frédérick Bordry
INFIERI, Madrid, 25" August 2021




LHC (Large Hadron Collider) ———_—m

1983
1988
1994

1996-1999
1998

1998-2000
2004
2005-2007

2006-2008
2008-2009

2010-2037...

P oy

=

First studies for the LHC project
First magnet model (feasibility)
Approval of the LHC by the CERN
Council

Series production industrialisation
Declaration of Public Utility & Start of
civil engineering

Placement of the main production
contracts

Start of the LHC installation
Magnets Installation in the tunnel
Hardware commissioning

Beam commissioning

= ~ 25 years

—
Physics exploitation
2010 - 2012 Run 1 ;7 and 8 TeV
2015 -2018 Run 2 ; 13 TeV
2021 — 2023 Run 3 (14 TeV)
2024 — 2025  HL-LHC installation
2026 — 2037... HL-LHC operation

General introduction to accelerators
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Bordry

~ 30 years § o

A 27 km circumference collider...
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LHC: an accelerator of 27 km with four main experiments

LHC - B CERN

- POINL 8
-

T ATLA
Point 1




The specifications of many systems

were beyond the state of the art.
Long R&D programs with many
Institutes and industries worldwide.

-The highest field accelerator magnets: 8.3 T (1232 dipole magnets of 15 m)
-The largest superconducting magnet system (~10°000 magnets)
-The largest 1.9 K cryogenics installation (superfluid helium, 150 tons of LHe to cool 42’000 tons)
-Ultra-high cryogenic vacuum for the particle beams (1013 atm, ten times lower than the Moon)
-The highest currents controlled with high precision (up to 13 kA)
-The highest precision ever demanded from the power converters (parts per million level)
-A sophisticated and ultra-reliable magnet quench protection system
(Energy stored in the magnet system: ~10 Gjoule, in the beams > 700 MJ)

General introduction to accelerators
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LHC: Run 1 and Run 2

|
o
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Integrated Luminosity [fo™]
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2011

2017

2012

2015

02-Mar 02-May 01-Jul
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31-Aug

31-Oct

Runlat 7/ TeV:
2010, 2011
Runl at8 TeV : 2012

Run 2 at 13 TeV:
2015, 2016, 2017, 2018

> (Run1 + Run2)
=~ 190 fb-!
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Energy management challenges

Energy stored in the magnet system: ~10 GJoule

10 GJoule = flying 700 km/h

. 720 MJ [ 6 1014 protons (1 ng of H+) at 7 TeV ]
700 MJoule dissipated in 88 us
700.106/88.10% =8 TW

World Electrical Installed Capacity
~3.8TW

General introduction to accelerators 1 electron volt = 1,602x 10-1° Joule

BrederickiBardny 1 proton at 7 TeV = 1.1 x 102 Joule
INFIERI, Madrid, 25% August 2021 P '




From Individual theoretical physicist iIdea....
S T ...to collective innovation

Tait Institute of Mathematics Ly of Edinburgh, Edinburgh, Scotiand
t 1964)

In a recent note’ it was shown that the Cold- about the “vacuum” solution ¢, (¢} =0,
stone theorem,” that Lorentz riant field
theories in which spontaneous breakdol
symmetry under an internal Lie group

ved currents as.
ternal group are coupled to gauge field
purpose of the present note is to repo
as a consequence of this coupling, the
quanta of some of the gauge fields aca|
the longitudinal degrees of freedom of|

to the Goldstone boso
coupling tends to zero. This phenome]

the plasmon
non to which Anderson® has drawn attd
that the scalar zer

g% 10 design and construct this
many thousands of technicians,

2
L=-3(ve,)"~

R cngineers and physicists

from many different disciplines,

alaa a a ala rin
o

ab .il AR . T Zii 3

Dlscgﬁ%{yré%ehlt)bel Prize |n PhyS|cs 2013 1964-2012



LHC schedule (until approx. 2040)

Phase | upgrade Phase Il upgrade High-luminosity
ALICE, ATLAS, CMS, LHCb ATLAS, CMS LHC
2019 2020 2021 2022 2023 2024 2025 2026 2027
3[FMaM 1|3 als|oND|2[FiMaM]3 |1 ]als|oINID 3 [FIM[aM 2] a]A]s|on|D| 3 [F[Mla[M 33 [als|o{N[Df 3 [FMaM] 33 [a]s]olniD] 3 [FMAM 3] 3 |als|o[ND 2 [F[MAaM 3|3 ]als|o[N[D{ 3 |FIM[alM] 3 {3 ]A]s|olN[Df 3 [FMAjM 3 |3 |als|oIND)
Long Shutdown 2 (LSZ)J | Run 3 Long Shutdown 3 (LS3)
2028 2029 2030 2031 2032 2033 2034 2035 2036
3/FMaM 1|3 |als|oND[2[FiMaM]3 |1 ]als|oINID 3 [FIM[aM 3{a[a[s|on|D| 3 [F[M{a[M 3|3 [als|o{N[D| 3 [FMIaM 3|3 [a]s|oiniD] 3 [FMAM 3] 3 |Als|o[ND 2 [F[MaM 3|3 |als|o[N[D{ 3 |FIM[alM] 3 {3 ]A]s|oN[Df 3 [FMA[M 3 |3 |als|oINDY
| Run 4 LS4 Run 5 LS5
, Upgrade :
Shutdown/Technical st
Protons physics ALICE, LHCb LHC final goall
::ons o . 3000 - 4000 fb-
ommissioning wi eam
Hardware com?‘nissioning/magnet training before 2020
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The HL-LHC Project

16 superconducting ,.crab“

cavities for each of the ATLAS
and CMS experiments to tilt the
beams before collisions.

2 new 300-metre service tunnels and
2 shafts near to ATLAS and CMS.

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

SUPERCONDUCTING LINKS
Electrical transmission lines based on a
high-temperature superconductor to carry
current to the magnets from the new service
tunnels near ATLAS and CMS.

BENDING MAGNETS
4 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.

CERN Novembre 2015

Total cost
Material: 950 MCHF
Personnel: = 2000 FTE-years

Field progress in accelerator magnets
tesla
14
HL-LHC

12 .
10 NbsSn Rt

8 HoE A

6 —:m;..-'

Tevatron %7

4 ! HRHIC

2 - -

0 SPS & Main Ring (resistive)

1975 1985 1995 2005 2015 year

# Field (T)

Nb,;Sn technology

Major intervention on more than 1.2 km of the LHC
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The Importance of Energy

New discoveries often follow the opening of
a new energy regime:

Discovery of the electron 1 eV
Discovery of the nucleus 5 MeV
Discovery of pion and muon 100 MeV
Discovery of the kaon 500 MeV
Discovery of the proton substructure 20 GeV
Discovery of the top quark 2 TeV
Discovery of the BEH (Higgs) boson 8 TeV

Dark Matter (Supersymmetry,...)
Extra dimensions, 13-14 TeV ?
Matter-antimatter asymmetry towards 100 TeV ?

General introduction to accelerators
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Challenge B and E A

Implicit in relativistic formulation of Maxwell's equations
Describes the force on a charged particle moving in an em field

- o> >

f =q(E+ VA B)
LZ:;)/ \
%
f=q V/\B f qE
Transverse Beam Dynamics Longitudinal Beam Dynamics
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How to get higher energy or smaller accelerators ?

Synchrotrons: p/q=Bp (magnetic rigidity)

Need to maximise magnetic field
Superconductivity iIs nowadays required,
The limitations is the critical current density
(Jc for superconducting magnets)

Linear accelerators: W=E¢
Need to maximise electric field
Limitations: arcing between electrodes, field

L emission, etc.
(and RF power, proportional to V2 !)

}_
U
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1000 TeV —

The history of accelerators
ry
100 TeV |- = _ LHC o
10"eV [ Z
Proton Storage Rings . . 16 (5
10Tev |- (equivalent energy | e sustained exponential s 1N
development for more S 10%ev -
~ E
uf
1TeV - | < 100Tevl P . $/ SP-PBAR-S
than 80 years 5 orage rings |
— ep
Proton . 2 10Tev|-
5 100cey | Symcfrotions | e progress achieved 3 SR
5 . <
@ 1 TeV|— PETRA (e+/-)
5 through repeated jumps g [, peases
[&] -
S 10GeV Electron = 2 - A
d‘i e Synchrotrons Elochonlnacs from satu ratl ng to ;,% 190.Ga] Proton synchrotron SLED
H H © weak focussing
_ Synciwocyclotrons emerging technologies 3 10Gev| ki Comel
etatrons = o Electron Electron linacs
1:GeY Proton Linacs — 2 1 gev|Synehrotron Synchrocyclotrons
o k focussi .
SactsiEssised e SuU perconductIVIty, key z ';::lm": < S oankase
Cyclotrons B - S 100 MeVi— — Sector focused
ol technology of high- e cyciotron
Electrostatic . . t .
B Generators energy machines since 10 MeV|— N Elociosiatc
generator
10 MeV = th N
e 19805 1 MeV Rectifier generator
Rectifier | | 1 | 1 | |
100 keV
1 MeV enetiors - acanemidl980/aos194Q 2 1950 1960 1970 1980 1990 2000
|
1930 1950 1970 1990

Year of Commissioning
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High Field Magnets: superconducting technologies

Dipole Field for Hadron Collider Three technologies under consideration
20 —_ 1. NbTi (Niobium Titanium as in the LHC): mature but
18 - . . .
1 | MTS . e limited to about 9T field.
£ 14 " L 5y . . . .
IR — T e 2. Nb;Sn (Niobium Tin) technology has seen a great boost in
T . — — — the past decade (factor 3 in J- w/r to ITER) but is not yet used
8 6 revatron -;;,ERA cnc = : in an accelerator — The HL-LHC upgrade will be the first one.
4 = @ .
ST YvEme——— 3. HTS (High-Temperature Superconductor) technology
Yo e e e e aors s still in the e_xperimental phase (Production quantities, | |
Year homogeneity and cost need to evolvel!) but can be a disruptive
Caipror T pores e mAbsonblocktest ¥ Noane o™ technology for future high-field magnets. layered siructures with sections
of different conductors
R&D towards a 20 T HTS

dipole magnet, develop
10 KA cable.

REBCO (rare earth
barium copper oxyde)
deposition on stainless
substrate, tape arranged
in Roebel cables.

values of 900-1200
A/mm2at 42K, 18-20 T
have been obtained

Nb,Sn

Tl ocHEE
New magnet designs are -ij . .=..=N”'
required for HTS Ll | T

40 60 80 100 120 140 160 180 200 220 240 280

Cost optimized, graded winding

General introduction to accelerators
Frédérick Bordry

INFIERI, Madrid, 25" August 2021



High Field Magnet roadmap for accelerators

The LHC High-Luminosity Upgrade is the foundation for new HFM magnet technology for accelerators, and
provides an interesting opportunity for industry

Nb,Sn accelerator magnet development and production

Production in 2018-2023

First use ever of Nb;Sn in a running accelerator ! (8T to 12T)

The next step is the development of magnets for high energy accelerator : 12T to 16T
(SppC, FCC, HE-LHC,..)
Model activities are planned in European, US and China laboratories in 2018-2022
Prototyping in industry (full length, = 5-10 magnets), in 2023-2026
Performance (Jc), stress, stored energy management, field quality, and cost
This is the logical sequence of the HL-LHC production, profiting from Nb;Sn technology established in laboratories
and industry (Global Approach)

HTS is only in its infancy, but is the disruptive HFM technology of the further future
HTS for special applications (energy distribution and current leads for SC magnets) and as option for the 20T (24T
?) programme (insert)
Niche magnets for next accelerators (as final focussing magnets,...)
Requires high-tech R&D, spanning from material science to electromechanical engineering, 5-10 years program
defined
More producers than Nb;Sn: medical, energy (production and transport),... markets
HTS is the high-risk/high-return investment of the future

General introduction to accelerators
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The electric field frontier — superconducting cavities

' [J
CEBAF: CW SRF Linac
European XFEL &ILC: Pulsed SRF Linac @ Single-cell R&D result M Design gradient
A Multi-cell R&D result B Achieved gradient
50 Qualify |l ]
ILC 1TeV Upgrade Very-high-gradient R&D °
Design 4ol =i
40
— A :
Qualify [l
E ILC 500GeV Al
s 20 Design [l | ] _IIIIE
§ European XFEL 17.5GeV FLASHPXFEL1 _ European XFEL ol
L TTF / FLASH FLASH SASE operation
2 |* CEBAF 12 GeV upgrade I C100 design goal E———EEE |
W C50 module rework
10 |
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TRENDS:

Nitrogen infusion process (FNAL) and other doping
techniques: high Q operation, gradients ~45 MV/m

Coating of Nb with a thin layer of Nb;Sn (allows
operation at larger T, improved cryogenic efficiency)

Coating of Cu cavites with Nb by HIPIMS (High Power
Impulse Magnetron Sputtering),

Long-term goal: 60 — 90 MV/m

Courtesy of Maurizio Vretenar



The electric field frontier — normal conducting cavities

L= ot " omemes ) Most advanced results by the Compact Linear Collider
1E-41 1, TD24-KEKKEK £|| @ E,scaled to 180 ns
TOURSMKECKE | B|[XEyseks10m mOR =507 (CLIC) study based at CERN (X-band, 12 GHz)
® Large international collaboration to understand the
_ | e o physics of breakdown phenomena.
£ 1E-5} | ® T24N2-PSI-CERN ‘., B}
3 -CERN-CERN I, v
= ;o
= o | |
: s “YLLLLANL HHIHI! IR
I, ”I"'-—'? '----,-’ F
1E6 | ¢ o ’ ‘ I
S T SRR
3E-7 :ws'—»'(;m-)lL x' x' rf structure
CLIC BDR Criterion
1E-7 ' : : :
80 90 100 110 120 130

Unloaded Accelerating Gradient [MV/m]

Pulsed systems, characterised by a Break-Down Rate (BDR),
pulses lost because of vacuum arcing in the structure

100 MV/m gradient can be achieved (and exceeded)

. but the power scales as the square of the gradient!
High gradient means smaller dimensions but higher power consumption.
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2020 Update of the European Strategy for Particle Physics (June 2020)

High-priority future initiatives

I8 An aleciron-pasitron Higgs Tactory Is the highest-pricrity next collidar. For the
longer term, the European particle physics commurnity has the ambition to operate a
proton-proton collider at the highest achlevable energy. Accomplishing these compailing
goals will reguire Innovaton and cutiing-edge technology:

- the particle physics COMMuUMiy shouwld ramp up s A& D effort focused

on advanced accelerator fechnologles, In parficular that for high-madd

superconducting magrets, iNciuvding High-femperatune Supenconducions; EUTURESS

- Europe, fTogether with ifs infernational partners, shouwld invesiigate the techmical = € s - ¥ 3 ,pIRCUl;AR_‘-{-'A‘_:V N
and financial feasibiifty of a future hadron collider at CERMN with a centre-of-mass 3 — e
EMergy of at faast 100 TeV amd Wit an electron-positron Higgs and eleciroweak

factory as a possible first stage. Such a feasibiity study of the colliders and

refated Infrastruciure should be estabiished a5 a global endeavour and be

completed on the timescale of the next Strafegy update.

The timely reallsation of the electron-positron international Linear Coillder (ILC)
In Japan would be compatible with this strategy and, In that case, the Eurcpean
particle physics community would wish to collaborate.

- Fully exploit LHC with the HL-LHC upgrade
- electron-positron Higgs and electroweak factory is
the highest-priority next collider
- Investigate the technical and financial feasibility of a
@ future energy-frontier 100 km collider at CERN (FCC)
- Continue supporting other projects around the world

2020 UPDATE OF THE EUROPEAN STRATEGY
FOR PARTICLE PHYSICS
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Post LHC accelerator studies { Logend
Compact Linear Collider (CLIC)

Linear e*e- collider Vs up to 3 TeV

=== CERN existing LHC
Potential underground siting : o7
#s CLIC 380 Gev <

* wses CLIC1.5TeV
sses CLIC 3 TeV

<%
SN
-~

' ;lﬁmuquniains’
100 MV/m accelerating gradient Ch A
needed for compact (~50 km) machine
- based on normal-conducting

accelerating structures and a

two-beam acceleration scheme

Future Circular Collider (FCC) [((@E=50)

hh-collider (FCC-hh)
80-100 km tunnel infrastructure in Geneva area,

~16 T = 100 TeV pp in 100 km
- e+e- collider (FCC-ee) as potential 15t step

B W e

_ Schematic of an
80 - 100 km

y long tunnel

- HE-LHC in the present LHC tunnel with FCC-hh technology



FCC Feasiblility Study 2021-2025

Tunnel: assess geological, technical, administrative,
environmental feasibility - aim is to demonstrate there is no
show-stopper for ~ 100 km ring in Geneva region

Technologies: superconducting high-field magnets and
RF accelerating structures; high-efficiency power production;
energy saving and other sustainable technologies

Funding: development of funding model for first-stage
machine (tunnel and FCC-ee, total ~ 10 BCHF) and
identification of substantial resources from outside CERN'’s
budget

“Consensus building”: gathering scientific, political,
societal support > communication campaign targeting
scientists, governmental and other authorities, industry,
general public

General introduction to accelerators

Frédérick Bordry
INFIERI, Madrid, 25" August 2021

¥ Fee

km circumference’’

FUTURE CIRCULAR COLLIDER (FCC) - 3D Schematic
Underground Infrastructure
John Osborne - Alexandra Tudora - Angel Navascues




The FCC integrated program

Comprehensive long-term program, maximizing physics opportunities

« Stage 1. FCC-ee 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

mmm | DS

mmm |_sep

Exp L
Inj. + Exp Inj + Exp.
1 4 km

J Il Bcol  — s8km — extrachon“_ D

1 4 km
RF 0- coII
G (IP)

FCC-ee (electron-positron collider) FCC-hh (proton-proton collider)

War_rr_l magnets, superconducting radiofrequency High-field superconducting magnets (Niobium and HTS ?)
cavities
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Scientific priorities

for the future: iInnovation

European Strate
pUpdate 9%

QO Mo~ ~ -

g o Development of innovative

accelerator technology as driver
for science and industry.

2. Innowvathie acosleratar technology underpins the physlcs reach of high-anergy

and high-Intensity colliders. It Is also & powerful driver for many accelerator-based I N partlcular
flelds of sclence and Indusiry. The technologles under conslderation Include high-field )
magnais, high-temperature supserconduciors, plasma waksfleld accaleration and other

nigh-gradiant &-celaraling structures, Sright muon beaams, snergy racovery lINacs. 1 . hig h-fiEId mag nets and h ig h

The European particie physics commurity must Infensify accelerator R&D and

sustain it with adequate resources. A roadmap should prioritise the technology, tem peratu re supe rconductors

taking Into account syrergles with Infernational partners amnd ofher Communiiies

SUCH as photon and Newtron Sources, rusion energy and industry. Deliverables for 2 Plasma Wakefleld and Other hlgh'

this decade shouwld e gefined I a Hmely fashion and coordinated among CERN

and national laboratories and institufes. gradlent acceleratlon
3. Muon beams
4. Energy recovery linacs

General introduction to accelerators
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New acceleration techniques using lasers and plasmas

Accelerating field of today’s RF cavities or

microwave technology is limited to <100 MV/m
Several tens of kilometers for future linear colliders

Lasers can produce huge transverse electric
fields (TV/m )

Can we convert the transverse fields into

Plasma can sustain up to three orders of e _
longitudinal and use them for acceleration?

magnitude much higher gradient

SLAC (2007): electron energy doubled from
42GeV to 85 GeV over 0.8 m = 52GV/m gradient / \
RF Cavity Plasma Cavity (1) Micro/Nano- (2) Plasma
Accelerators Accelerators
Send THz Laser into Use a plasma to convert the
e | Dielectric Waveguide transverse electrical field of
—_— __—.ﬂ (Micro-Accelerator) the laser (or the space

charge force of a beam

| m => 100 MeV Gain Imm => 100 MeV driver) into a longitudinal
Electric field < 100 MV/m Electric field > 100 GV/im electrical field, by creating
plasma waves.
V Malka et of, Science 298, 1596 {2002) The «accelerator on a chip»
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AWAKE: Advanced Proton Driven Plasma Wakefield Acceleration Experiment

2017: 1st milestone reached! First demonstration of seeded self-modulation
of a high energy proton bunch in plasma

2018: 2"d milestone: Inject electrons externally and accelerate to GeV level

ALICE

TI2

HiRadMat

2011
T
ELENA AD
celea P oo [ isoo a2 IR
V> ISOLDE
Laser P

e | RFgun —V\ spectromet
10m Rb plasma er dipole

Lanex
scintillator
1m x 6cm

SPS
protons

quadrupoles

LINAC 3

protons lons

Proton diagnostics Laser
OTR,CTR, TCTR dump

TS o ¥
Laser
"1in

Electron beam system and electron diagnostics installed in 2017, commissioning started end 2017, first run
May 2018, run periods in July, August and October 2018.
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AWAKE Accelerates Electrons!

AWAKE has for the first time demonstrated proton driven plasma wakefield
acceleration of externally injected electrons.

Electron acceleration up to 2 GeV in 10 m plasma has been observed.
—> average gradient of 200MV/m!
AWAKE managed to reach all physics milestones within the foreseen timescale.

I] l(lal I‘C Electron source system

GH[]W WlTH THE FLOW Laser | SSourcglaser
g, beam n“"v'“ h’ RF gun

nature

International journal of science

-
‘\ " —— { @
DiagnOStEraser -~ b Electron beam
= L - 10 m Rb Plasma
> I

Proton beam

— 400 GeV

LETTER - mnmdd.mlmoawmsﬂsﬂw—mn 3E11 p/bunCh % \\1 27

10m Rb —r
Acceleration of electrons in the plasma wakefield of vapour, 220C, \ - :

a proton bunch : density, 1014 — ‘ Y S
| Electron bunch ng proton es ! 3

E Adli®, A. Abuja?, 0. Apsimond®, R Apsimon®, A-M. Bachmane®®7, D. Barrientos?, . Batsch67, ] Bauche?, o Electon BurE £ ototn S {

V. K. Berglyd Olsen?, M. Bernardini, T. Bohl?, . Braceo? FBmu.nmulLI et . Burthd, E. Buttensehind, A. Caldwell®, M, Cascella?, o| < . 1015 Cm 3 .

thpp‘.I.l ELhcla]Iav‘MUm@," DL,oolsnc [—]Ds.mcmu LDcacou L. H. Deubner', ILL'chIrrﬁSLbocbcx g | s

1 Farmer'?, VN Fedosseey™, K. Fioritod!1, R, A, Fonsecal, F Fricbel?, L. Garolfi, 5, Gessner?, . Gorgisyan®, A, A, Gornlité, ~] ! N AEEREREE ‘*ﬁ"_" Laser

L. Granadas?, O, Grulke®7, £, I’.Js\hueudmcr 1 Ilamen A, Helm'®, 1 R. Henderson? 5, M, Histher®, M. Ibison®!?, L, leuwm | : dump

&, Jolly®, Fheehle B \T( m'’, F Kraus" 'r|| L8 Lin'® f\-fnﬂrs . V. Lotoy™ “'l Maricabva Brun®, M, Mar aTmn-

S Marzomi, Dl{r\d 3 G lry ‘| AL Min l-:w]s IMh’_h 145 1. C \-1 ale d]L T T. Mooch®, M. Mareira™®, P Muggh " u“”“"‘" pul P

Fﬁr“f]”:[ \P‘:tl 2, F. Pefia h'-"KpE|I.IIIE A Parerght P=lm:k¥“5"qp1m.t15|‘\.thw2§'ﬂ=) = I Ro

K. Rieger®, H. Rul ]“' L& SA.I: |J.L ILA.E n.c.r\-;l"'—l PS.ln:rwouu L.O. 8, L. Soby?, AL P&mlllx " R. Syummz.
R[Spt'-“ [‘\Tu.w'bn\iTurmr T Velotti?, L. Vierra®™®, V. A Verzilov'?, 1. Vieira™ |, C. E Welsch®4, B. Williamsen®
M. Wing™, B, Woolley? & G, Xia®#+
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AWAKE Phase 2 (2022-2024)

Electron source system

Laser beam
. ‘ 20 Mev I L S NEW: higher energy

- \ L e— Electron source system 3 5 ]
: - Accelerated electrons on the scintillator screen
4 - =~ ™ Electron beam
P - [ 10mRb Pl
P dsma N "
— T~ ~150 MeV 4 RFgun Y
_— R NEW: density step BF Soriichir :
e

P

. ¥
[ 74

- S— Electron beam

T | A 10 m Rb Plasma
Seede Laser . »»._5}‘_:_::\

/Q”me IMMH — A s

v oJ

e
il A \

Proton beam -

Witness ¢ bunch

il

Aim for a Cost and Schedule review in early 2021:

Detailed studies of the entire program (including specifications, procurement,
installation, cavern extension in CNGS area...).

All teams working towards this goal, with both studies and experimental tests.

Laser beam

NEW: back-propagating
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Muon collider: other options for high

energy

14 TeV cme

MAP & LEMMA p-collider Schematic Layout

Echenevex
' /-mm\
- Pont 5 Proton Driver Front End Cooling Acceleration Collider Ring
i 4
HE T ey
o 5 3 5 |BsE & B2 2 = w
£ 5 & £ |=22E3|5z+% £ =
= = = £ 256 2 S 5 8 58 8 3
b 5 =] S 25 = 218 2 2 = < =
g = 258 2lEg &2 2= 2 2 Accelerators:
=" & == = o Linacs, RLA or FFAG, RCS
= =
Key ~10"3-10" 1/ sec Fast cooling Fast acceleration Background
‘hallenges| Tertiary particle p= 7= u; (t=2us) by 10¢ (6D) mitigating p decay by p decay

“eean {”
Site dé Meyrin

MOPMFO072, IPAC18, V. Shiltzev, D. Neuffer

Colliding muons:
Muons are leptons, similar to electrons but heavier (207 times),

produced by pion decay or electron/positron annihilation, have a
lifetime of only 2.2 pus.

Critical components:

Muon acceleration complex
Neutrino radiation
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Muon production complex (proton or positron beam, MAP or LEMMA)

Acceleration Collider Ring

Positron Beam @
e+

GO

Accelerators:
Linacs, RLA or FFAG, RCS

e+ source

rings =

e+ acceleration
at45 GeV
isochronous

Low EMittance Muon Accelerator
Positrons on target, annihilation

Key

Challenges ~10" 1/ sec from e+e-— y+u— ‘

= A u*u collider offers an ideal technology to extend lepton
high energy frontier in the multi-TeV range:

— No synchrotron radiation (limit of e*e" circular colliders)

— No beamstrahlung (limit of e*e” linear colliders)

— but muon lifetime is 2.2 us (at rest)

Best performances in terms of luminosity and power
consumption

Excellent in term of power/luminosity, potential

for cost savings
Many critical technical challenges requiring R&D

Courtesy of Maurizio Vretenar




From 2010, global thinking on
“Energy at Research Infrastructures”

Energy Management
To share experience between representatives from various research laboratories

strategies, goals and institutional practice to advance environmental
sustainability at their research facilities and research campus with
particular emphasis on energy savings and energy efficiency measures

recovery among the major objectives.

A selection of specific programs for consolidating existing infrastructures is a way to put
Into practice these good intentions, and to acquire expertise with proven references.

EUROPEAN

SPALLATION
SOURCE
) Sreérc‘,%rr?('ji”gg%ﬂ;“o” {0 accelerators 6th Workshop on Energy for Sustainable Science at Research =
>Z-\  INFIERI, Madrid, 25t August 2021 Infrastructures on 17th and 18th March 2022 in Grenoble



Accelerators contributed to 26 Nobel Prizes in physics since 1939

1939 Ernest O. Lawrence

1951 John D. Cockcroft & Ernest Walton

1952 Felix Bloch

1957 Tsung-Dao Lee & Chen Ning Yang

1959 Emilio G. Segre & Owen Chamberlain

1960 Donald A. Glaser

1961 Robert Hofstadter

1963 Maria Goeppert Mayer

1967 Hans A. Bethe

1968 Luis W. Alvarez

1976 Burton Richter & Samuel C.C. Ting

1979 Sheldon L. Glashow, Abdus Salam &
Steven Weinberg

1980 James W. Cronin & Val L. Fitch

1981 Kai M. Siegbahn

&Simon van der Meer

L hn, Melvin Schwartz &

Steven Weinberg, one of the
greatest theoretical physicists of
all time, passed away on 23 July
2021, aged 88. He revolutionised
particle physics, quantum field
| theory and cosmology with
conceptual breakthroughs which
still form the foundation of our
understanding of physical reality.

hi & Toshihide Maskawa
& Peter Higgs
Arthur B. MacDonald
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Particle accelerators: a successful and booming field !

The Tenth International
Particle Accelerator
Conference

PARTICLE ACCELERATOR

(7 W\

PROJEC

19 - 24 May 2019
MCEC

TS & UPGRADES BOOKLET

- \
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> 50 ongoing accelerator construction,
upgrade projects and studies listed in

the 2019 IPAC Conference



List of Technologies needed for building and operating particle accelerators

Electrical engineering

Electro technics Computers .
" Electronics
Mathematics Mechanical engineering
Di crel‘n.inl Equations . .
e Electronics Beam-materials science

Stochastic diff. systems

s Computer engineering
\ / = Civil Engineering
Y
N

e technics Large scale simulations

Analytical mechanics
Nonlinear mechanics
Stochastic mechanics

Vacuum
technics

Physics

Classical electrodynamics
Quantum electrodynamics
Optics

Plasma physics
Superconductivity

Cybernetics
Control theory
Al - expert systems

A multidisciplinary domain !

'\ High voltage
technics

High Energy Physics
Electron can offer interesting and

optics -
challenging careers
for skilled engineers
SHTppm fos:cptice and physicists

General introduction to accelerators

Frédérick Bordry
INFIERI, Madrid, 25" August 2021




“‘Faster, Higher, Stronger - Together”
New Olympic motto

"The task of the mind is to produce future"
Paul Valery

Muchas gracias por su atencion.

CERN
C\_,/é Accelerating Science and Innovation



rheotron, inductron,
Betatro n "Ausserordentlichhochgeschwindigkeitelektronenentwickelndenschwerarbeitsbeigollitron”

Extraordinaryhighspeedelectrondevelopingheavyworking
« 1940: Kerst 2.3 MeV and very quickly 300 MeV (initial idea Rolf Widergae)
 |tis actually a transformer with a beam of electrons as secondary winding.

« The magnetic field is used to bend the electrons in a circle, but also to
accelerate them.
» A deflecting electrode is use to deflect the particle for extraction.

Electromagnet winding

b}

Deflacting
electrode

Source of particles
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v

300 MeV Betatron
University of lllinois

SCIENCE

PHRYSICISTE MG NEW SETATRON FONR FIRST EXPERINENT I8 SUNNEN BACIATION LABORATORY. NO ONEC STAYS IN ROOM WHEN THE MACHINE IS TUANID OM
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